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Foreword of the Director of the PI
Institute

Centuries ago, astronomy was the first of classical sciences that had developed an
observational basis to verify and, eventually, falsify our theories about the processes
shaping the cosmic bodies and the Universe as a whole. To this end, the development
of highly sophisticated instrumentation has been crucial, as this allows astronomers
to carry out precise observations and quantify and record results. However, along
with the empirical approach, equally important has been the tight relationship
with mathematics that provides the basis for deeper understanding of the origin
and evolution of cosmic systems. Astronomy was the first to develop and employ
procedures that are now routinely accepted by other branches of science as well as
in engineering and technology. Nowadays, modern astronomy combines the cutting-
edge technology of innovative engineering solutions for highly complex optical
systems and space devices with the popular culture and citizen science, where the
general public is engaged in research. This is also reflected by chapters of “Reviews
in Frontiers of Modern Astrophysics: From Space Debris to Cosmology.”

Does the basic research in astronomy provide also some kind of direct benefit to
the society? Numerous practical applications of the “blue-sky” astronomy research
are known very well: Communication methods of today owe a lot to radio astronomy
research that had started several decades ago and helped to develop techniques
of transmitting, compressing, detecting, and decoding weak signals. Besides other
applications, this laid basis to the modern wireless technology. Construction of ever
bigger telescopes and ever more sensitive detectors is motivated by an unending hunt
for photons from the most distant galaxies, quasars, and other faint objects. Clearly,
this is useful and relevant in numerous other areas of technology development far
away from astronomy. Astronomers have realized the importance of charge-coupled
devices for imaging, and these detectors are now present in all digital cameras.
Likewise, active optics has been greatly improved in recent years in order to achieve
amazingly sharp images and removing the degrading effect of atmosphere; the same
technique is now employed in other areas of image processing. Indeed, the basic
research in astronomy creates valuable knowledge and experience.

Students of astronomy are trained in mathematical methods, theoretical and
experimental physics, computing and informatics, as well as modern technology.
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vi Foreword of the Director of the PI Institute

They have to be; otherwise, a continuous flood of discoveries would quickly fade
away. However, discoveries in astronomy cannot be planned. In fact, nowhere in
science any attempt of perfect planning of next steps has ever worked. Instead,
serendipity is what defines future directions for those who are prepared to recognize
newly emerging opportunities. The discovery of cosmic microwave background
radiation is a clear-cut example of an incidental finding which shaped our view
of the cosmic history by supporting the hypothesis of the Big Bang. Understanding
how Universe functions and evolves, what is our role in it, what will be the future
of stars, of our Sun, and of the Solar System is clearly the main motivation for
the endless effort of astronomers. It also attracts an enormous interest of general
public and motivates new generations to learn. Exchange visits for young scientists,
summer schools, workshops, research stays as well as participation in observations
are essential ingredients of future astronomer’s education.

Astronomers at several European research institutes have joined their forces in
professional education and training within the ERASMUS+ scheme (Fig. 1). The
five collaborating institutions are: Astronomical Institute of the Czech Academy of
Sciences (ASU, the coordinating institution) in Ondřejov, Czech Republic; Instituto
de Astrofísica de Canarias (IAC) in La Laguna and Breña Baja, Canary Islands;
Masaryk University (MU) in Brno, Czech Republic; Comenius University (UK) in

Fig. 1 Scientific research in astronomy has been for centuries traditionally concentrated around
major observatories. Because of the evolving global environment—the gradual climate change,
the population growth, and the technological advances—many of the historical sites struggle to
perform their original purpose of cutting-edge observations. Still the persisting atmosphere of the
scientific institutions, their existing infrastructure and culture offer an ideal setup for a new role
contributing to challenges of the present-day society; in particular, teaching students, educating the
young generation of scientists, promoting diversity and equity in research. ERASMUS+ program
contributes to this effort in a very significant way. Ondřejov Observatory with its upgraded 2 m
optical telescope is no exception in the global trend. Photo credit: Jaroslav Horák
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Bratislava, Slovakia; and Astronomical Institute of Slovak Academy of Sciences (AI
SAV) in Tatranská Lomnica, Slovakia. Under the active supervision by the project
lead Dr. Petr Kabáth, this book is the lasting outcome of the partnership which had
started before and will extend beyond the funding period of the program (2017–
2020).

Individual chapters were prepared by senior researchers active in diverse topics
of current expertise and research carried out at the participating institutes, where
the students have been trained during extended internships. The focus has been
concentrated on close environment of the Earth and the Solar System bodies, solar
physics and stellar objects, exoplanets, as well as extragalactic astrophysics.

Director Vladimír Karas
Astronomical Institute of the Czech Academy of Sciences
Prague, Czech Republic
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Abstract Space debris is a major threat to the satellite infrastructure. A collision
with even small particle, e.g. 1 cm of size, can cause a catastrophic event when the
parent body, spacecraft or upper stage, will break up into hundreds of trackable
fragments. Space debris research helps to discover, monitor and characterize these
objects, identify their origin and support their active removal. Surveys with optical
telescopes aim to discover new objects for cataloguing and to increase the accuracy
of space debris population models. The follow-up observations are performed to
improve their orbits or to investigate their physical characteristics. We will present
the space debris population, its orbital and physical characteristics and we will
discuss the role which the optical telescopes play in space debris research. We will
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also discuss the adopted astronomical techniques like astrometry, photometry and
spectroscopy used in the space debris domain.

1 Space Debris

Space debris, also known as orbital debris, can be defined as man-made object which
is situated on geocentric orbit and have no longer any purpose. There are many
sources and types of space debris with different origins, trajectories and physical
parameters.

1.1 Satellite Infrastructure

Since the first launch of Sputnik 1 in 1957 thousands of satellites have been put on
orbit around the Earth. They fulfill various tasks, from telecommunication, trough
scientific and meteorological missions, and from military support, to broadband
internet coverage. Additionally, the continuous satellite launches, the long exposure
of hardware to the harsh space environment, and fragmentations of satellites and
upper stages led to an unwanted population of debris objects orbiting the earth.

1.2 Spatial Distribution

The orbital distribution of catalogued debris is directly associated with the opera-
tional orbits of satellites. A snapshot of the space debris spatial distribution as of
January 2019 can be seen in Fig. 1, rendered by using data from the US public
catalogue [1]. As seen in Fig. 1, there are several types of geocentric orbits. They
can be classified according to their orbital elements.

There are several slightly different definitions of orbital regimes in literature.
The following definitions should be considered as more generic, but they follow
the general consensus. The most populated regime is the low earth orbit (LEO)
with mean altitude above the earth surface lower than 2000 km, which corresponds
to orbital periods of P < 2.2 h. In general, LEOs have small orbit eccentricities
(e < 0.1) and inclinations of <100◦. According to the public catalogue, almost
80% of all catalogued objects are located on LEO, with most of them fragments. In
Fig. 1 the LEO population is represented by the dense region closely surrounding
the earth.

A very unique type of orbit is the geosynchronous earth orbit (GEO). Its orbits
have periods close to 24 h, inclinations between 0◦ and 15◦ and eccentricities close
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Fig. 1 Space debris situation as of January 2019. The line of sight is in the equator and
perpendicular to the vernal equinox direction. Data were obtained from [1]

to 0. Specifically, truly geostationary orbits are near-circular with inclinations close
to 0◦ and orbital periods of one sidereal day (23 h, 56 min and 4.1 s), with mean
altitudes above the earth surface of 35,786 km. Spacecraft located on this type of
orbit remain above the same longitude in the equatorial plane. According to the
public catalogue about 7% of objects are in or on GEO. They are mostly payloads
and rocket bodies. In Fig. 1 the GEO population is represented by the slightly
dispersed ring with orbit radii around 42,000 km and inclinations up to 15◦.

Objects on medium earth orbits (MEO) have periods between 2.2 and 24 h,
and eccentricities covering wide ranges. Part of MEO are semi-synchronous orbits
(SEO). These are used for navigation systems such as the US Global Position
System (GPS), the Russian Globalnaya navigatsionnaya sputnikovaya sistema
(GLONASS), and the European Galileo navigation system. These are sometimes
referred to as Global Navigation Satellite Systems (GNSS). SEOs have periods
around 12 h and are near-circular (e close to 0). Very common are eccentric
MEO orbits known as geosynchronous transfer orbits (GTO) (i mostly below
30◦) and Molniya orbits (i between 60◦ and 70◦). About 8% of all catalogued
objects are located in the MEO regime. It is populated by satellites, rocket bodies,
fragmentation debris and mission-related objects. In Fig. 1 the MEO population can
be seen between the LEO and GEO regions.

Objects orbiting earth above GEO altitudes make only a small fraction of all
catalogued objects. They are usually rocket bodies and science missions. Their
orbits can be denoted as high elliptic orbits (HEO), or super GEO.
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1.3 Origins and Sources

The catalog orbit population is mainly composed of space debris. The largest
and also easiest to track are non-functional payloads and spent upper stages of
rocket bodies (R/B). More than 97% of the total mass located on earth orbits is
concentrated in this type of debris, along with functional spacecraft [2] (the mass
of the International Space Station (ISS) is not included here). The most abundant
objects are roughly larger than 10 cm. They are fragments from payloads and rocket
bodies, shortly denoted as fragmentation debris. Fragmentations can be caused by
different mechanisms [3], e.g., explosions, collisions [4], intentional destructions
[5], or malfunctions. Shapes, sizes and material types of fragments differ for every
piece. During the spacecraft launching process many other additional objects can be
released. Protective covers, launch adapters and objects lost by astronauts are part
of debris called mission-related objects (MRO) [6].

An example of a non-functional satellite can be seen in Fig. 2, showing the former
ESA mission ENVISAT (international identification no. 2002-009A), which was
successfully operating for about 10 years. In April 2012, however, ESA suddenly
lost contact with ENVISAT and was not able to recover the connection. A few weeks
later ENVISAT was declared as non-operational and the mission was terminated [7].
Currently, ENVISAT is the heaviest civilian LEO satellite which is not operational
and therefore it is a likely target for future active debris removal (ADR) missions
[2].

Since the 1960s micrometer (dust) to centimeter (slag) sized particles were
created during the burning process of solid rocket motor (SRM) in space. Such
residues are mostly composed of aluminium oxide, mixed with SRM liner material
[8]. All space objects, such as satellites, rocket bodies and fragments are exposed

Fig. 2 Scientific ESA satellite ENVISAT (COSPAR no. 2002-009A). ESA lost contact with
ENVISAT in April 2012. It is the largest civilian non-functional satellite on low earth orbit and
possible target of a future active debris removal mission. Image credit: ESA
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to the rough space environment. Spaceweather effects, such as extreme ultraviolet
(UV) radiation and interaction with atomic oxygen, cause erosion on the satellite
surface which slowly ages and releases small particles into the space environment.
Erosion has a strong influence mostly on painted surfaces and thermal protection
materials. Because of its most common source this type of debris is denoted as
paint f lakes. The large amount of small debris particles and meteoroids can create
another population type of debris, called ejecta [9]. After small particle impacts on
painted surfaces, solar arrays or other type of spacecraft surface materials, impact
craters are formed and some material is ejected into the space environment. Paint
flakes and ejecta are usually sub-millimeter particles which do not pose a major
risk to space missions, but they can cause degradation of surfaces and optical
instruments.

A specific type of debris are particles released from spacecraft with small
additional velocities. Often they are caused by unknown mechanisms and referred
to as anomalous debris. One of the candidates for anomalous debris are multilayer
insulations (MLI). MLI is material used as a thermal protection for sensitive
systems of spacecraft (see Fig. 2 for highly reflective gold-colored MLI). During
breakup events, or under the influence of the space environment (impacts from
small particles, extreme ultraviolet radiation) the MLI parts can be detached from
the parent body. Typically, these objects have very high area-to-mass ratios A/M
(HAMR) and highly reflective surfaces [10]. Because of solar radiation (and the
atmospheric drag for LEO passes), high A/M values have a strong influence on
the dynamics of anomalous debris and may cause a drift away from the satellites’
operational orbits [11].

A unique population from a dynamic point of view are Temporarily Captured
Orbiters (TCO) with an artificial origin. Those can be stages from former lunar
missions which were gravitationally ejected into heliocentric orbits. Such objects
have been observed several times in the last two decades once they were re-captured
in the gravitational field of the earth and consequently have been mistaken for a
Near Earth Asteroids (NEA) [12, 13]. These objects are on HEOs.

Parts of the space debris population do not have reproducing sources anymore,
and therefore their populations are decreasing over time. Such population is
cooling liquid droplets released during the Russian missions called Radar Ocean
Reconnaissance Satellites (RORSAT). These droplets are consisting of a sodium–
potassium alloy (NaK) [14]. Clusters of small, micrometer size needles created
during the Westf ord Needles project in 1960s are another example a non-
reproducing debris sources [15].

A closer look at the LEO population from the perspective of object type versus
orbit is plotted in Fig. 3. Shown is the orbital inclination as a function of mean
altitude above the earth’s surface for different types of debris populations. The data
were plotted by using the public catalogue.
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Fig. 3 Inclination vs mean altitude of catalogued object orbits with altitudes less than 4000 km.
It is possible to distinguish intact objects, such as payloads and rocket bodies, fragments from
satellites Fengyun-1C (mean inclination of 99.0◦), Cosmos 2251 (mean inclination of 74.0◦),
Iridium 33 (mean inclination of 86.4◦) and other catalogued debris. Marked are also orbits of the
International Space Station (ISS), Hubble Space Telescope (HST), Russian RORSAT satellites, US
SNAPSHOT satellites and Westford Needles clusters. Data were obtained from the public catalogue
[1] (September 2019)

1.4 Population Growth

The future state of the space debris environment depends on several factors. The
crucial one is the ADR technology [16, 17] which can help to remove potentially
hazardous objects with high risk of fragmentation which eventually can cause a
catastrophic cascade effect also known as Kessler syndrome [18, 19]. Addition-
ally, cheaper space technologies and new participants involved in space industry
such as commercial companies and academic institutions created a new form
of satellite infrastructures like cubesats [20] and broadband world-wide coverage
mega-constellations [21, 22].

2 Measurement Techniques

There are several ways how to measure the space debris population, in terms of its
size, mass, composition, and spatial distribution. Using optical telescopes help us to
track objects of lower sizes from 10 to 50 cm on LEO and GEO orbits, respectively,
and study their physical properties such as brightness and rotation. Thanks to radar
measurements we are able to track and monitor LEO objects down to 10 cm in size.
In-situ detectors and returned spacecraft hardware allow us to measure micrometer-
sized debris and micrometeoroids, in terms of their flux, size and mass distributions.
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2.1 Passive Optical

The principle of passive optical space debris observations is based on collecting the
sun light reflected from the object’s surface. Therefore, to acquire such data several
conditions need to be fulfilled: the object must be illuminated by the sun; it must be
observed during the night; and the sky needs to be transparent, hence the weather
conditions must be optimal.

Passive optical measurements provide so-called angle measurements and astro-
metric data, which are then used for orbit determination and object cataloguing.
Additionally, surveys are performed to discover new objects and to gather new
sampling data for statistical purposes. Light curve acquisitions help to monitor
the rotational behaviour of objects, while multi-band photometry along with
spectroscopy help to characterize the object and its surface properties. More about
optical passive measurements can be found in Sect. 3.

2.2 Optical Active, Satellite Laser Ranging

Satellite Laser Ranging (SLR) systems, which are active optical systems, acquiring
range and angular measurements. These observations are based on the photon
reflection from the target. Contrary to passive optical measurements, a photon is
emitted by the SLR system toward the object and reflected back toward the observer,
where it is detected. The obtained information is the photon’s duration of flight
which can be recalculated to the range between the SLR system and the object. SLR
measurements can be conducted during the day and night but they require good
weather conditions.

SLR systems are primarily used to accurately measure an object’s range with
accuracy up to few millimeters [23]. Two types of SLR targets can be distinguished.
(a) The object is equipped with retroreflector(s) (RR), a highly reflective device
which reflects the light back to the source. These are cooperating targets which
are used for scientific applications such as geodesy [24]. Cooperating targets are
observable by any SLR station but their total number is limited (a few dozen
worldwide) [25]; (b) The object is not equipped with retro-reflector. Such non-
cooperative objects, are the vast majority, including all space debris. To observe
these targets it is necessary to use much stronger lasers to get a statistically
meaningful number of photons reflected back to the system. Those are usually
experimental set-ups such as in [26] or [27]. The final product of SLR measurements
are range measurements which, apart from position information, can also provide
information about the target’s attitude state [28, 29].
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2.3 Radar

Radar measurements, in contrast with optical measurements, not limited by mete-
orological conditions and are executable during the whole day. Most radars are
able to measure 2-way signal travel time, the Doppler shift between received
and transmitted frequency, the azimuth angle A and elevation angle h, and the
received power and polarization changes in the radar pulse [15]. The parameter
which describes the target’s ability to reflect the radar energy is denoted as
radar cross section (RCS). The RCS depends on the target’s size, the ratio of its
characteristic length Lc to the radar wavelength, and the target shape, orientation
and material properties. The RCS is expressed in decibel square meters (dBsm) and
can be understood as equivalent to the visual magnitude used during the optical
measurements [15]. The RCS values for some debris objects can be retrieved from
the public catalogue [1].

There are several research radar systems around the world participating in space
surveillance and tracking. These are for example the US Goldstone and Haystack
radars [30], and European EISCAT [31] and TIRA radars [32].

2.4 In-Situ

In-situ measurements mainly help to model the debris population, smaller than
1 mm. There are several models which use this information, for example ESA’s
MASTER model (Meteoroid and Space Debris Terrestrial Environment Reference)
and NASA ORDEM model [33]. There were several in-situ experiments such as the
Long Duration Exposure Facility (LDEF) [34] or Space Shuttles surfaces returned
for impacts analyses [35].

A good example of in-situ measurement is the LDEF mission. The mission
lasted from April 1984 till January 1990, when the satellite was exposed to the
space environment in LEO. The purpose of the LDEF mission was mapping the
micrometeoroid and space debris (MMOD) environment, testing various materials
(such as plastics and glass) and their suitability for space missions, and study effects
of radiation and other space hazard. The satellite was located in LEO (mean altitude
about 458 km and inclination around 28.5◦) and exposed to the space environment
for more than 5.75 years [36]. There were 86 trays installed on board of LDEF with
57 different experiments and a total of exposed area of 130 m2. The post mission
examination of the thick and thin targets was performed to get the size, mass and
flux distribution of the MMOD population [37].
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3 Research with Passive Optical Telescopes

This section discusses different research performed with passive optical telescopes.
It covers the survey and cataloguing, light curve processing, color photometry and
spectroscopy.

3.1 Survey, Astrometry and Cataloguing

Survey observations serve to discover new objects, either for statistical population
modeling, or for tracking and cataloguing [38, 39]. Space agencies such as NASA
and ESA are monitoring the MEO and GEO regions to obtain statistical information
about faint non-catalogued objects [40–42].

Since 2001 NASA uses its Michigan Orbital Debris Telescope (MODEST) to
scan the GEO region. MODEST is a 0.6-m Curtis-Schmidt telescope equipped with
the charged coupled device (CCD) camera with a 1.3 × 1.3 degrees field of view
[42, 43]. The telescope is located at the Cerro Tololo Inter-American Observatory
(CTIO) in Chile. The acquired observations are processed by internal Image
Reduction and Analysis Facility (IRAF) routines for photometry and astrometry,
and the obtained results are compared with the public catalogue [1]. This helps to
distinguish correlated targets (CT, i.e. objects have been correlated with the public
catalogue) from un-correlated targets (UCT). An additional information from the
data is the brightness (apparent magnitude) mapp of the object, its size Lc by using
some assumptions on the shape and albedo, and a preliminary subset of orbital
elements, namely the orbital inclination i, right ascension of ascending node � and
mean motion n.

There were usually from 20 to 40 nights of observations per year, each split into
three observations runs. The basic observation strategy was to choose equatorial
coordinates for the field of view, with right ascension α and declination δ close
to the Earth’s shadow (or anti-solar point) to maximize the detection rate. Once
the object is observed under small phase angles (ϕ close to 0◦) it maximizes its
reflection of the sunlight toward the observer. ϕ is defined as the angle between the
Sun-object and object-observer directions. The chosen field of view with the given α

and δ was tracked during the whole night using a broad R filter centered at 630 nm,
with a the full width at half maximum of 200 nm. The exposure time was set to 5 s,
which led to a signal-to-noise ratio of 10 for objects of 18th magnitude. During the
observations the time delay integration (TDI) method was used, where the charge
on the CCD is shifted opposite to the sidereal rate. Hence, the stars on the exposure
images are displayed as streaks and objects located on GEO are displayed as points
or small streaks.

Once the apparent magnitude mapp is obtained (see Sect. 3.3) it is possible to get
a characteristic length Lc of the object, which characterizes the size of asymmetric
debris fragments. It is defined as the average of three orthogonal dimensions X, Y
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and Z, where X is the longest dimension of the object, Y is the longest dimension
perpendicular to the X axis, and Z is the longest dimension perpendicular to the
other axes [44]:

Lc = X + Y + Z

3
. (1)

To get Lc from mapp we use following formula assuming the object is a
Lambertian sphere [45]:

Lc = 10(msun−mapp)/5 R√
A

√
6π

sinφ + (π − φ)cosφ
, (2)

or

Lc = 10(msun−mabs)/5 R√
A

√
6, (3)

where the variable Lc [km] is the diameter of a diffusely reflecting Lambertian
sphere, R is the observer-satellite distance [km], msun is the apparent magnitude
of the sun, ϕ is the solar phase angle [rad], A is the Bond albedo, and mabs is
the absolute magnitude of object. mabs is defined as the magnitude of the object
corrected for the phase angle (ϕ = 0◦). The magnitude mabs can be determined as
follows:

mabs = mapp − 5log(
π

sinφ + (π − φ)cosφ
). (4)

According to [45] the value A = 0.175 can be adopted as a transformation albedo
to calculate the object size from Eqs. 2 and 3. The absolute magnitude distribution
of 3143 objects which were observed during MODEST observation runs between
2007 to 2009 can be seen in Fig. 4 [43]. Objects were on GEO and are separated
into the functional CTs, UCTs and non-functional CTs, which are objects that are
freely drifting in the north-south direction and east-west direction. The peak for
the functional CTs is at mabs = 10.5 mag which under previous assumptions (see
previous paragraph) can be interpreted as an object size of Lc = 6.3 m. For non-
functional objects the peak is at mabs = 12.5 mag, with corresponding Lc = 2.5 m.
The peak of the UCTs is an artificial one due to the limited detection capabilities
of the telescope, and it can be assumed that the population continues rising with
decreasing object size. The faintest object detected in 2007–2009 had a magnitude
of mabs = 18.3 mag which corresponds to Lc = 17 cm.

Once the object is discovered and sufficient follow-up observations are per-
formed (at least two), its orbit can be determined and the object can be catalogued.
There are several different perturbation forces affecting the dynamics of objects
orbiting the earth. They need to be considered during the orbit determination
and propagation process. These are gravitational effects such as earth’s spherical
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Fig. 4 The absolute magnitude distribution of 3143 objects observed by the MODEST telescope
during the years 2007, 2008 and 2009. Objects are separated into functional CTs, non-functional
CTs and UCTs. Corresponding object sizes were calculated assuming a diffuse Lambertian
reflection with albedo 0.175. Figure taken from [43]

harmonics and perturbations from the sun and moon, and solar radiation pressure
and atmospheric drag. Thrust forces can also play a role. They are originating
from the object but are not usually accounted for during routine orbit determina-
tion/prediction processes. There are several dynamical models available which deal
with the satellite’s orbital dynamics, e.g., described in [46, 47].

To get accurate orbits, highly accurate astrometric data need to be acquired. This
specially goes for space debris objects which can reach apparent angular velocities
up to few degrees per second. In this case even a small time error at the level of
milliseconds can lead to an astrometric error of a few arc-seconds. For that reason
optical sensors need to be monitored for possible time biases and inaccuracies.
There are methods to perform such analysis, e.g., described in [48].
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3.2 Photometry, Light Curves

Light curves carry an extensive set of information about the object’s dynamical and
physical properties. The brightness variation present in the data is directly related to
the object’s rotation and the mutual geometry between the sun, target and observer.
The shape of the light curve is directly influenced by the sampling used during the
data acquisition. Object’s shape, its reflectivity properties expressed via the albedo,
surface properties and the aspect angles, and the viewing angle from the perspective
of the observer. There are many applications of light curves. Information related to
the attitude determination [49, 50] can directly be applied to the ADR problem [16,
17, 51]. Regular monitoring of the rotation change over time helps to model forces
influencing the object’s dynamics, such as the electromagnetic field, atmospheric
drag, solar radiation, and internal processes (fuel sloshing, outgassing) [52, 53]. The
shape estimation from light curves is quite often used in the minor planets domain
[54, 55], and currently it is also being exploited for space debris objects [56, 57].

There are several different approaches and methods how to extract the frequency
or apparent (synodic) period from the light curves [58, 59], including visual inspec-
tion [53] for simpler cases. The most common methods are Fourier-based methods.
These are for example Fast Fourier Transforms (FFT), Discrete Fourier Transforms
[60], Lomb–Scargle [61] or Welch periodogram analyses [62]. Frequently used are
string-length methods [59]. Their main approach is to fold the series into the test
period, where the resulting folded light curve, phase diagram, is further analyzed.
Those methods are more robust, and applicable to non-equally sampled data. Just to
mention a few, there is epoch folding [63], wavelet analysis [64], the Lafler–Kinman
method [65] and Phase Dispersion Minimization [66].

Between the years 1987 and 2004 the authors of [67] acquired photometric data
of 20 GEO satellites, where the majority were satellites of type Gorizont, Raduga,
Ekran and Geizer. The authors used a two-mirror Cassegrain telescope with 0.5 m
aperture equipped with a photoelectrical photometer setup, with a fast photometry
mode, operated at the Sayan observatory, Russia. This system was able to acquire
data up to 1 kHz with a time accuracy of 1 ms. To extract the rotation periods the
authors used FFT, the Lafler–Kinman method, and wavelet analysis. An example of
an acquired light curve and reconstructed phase diagram constructed by using the
Lafler–Kinman algorithm is plotted in Figs. 5 and 6, which show data for the non-
functional spacecraft Raduga 14 (1984-016A). The light curve, as well the phase
diagram contains several sharp peaks which are typical for rotating, box-wing-type
spacecraft. For these specific data the obtained apparent rotation period was 53 s.

Authors of [67] monitored several objects over long periods of time. They
provided information about the change of rotation as a function of time. According
to the variation types the authors distinguished three types of behaviour for rotating
objects: long-term systematic increase/decrease of rotation; step-like variations; and
sporadic, anomalous increase in period over several days. The latter variation type
has been observed for Raduga 14, for which data are plotted in Figs. 5 and 6.
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Fig. 5 The original light curve of the spacecraft Raduga 14 (1984-016A). Figure taken from [67]

Fig. 6 The averaged light curve of the spacecraft Raduga 14 (1984-016A) developed by the
Lafler–Kinman algorithm. Figure taken from [67]

Research published in [67], as well as [68–70] showed that debris, including
upper stages and spacecraft, cover wide range of rotation rates, up to few revolutions
per second.

3.3 Color Photometry

Color photometry is based on multi-band photometric measurements. The differ-
ence between captured brightness in different bands is depended on the object’s
surface properties such as material color, roughness, albedo, etc. Color photometry
can help to distinguish material types of an object’s surface by comparing the results
with laboratory experiments [71, 72] or at least it can help us to categorize an object
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according to its color [73, 74]. Additionally, one can use photometric data to monitor
the aging of the material due to space weather effects [75] (see Sect. 1.3).

The photometric bands are defined trough their filters. There are several filter
types in astronomy which are commonly used. Those are for example the UBV RcIc
filters for the Johnson–Cousins standard system [73], and more modern u′g′r ′i ′z′
filters of the Sloan standard system used during the extensive campaigns of the Sloan
Digital Sky Survey (SDSS) system [76, 77]. Transformations between those two
systems can be found in [78]. While the Johnson–Cousins system allows broader
interval for specific filters which are overlapping, the Sloan system has a narrow
interval which allows clearly distinguish between different bands.

Working with UBV RcIc filters is very convenient mostly thanks to the extensive
work of [79] and [80]. Here, the authors measured dozens of stars located around
the equator by using UBV RcIc filters. These so-called Landolt standard stars are
used till today for the transformation from instrumental magnitudes to the Johnson–
Cousins standard system. The conversion has a following form [81]:

mapp = mins − Z − κX − color, (5)

where mapp is the apparent magnitude of the object in a given filter, mins is the
measured instrumental magnitude, Z is the photometric zero point between the
standard and instrumental systems, κ is the atmospheric extinction coefficient, X

is the airmass (which is a function of the zenith distance z [deg]), and color is
the color term transformation for a given filter, hence color index in instrumental
system. For a specific filter, e.g. a V filter, the equation has the following form:

mapp,V = mins,V − Z − κX − C(B − V ), (6)

where C is the color coefficient and (B − V ) is the color index. By observing the
Landolt standard fields during photometric nights, the parameters color/C, Z and κ

can be determined for a given optical system.
In [73] the authors observed thirteen GEO objects in total, including seven upper

stages, one non-operational spacecraft, two fragments and three operational space-
craft. The authors used Johnson–Cousins BV RcIc filters to acquire photometric
data. The Landolt stars were used for the transformation from the instrumental
to the standard system. The acquired light curves and obtained values for color
indices can be seen in Fig. 7, showing measured color index B − R versus color
index V − I , along with the color indices of the sun. The numbers in Fig. 7 are the
North American Aerospace Defense Command (NORAD) numbers which uniquely
identify the object in the public catalogue. The results revealed that all objects
(except one debris object) are redder than the sun in both indices. The authors also
plotted color indices as a function of the object’s launch date to investigate possible
spaceweather effects. No visible trends have been observed.
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Fig. 7 Color indices B − R vs V − I obtained for thirteen GEO objects to investigate the surface
properties and spaceweather effects. Figure taken from [73]

The study [73] showed that the standard deviations of measurement points for
one specific object are rather high. This is usually problematic for space debris
objects where rotation rates are quite high (see Sect. 3.2), and therefore the acquired
photometric points can be covering large or relative large fractions of one rotation
or even several rotations of the object. Therefore, the knowledge of the rotation
properties of debris objects is essential once such type of measurements is acquired.

3.4 Reflectance Spectroscopy

The reflectance spectroscopy is measuring solar light reflected from the target.
Its final output is a light spectrum, which is the reflectance as a function of
wavelength. Reflectance spectra can provide, similar to color photometry (see
Sect. 3.3), information about the material composition. It can be used to characterize
the object [75, 82, 83] or it can reveal whether the object is artificial or not [12].
Reflectance spectroscopy has been adapted to the space debris domain decades
ago, and its results are often used for comparisons with the spectra obtained in
laboratory experiments for commonly used space materials such as solar panels,
MLI, aluminium alloys, white paint, etc. [84, 85].
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Fig. 8 Normalized
reflectance spectra of an
upper stage launched in the
year 1981. Plotted are also
spectra for materials such as
“white paint”, “degraded
white paint, “gold”, and their
combination “combo whtal”
(with an assumed ratio
between “white” and “gold”
paint to be 90–10%). Figure
taken from [75]
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In [75] the authors acquired spectral data for various LEO and GEO rocket bodies
and spacecraft within two campaigns: one concluded in 1999, and one performed
in 2001. These data were acquired by the 1.6-m telescope located on at Maui,
Hawaii, which is equipped with a spectrometer of three selectable gratings. The
authors focused on three primary goals. The first goal was to compare the measured
spectra with laboratory experiments to determine surface compositions. In Fig. 8
reflectance spectrum is plotted for an upper stage launched in 1981. For comparison,
laboratory spectra for “white paint” and “white paint after degradation” and “gold”
are provided. Additionally, a combination of two materials, “combo whtal”, is
shown, with assumed a ratio between “white paint” and “gold” of 90–10%. This
is the combination for which the authors got a very good match with the measured
spectra.

As a secondly goal, the authors focused on an investigation of aging of the
surface material. This could be achieved by observing the same type of upper stage
with different launching dates. The results are plotted in Fig. 9, where reflectance
spectra for four different upper stages of the same type (shape and surface material)
are provided. The observed spectra showed an inversely proportional effect to the
increase in age. As a third goal the authors also compared spectra between different
types of objects, e.g., spacecraft versus upper stage. Spectra revealed that the most
of the difference is in the blue part of the spectra, where satellites can reach much
higher reflectance due to the presence of solar panels.
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Fig. 9 Normalized
reflectance spectra acquired
for four different upper stages
with similar properties, shape
and surface material, but with
different launching dates.
This specific type of upper
stage type spectra shows an
inversely proportional effect
for the increase with age.
Figure taken from [75]
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4 Conclusions

Optical measurements play a strong role in space debris research. They are essential
and irreplaceable for the tracking and cataloguing of objects on higher orbits such as
geosynchronous and highly elliptical orbits. Typical astronomical methods such as
sky surveys, photometry, or spectroscopy provide information about debris origins
and creation mechanisms. The space debris population is constantly increasing and
continuous improvements in optical data acquisition and processing can help to
effectively deal with this problem.
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Abstract In studies of the oldest solar system bodies—comets and asteroids—it is
their fragments—meteoroids—that provide the most accessible planetary material
for detailed laboratory analysis in the form of dust particles or meteorites. Some
asteroids and comets were visited by spacecrafts and returned interplanetary sam-
ples to Earth, while missions Hayabusa 2 and OSIRIX-REx visiting asteroids Ryugu
and Bennu are ongoing. However, the lack of representative samples of comets
and asteroids opens the space to gain more knowledge from direct observations
of meteoroids. At collision with the Earth’s atmosphere, meteoroids produce light
phenomena known as meteors. Different methods can be used to observe meteors,
allowing us to study small interplanetary fragments, which would otherwise remain
undetected. Numerous impressive meteor showers, storms and meteorite impacts
have occurred throughout the recorded history and can now be predicted and
analyzed in much more detail. By understanding the dynamics, composition and
physical properties of meteoroids, we are able to study the formation history and
dynamical evolution of the solar system. This work presents an introduction to
meteor astronomy, its fundamental processes and examples of current research
topics.
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1 Introduction: The Space of Meteoroids

1.1 Overview

Studying the solar system, as our home planetary neighborhood, the outlook for the
first space travels, and the only recognized source of life has always been one of the
main interests of astronomy and science in general. Despite the significant progress
in our understanding of how the solar system was formed, what bodies constitute it,
and what mechanisms influence their motion, there are still numerous unanswered
questions regarding the complex nature of our planetary system.

Many of the key information we have about the solar system come from the
studies of the oldest remnants left over from the planetary formation in the early
protosolar disk—asteroids, comets, and meteoroids. On one side, these bodies can
reveal the processes and conditions occurring in the early stages of the solar system.
On the other, they can give rise to the dangers of catastrophic impacts, which have
subjected our planet numerous times in the history. In each case, they are the topic
of high scientific interest. The studies of asteroids and comets are however often
complicated by the small size and low albedo of these bodies. Usually only limited
information can be obtained from direct observations. Meteor observations during
the interaction of meteoroids with the Earth’s atmosphere allow us to study small
solar system bodies, which would otherwise remain undetected. The importance of
meteoroid studies was eloquently stressed by Ceplecha et al. [1], by simply plotting
the mass versus size diagram of objects in the observable universe (Fig. 1). This plot
demonstrates the multitude of meteoroids in the observable universe.

Recently, meteor astronomy has been gaining popularity among professional
and amateur astronomers, due to the arising possibilities of using inexpensive
technologies, particularly sensitive CCD cameras to effectively observe meteors
and provide valuable scientific data. Most of these efforts are focused on studying
the identification methods and activities of meteor showers [2, 3], determining
original heliocentric meteoroid orbits or detecting potential meteorite impacts from
the brightest fireballs [4–7]. Furthermore, the research focused on physical and
compositional properties of meteoroids is progressing by applying photographic
and video spectrographs to study emission spectra of meteors [8–10]. Physical
parameters such us meteoroid masses, strengths and densities can be determined by
studying their atmoshperic ablation and deceleration [11–13]. Example of a meteor
shower captured by a photographic system and a meteor spectrum observed by an
all-sky video spectrograph is on Fig. 2.

The aim of this work is to provide basic introduction to meteor astronomy, its
fundamental processes, observational techniques and relevant examples of specific
research topics. A more comprehensive reviews of meteor studies beyond the
presented individual examples can be found in [1, 14–17] and the references therein.
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Fig. 1 Mass versus size diagram containing some known objects of the observable universe and
showing the significance of the meteoroid complex (from [1])

Fig. 2 Left: Leonid meteor shower observed during the 1998 outburst by a photographic camera
at the Modra Observatory. Right: a fireball captured by All-sky Meteor Orbit System (AMOS)
spectrograph, along with the first order emission spectrum (images by J. Tóth and P. Matlovič)
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Fig. 3 Different phases of meteoroid interaction and characteristic terms in meteor astronomy
(image by V. Vojáček)

1.2 Terms in Meteor Astronomy

Meteoroid is currently defined as a solid natural object of a size roughly between
30µm and 1 m moving in, or coming from, interplanetary space.1 The size limits
have been set by agreement and do not represent a physical boundary. In the context
of meteor observations, any object causing a meteor can be termed a meteoroid,
irrespective of its size. Bodies smaller than 30µm tend to radiate heat away more
efficiently and not to vaporize during the atmospheric entry. These smaller bodies
are known as interplanetary dust particles. Meteorite is any natural solid object
that survived the meteor phase in a gaseous atmosphere without being completely
vaporized. Meteorites smaller than 1 mm in size are also called micrometeorites.
Depending on their speed, these may be too small to experience ablation in an
atmosphere. Graphical interpretation of the meteor terminology is given in Fig. 3.

Meteoroids are dominantly produced as the decay products of comets and
asteroids. Only a minority of meteoroids come from the surfaces of planets (e.g.
Mars) and planetary satellites (e.g. the Moon) or from interstellar space. Though
meteoroids are conglomerates of materials formed in primordial solar nebula, the
dynamical lifetime of objects in near-Earth space is assumed to be of the order of
10 Myr [18, 19]. This means that no meteoroids could have stayed on current orbits
from the beginning of the solar system.

We consider three main processes which lead to the separation of meteoroids
from their parent bodies. Comets produce meteoroids through the process of

1Defined in 2017 by the IAU Commision F1 on Meteors, Meteorites and Interplanetary Dust.
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sublimation and following gas drag [20]. During the cometary activity near its
perihelion, the drag of vapors from evaporating ices also releases solid particles, dust
and meteoroids. Secondly, catastrophic disruption of comets can produce secondary
nuclei and numerous dust particles and meteoroids (see Chapter 21 in [3]). The third
process is related to direct collisions of solar system bodies, particularly among the
main belt asteroids, which produce many collisional fragments [21]. The separation
velocities of these fragments are always much smaller than the original orbital
velocity. Therefore, young meteoroids follow very similar orbits as their parent
body. In this early stage, it is relatively easy to link the meteoroid stream with its
parent body. With time, gravitational perturbations from planets and various non-
gravitational forces such as the Poynting–Robertson effect [22] cause the dispersion
of the stream and separation from its parent orbit [23].

In this respect we can distinguish stream meteoroids, which are usually just
recently separated from their parent object (typically up to few thousand years)
and sporadic meteoroids on seemingly random orbits, significantly altered from
the parent orbit. We assume that sporadic meteoroids were freed from their parent
object thousands to millions of years ago. Compilation of known parent objects
of meteoroid streams can be found e.g. in [24] or [3]. The sporadic complex was
described e.g. by Wiegert et al. [25], Nesvorný et al. [26], and Levasseur-Regourd
et al. [27]. The topics of meteor studies will be further discussed in Sect. 4.

Meteoroids may dynamically evolve to pass near Earth and interact with our
atmosphere. The interaction may, for certain meteoroid sizes and velocities, result in
a luminous phenomenon known as meteor. Meteoroid streams entering the Earth’s
atmosphere generate so-called meteor showers. For observers, meteor showers
appear to originate from the same point and direction in the sky known as the
radiant. The name of a meteor shower is derived from the apparent position of the
radiant in the night sky. For example, Leonid meteor shower has a radiant in the Leo
constellation.

Owing to the interaction with air molecules, a meteoroid entering the Earth’s
atmoshpere heats up to high temperatures and starts to melt and vaporize. A column
of ionized and excited plasma is produced along the meteoroid trail, producing light,
ionization, and for larger particles, shock waves [28]. The meteor phenomenon can
exhibit several phases. The brightest part is called the meteor head. Ionization of air
along the meteor path forms an ion train which reflects radio waves in the decameter
range. The ion trains of bright meteors can be visible even to the naked eye and those
of particularly brilliant meteors may persist for seconds or even minutes (also known
as persistent trains). Wake of the meteor is the luminosity extending directly behind
the meteor head and forming comet-like appearance of bright meteors. Meteor wake
has different spectral features compared to the spectrum of meteor head. At a given
position, the wake duration is only fraction of a second.

During the atmospheric flight, the meteoroid loses mass through processes of
vaporization, fusion (melting), and fragmentation. Generally, the process of mass
loss by a meteoroid is known as ablation. The resistance of the atmosphere causes
meteoroid to decelerate. Ablation and deceleration affect one another, since ablation
depends on the meteoroid velocity and deceleration on its mass. Therefore, the
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equations describing deceleration and mass loss (see Eqs. 3 and 5 in the next section)
of the body must be solved simultaneously.

The collisions with air molecules and dynamical load generally cause the
fragmentation of meteoroids. There are several ways in which meteoroids break
up. The most significant fragmentation processes include progressive fragmentation
[29, 30], in which the meteoroid fragments into parts which continue to crumble;
(quasi-)continuous fragmentation [31, 32] describing continuous detachment of
small particles; and gross (sudden) fragmentation [12, 33] characteristic during bril-
liant bursts, in which meteoroid suddenly disrupts into large number of fragments.

Recent studies suggest that most meteoroids undergo some form of frag-
mentation during the meteor phase. The most successfully applied ablation and
fragmentation models follow the concept of the dustball meteoroid [11, 12]. Still,
many of the methods we use to study meteoroid properties assume meteoroid inter-
action as a single non-fragmenting body (next section). While this approximation
is sufficient for most of our estimates, precise description of meteor deceleration
and mass loss must be based on a model of effective fragmentation. Neglecting
meteoroid fragmentation was one of the main reasons behind the discrepancies of
determined masses in past analyses (e.g. the discussion in [34, 35].

2 Atmospheric Interaction: Basics of Meteor Physics

The motion and ablation of a meteoroid in the Earth’s atmosphere is most often
described by the single body theory (Chapter 3 in [1]). Single body theory refers
to the mass loss, deceleration, luminosity and ionization related to the motion of a
single non-fragmenting body. The theory assumes that the heat transfer, ionization,
luminosity and drag coefficient are during this path constant [28]. The presented
standard equations of single body theory (following the formalization used by
Weryk [36]) are used to describe meteors both before and after their disruption.

Collisions of atmospheric molecules with meteoroid can either liberate atoms
from the surface of a meteoroid directly (also known as sputtering), or heat the
material to its boiling point of approximately 2000 K. At these temperatures,
material starts to evaporate from the surface of the meteoroid in a phenomenon
known as thermal ablation. It is assumed that thermal ablation is the dominant
process of mass loss (see [37] and the discussion therin). Excess of thermal stress or
stagnation pressure can cause meteoroid to fragment into numerous smaller pieces.
These fragments continue to collide with atmospheric molecules and ablate on their
own as single bodies. The ablated material colliding with atmospheric molecules
produces a trail of ionized and excited plasma. Rather than individual atomic
emission, ablation may also take the form of a dust emission/removal, releasing
a trail of heated small particles which cause the meteor wake [1]. The ablation
behavior differs significantly among meteoroids. Large variations are observed in
the beginning heights and light curve shapes among smaller meteoroids, and in end
heights among larger meteoroids.
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The basis of the mathematical form describing the motion of a meteoroid in
atmosphere was first presented by Whipple [38] who used Hoppe’s solution with
constant coefficients. More elaborate solutions to these differential solutions were
later presented by Levin [39] and Bronshten [28].

Let us assume meteoroid passing through a distance v
t in time period 
t .
A meteoroid with a cross-section area S will encounter atmospheric mass (with
atmospheric density ρa) of ma = ρaSv
t . The cross-section area can be rewritten
by introducing the dimensionless shape factor A = S/V 2/3. Meteoroid volume
V is related to meteoroid bulk density and meteoroid mass as V = m/ρm. We
will assume that A is constant and for simplicity usually corresponds to a sphere
(A = 1.21). The rate of air mass encountering the meteoroid is defined as:

dma

dt
= 
ma


t
= Avρam

2
3

ρm
2
3

(1)

We can express the momentum transfer from the atmosphere to the meteoroid by:

d (mv)

dt
= dm

dt
v + dv

dt
m = �v

dma

dt
(2)

The drag coefficient � in Eq. 2 is defined as the fraction of momentum transferred
to the body from the ongoing molecules of air. The drag coefficient can vary between
0 (for no transfer of momentum) and 2 (perfect reflection of air molecules). For
small meteoroids, the term dm/dt can be neglected [1]. Next, by substituting Eq. 1
into Eq. 2, we get the drag equation:

dv

dt
= −�Aρav

2

ρ
2
3
mm

1
3

(3)

The drag equation is the first fundamental equation in meteor physics. It describes
the deceleration of a meteoroid during its flight in the atmosphere (the deceleration
is emphasized by the negative sign at the right-hand side of the equation).

The second fundamental equation is called the mass-loss equation. The mass
loss rate is determined by the kinetic energy transferred from the atmosphere to the
meteoroid. We assume that a certain fraction of the kinetic energy of the oncoming
air molecules is expended on ablation of mass (vaporization or fusion and spraying)
of the meteoroid [28]. The loss of mass during ablation can be expressed as:

dm

dt
= −�Ea

ξ
t
= −�v2

2ξ

dma

dt
(4)
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where Ea is the kinetic energy of interacting air molecules and ξ is the heat of
ablation, representing the energy required to melt/vaporize one unit of meteoroid
mass dm. Substituting Eq. 1 into Eq. 4 gives the conventional form of the mass-loss
equation:

dm

dt
= −�Aρav

3m
2
3

2ξρ
2
3
m

(5)

The heat-transfer coefficient � is valued between zero and unity, since the energy
used on ablation cannot exceed the total kinetic energy of interacting air molecules.
Part of this kinetic energy will be used to heat up the body of a meteoroid, part
will be re-radiated, and part will be expended for excitation and ionization of the
meteoroid and surrounding air molecules. If fragmentation takes place, some of this
energy is also expended to break the mechanical bonds between meteoroid grains.

It is assumed that the amount of light produced during this process is also related
to the mass-loss rate, as it is proportional to the kinetic energy lost by the meteoroid
[1]. The energy released by the meteoroid in the form of radiation, typically in the
visible spectrum is described in the luminosity equation:

I = −τ
dEm

dt
= −τ

(
v2

2

dm

dt
+ dv

dt
mv

)
(6)

Here, I is the radiative power (bolometric or in specific band pass) and τ is
the luminous efficiency, which is defined as the fraction of the kinetic energy
loss of a meteoroid transformed into radiation. Generally, the luminous efficiency
is dependent on the wavelength of radiation, the chemical composition of the
meteoroid body and the atmosphere, on the meteoroid velocity and possibly on the
meteoroid mass. The deceleration term (dv/dt) can be neglected for fast and faint
meteors [1].

Most of the meteor radiation comes from line emissions in evaporated meteoroid
atoms [28]. Clearly, the chemical composition of the meteoroid plays significant
role in the nature of the produced emission, since different chemical elements
are represented by different line strengths in the visible spectrum. The ionization
produced during the interaction with atmosphere can be described using the
ionization equation:

q = − β

μv

dm

dt
(7)

In this equation, q is the electron line density, which represents the number of
electrons per unit trail length. The ionization coefficient β describes the average
number of electrons produced per ablated atom, while the atomic mass of standard
meteoroid atom is labeled as μ. The amount of ionization is again dependent on the
mass-loss rate.
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To determine meteoroid mass from the observed photon and electron count, we
need the values of τ and β, which is often problematic. Usual process of obtaining
the ionization mass is based on measuring the electron line density q , assuming and
ionization curve and integrating Eq. 7. Similarly, the photometric mass is determined
by measuring I along the meteor trail and integrating Eq. 6.

Equations 3, 5, 6 and 7 contain several variables that need to be determined in
order to solve the fundamental equations of meteor physics. Some of them are given
by the physical properties of the meteoroid, some are determined from observations
and others can be estimated theoretically. The atmospheric density ρa is usually
defined by a model of the atmosphere for different heights of meteoroid-atmosphere
interaction. Currently the most commonly used video observations allow us to
determine the velocity of a meteor as a function of time and luminosity. The heat of
ablation is defined by the character of ablation (vaporizing or spraying) and is thus
dependent on the composition of a meteoroid. Lastly, the luminous efficiency, heat
transfer coefficient and drag coefficient must be obtained from theoretical models,
experiments, or by estimating based on observational data.

3 The Nature of Meteor Radiation: Spectra and Meteoroid
Composition

Meteor radiation is produced mainly by the excitation of atoms, due to the mutual
collisions with atmospheric atoms and molecules, and due to the recombination
of free electrons in the surrounding ionized gas and subsequent cascade transitions
[28]. The radiation of a meteor originates in the plasma envelope of air and meteoric
vapor surrounding the meteoroid. Meteor spectra consist primarily of atomic
emission lines and molecular bands. Spectral analyses indicate that it is mainly
the atoms and ions of the meteoroid vapor which radiate. Although meteor spectra
have been observed since 1864, the knowledge gained from these observations is
rather scarce. Most early studies were focused on the description of the spectra and
identification of lines. The most extensive identifications are given by Halliday [40]
for Perseid meteors (velocity of app. 60 km s-1), by Ceplecha [41] for a 32 km s-1

meteor and by Borovička [42] for a 19 km s-1 meteor. Overview of reliably identified
atoms and ions is presented e.g. in Section 3.3 of [1].

Not all lines in meteor spectra can be explained by a single temperature.
Borovička [43] revealed that meteor spectra are composed of two distinct compo-
nents with different characteristic temperatures. The lower temperature component
is called the main spectrum and its origin is in the radiating gas of meteoroid and
atmospheric vapors. The temperature lies usually in the range 3500–5000 K and
does not generally depend on meteor velocity. The main spectrum consists of several
hundreds of lines, mostly neutral lines of atoms of meteoric origin. The most notable
lines present in the main spectrum are of Fe I, Mg I, Na I, Ca I, Cr I, Mn I and Ca
II. Thermal equilibrium is nearly satisfied, although some lines may deviate. It was
shown that chemical composition of the radiating plasma can be computed from the
main spectrum.
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The high temperature component is also known as the second spectrum and
has characteristic temperature of nearly 10,000 K. The high temperature region
is probably formed in the front of the meteoroid, near the shock wave of the
meteor [8]. The chemical composition cannot be derived exactly, nevertheless, the
determined elemental abundances from fireball spectra were found to be consistent
with common meteorite composition. The typical lines for the second spectrum are
the high excitation lines of Mg II, Si II, N I and O I. The low excitation transitions
in singly ionized atoms can be present in both spectral components. This is most
notably the case of Ca II, which is bright in both spectra, but also fainter lines of Ti
II and Sr II can be present in both components. The second spectrum is strong in fast
meteors while it can be absent in slow meteors with velocity of about 15 km s-1 [1].
The ratio of gas masses involved in the production of both components was found
to be a steep function of velocity.

The ratio of meteoric vapors to the atmospheric species in both components
shows interesting disparities. Nitrogen and oxygen lines are not present in the main
component. This is caused by the absence of allowed low excitation transitions in
these atoms. The atoms simply do not radiate at 5000 K. Based on the pressure
balance with surrounding atmosphere, [8] concluded that about 95% of atoms in
low temperature gas were the invisible atmospheric species. The second spectrum
demonstrates both meteoritic and atmospheric emissions. Their ratio varies widely.
In faint meteors of medium and high velocity the meteoric emissions in the second
spectrum are often absent, while O I and N I lines and N2 bands are still present.
The N2 bands sometimes appear very early on the trajectory [44]. Other works [45]
described cases in which meteoritic emission invisible at the start of the trajectory
burst out later, while the atmospheric lines brighten only moderately. Based on these
effects, it appears that atmospheric emissions are less dependent on the ablation rate,
which is rather expected.

The previously described spectral lines are characteristic for meteor head—the
brightest part of a meteor. Other phases of the meteor phenomenon present specific
spectral features. The spectrum of the meteor wake consists chiefly from low
excitation lines. Typical wake lines belong to Na I, Fe I, Mg I and Ca I. The short-
duration trains are formed by only one spectral line, the forbidden green auroral
line of neutral atomic oxygen at 557.7 nm. The luminosity is probably produced by
the atmospheric oxygen. Persistent trains are still not well understood phenomena.
Several spectra have been taken in the recent years, which show different features
from case to case. The spectra show both continuous or quasi-continuous radiation
and atomic lines. The most important and most persistent line, common for all
spectra, is the sodium doublet near 589.2 nm. This suggests that the long-living
luminosity is due to similar mechanism which produces the sodium airglow—
a luminous layer in the Earth’s mesosphere (80–105 km) of characteristic yellow
color.

While meteor spectroscopy presents the most efficient way to study of meteoroid
composition from unbiased sources, the composition of the radiating plasma during
meteoric interaction does not fully reflects the composition of the original meteoroid
[8]. Meteoroid composition must cover a wide range of material types including
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asteroidal, lunar and martian samples known from meteorite laboratory studies (for
mineralogical overview, see [46]) and the lesser known cometary materials, so
far only covered by few spacecraft probes such as the Stardust mission to comet
81P/Wild 2 [47] and Rosetta mission to comet 67P/Churyumov-Gerasimenko [48].

Most of the known meteorite samples come from primitive rocky asteroidal
bodies formed in the early solar system which never reached the melting limit
temperature in their interiors. This primitive material presents valuable chemical
clues preserved from the early stages of the solar system formation. Most of the
known rocky meteorites are chondritic, meaning that they contain chondrules, 0.1–
1-mm sized objects of glass and crystalline silicates formed by melting followed
by rapid cooling (Fig. 4). They also contain Ca- and Al-rich inclusions (CAIs)
composed of refractory oxides and silicates and formed by condensation of high-
temperature nebular gases. Besides the primordial material from the early solar
system, it was detected that chondrites also contain particles from other stars [50].
Primitive chondritic composition has been also detected in samples of cometary dust
(Fig. 5).

Fig. 4 Different types of chondrules (large circular shapes in the middle of the pictures) in the
Košice ordinary chondrite meteorite (image by D. Ozdin, further description is provided in [49])

Fig. 5 Electron images of chondritic porous micrometeorites of cometary dust (from [51])
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Not all interplanetary bodies are chondritic. Variations of stony achondrites, iron
and stony-iron materials have been identified from meteorite samples on Earth. They
point towards more complicated formation processes and material differentiation in
larger bodies. Still, together they only constitute approximately 7% of all known
meteorite samples. The ratios of identified meteorite materials is however biased
by the fact that only stronger asteroidal samples can withstand the ablation in
the atmosphere and reach the Earth’s surface. Given the dust production rates
of comets and the observed activities of major meteor showers, it is likely that
majority of smaller meteoroids in interplanetary space are of cometary origin.
Precise orbital data determined from multi-station meteor observations along with
the compositional information from emission spectroscopy allow us to study the real
distribution of materials in the solar system.

To achieve this goal, larger surveys of meteor spectra based sensitive video
spectrographs were initiated [10, 52, 53]. Generally, these instruments yield low-
resolution spectra from which elemental abundances cannot be reliably determined.
To reveal variations of meteoroid composition, the method of spectral classification
was established. The method is based on the relative intensities of the three main
emission multiplets Na I, Mg I and Fe I representative of the different components of
meteoroid composition (volatile, silicate and metallic respectively). Figure 6 shows
the results of such studies for different size populations of meteoroids.

While this method can be used to distinguish distinct meteoroid types from
common chondritic bodies, the distinction between specific material types (e.g.
specific chondritic classes) is difficult [55]. For this purpose, detailed model of
meteor spectrum based on the solution of radiative transfer needs to be applied to
records captured in high-resolution. First such model assuming thermal equilibrium
and self-absorption in the radiating plasma was developed by Borovička [8] and
applied to an excellent spectrum captured by a photographic system. Relative
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Fig. 6 Spectral classification of mm-sized and mm-m-sized meteoroids showing range of material
types detected from meteor observations (from [10] and [54])
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Fig. 7 The simulated ablation of a chondritic meteorite at the probe of the plasma wind tunnel
(image by the High Enthalpy Flow Diagnostics Group, IRS)

abundances for nine elements were determined (Fe, Na, Mg, Ca, Ti, Cr, Mn, Ni, and
Al) in agreement with laboratory meteorite measurements. Similar method has been
since used for individual fireball spectra by few different authors [9, 56]. Similarly
detailed analyses of meteor spectra for larger quantities of meteoroids samples are
still missing.

Recent experiments suggest that our abilities to study meteoroid composition and
ablation from ground-based observations can be also improved by laboratory anal-
yses. Several teams have focused on using laser-induced breakdown spectroscopy
of meteorite samples to study meteoroid composition [57, 58]. Alternatively, the
simulated ablation of meteorites in plasma wind tunnels has been used to success-
fully reproduce the atmospheric meteoroid interaction [56, 59, 60] (Fig. 7). Besides
high-resolution Echelle spectra, these experiments provide valuable data on the
ablation processes for different meteoroid types. The next step is to quantitatively
link the phenomena observed in the laboratory with real meteor observations in the
atmosphere.

4 Meteor Observations and Meteoroid Population Studies

For meteor scientists, Earth’s atmosphere serves as a large detector of meteoroid
inflow in the region of 1 au from the Sun. Various observational methods can be
used to observe meteors and provide different information about meteoroids. The
light from meteor ablation can be observed visually by naked eye or telescopes, by
photographic and video cameras, radar systems, seismic and infrasonic detectors.

Simple visual observations of meteors, though the least comprehensive, have
historically been crucial in gaining basic knowledge of the inflow of meteors and
describing shower activities. The earliest records of individual meteor sightings
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and probable meteor showers were made in ancient Mesopotamia and China, at
the beginning of second millennium BC [61, 62]. Still today, visual reports are
useful for constraining information on potential meteorite impacts, or calibration
of instrumental efficiencies. Reports from visual observations can be submitted to
the International Meteor Organization database.2

Optical video and photographic observations are currently the most utilized
by astronomers, due to their ability to precisely determine meteor fluxes and
constrain atmospheric trajectories and speeds of meteoroids. By triangulation of
meteor trajectories observed from multiple stations and backwards propagation of
the directional and velocity information, original heliocentric orbit of a meteoroid
can be determined (e.g. [63]). Numerous groups have initiated development of
video or photographic networks to provide large sky coverage with multi-station
observations. These networks include the European Fireball Network [64] in
Central Europe, Cameras for Allsky Meteor Surveillance (CAMS) network [65] in
Northern America, Desert Fireball Network in Australia [66], global All-sky Meteor
Orbit System (AMOS) network [67] based in Slovakia, Fireball Recovery and
InterPlanetary Observation Network (FRIPON) in France [68], and many others.
Orbital data from these networks is collected in databases such as the SonotaCo
[69], EDMOND [70] and CAMS database [2].

Trajectories and speeds of meteors can be also determined by radar systems
operating in the 15–500 MHz frequency range. Radars can be used to study inflow
of even the faintest meteors (caused by roughly micrometer particles) and can
operate even during the daytime, allowing to identify activities of daytime showers.
Some of the most renowned radar surveys providing crucial meteor data include the
Advanced Meteor Orbit Radar Facility (AMOR) in New Zealand [71], the Canadian
Meteor Orbit Radar (CMOR) [72] or the Southern Argentina Agile MEteor Radar
(SAAMER) [73]. Radar observations have been also used to constrain the mass-
dependent flux of interplanetary particles on Earth [74, 75]. The standard mass
distribution was previously determined from lunar crater counts and taking into
account meteoroid and interplanetary dust measurements [76].

During observations, meteor showers caused by Earth intersecting meteoroid
streams appear to originate from the same point and direction in the sky, known
as the radiant. These meteoroids were ejected from their parent comet or asteroid
relatively recently and can be used to probe the properties of larger parent bodies
(e.g. [77–80] or [3] for overview). For some major streams, the association to
parent object is well known (e.g. Perseids and comet 109P/Swift-Tuttle, Orionids
and comet 1P/Halley or Draconids and 21P/Giacobini-Zinner). However, there are
numerous minor streams and newly detected streams (for overview, see the IAU
Meteor Data Center3 [81]), which are yet to be confirmed in activity and linked to
their parent object. A new review of the current state of minor streams a sporadic
background research is presented in [82].

2http://www.imo.net.
3https://www.ta3.sk/IAUC22DB/MDC2007/.

http://www.imo.net
https://www.ta3.sk/IAUC22DB/MDC2007/
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In some cases, the link to a meteoroid stream or a parent body can be
established based on orbital similarity. Dissimilarity parameters such as the D-
criterion based on orbital [83, 84] or geocentric parameters [85, 86] can be used.
Recent works focus on applications or improvements of these methods to identify
potential meteoroid associations in orbital databases [87–89]. Alternatively, wavelet
transform methods can be used to search for meteoroid streams in radar data [90].
Furthermore, modeling of the meteoroid stream evolution and prediction of meteor
shower activities has improved significantly with the development of more powerful
computational facilities [91, 92].

Sporadic meteors are not associated with any meteoroid streams, but they domi-
nate the meteoroid influx at Earth. They include particles from the interplanetary
meteoroid cloud (from previous asteroid and comet dust production processes)
and in small proportion also interstellar particles [27]. The identification of their
origin is hampered by orbital alteration caused by gravitational, radiation and
collision processes. While among brighter meteors, sporadic particles comprise
comparable datasets as shower meteors, their proportion increases dramatically
among fainter meteors corresponding to smaller meteoroids (e.g. 99% of the
meteors in the AMOR radar database [93]). This effect is caused by different
ejections velocities and radiation forces affecting the evolution of smaller particles.
All of the instrumentally observed meteorite impacts have originated from sporadic
meteors [55]. The improved observational techniques and larger sky coverage
allows for higher efficiency in the location of meteorite impacts [4–7]. The most
advanced techniques for trajectory and photometric measurements today allow for
very precise prediction of the meteorite strewn field [94].

Large datasets of sporadic meteoroids from optical and radar detections have
revealed six sporadic meteor sources at the Earth. These sources do not generally
correspond to physical meteoroid structures, but rather describe observed concen-
trated regions in the radiant space. The detected meteor sources are affected by
the motion of the Earth around the Sun [95]. The strongest sources are the helion
and anti-helion source in the ecliptic plane at aproximately 70◦ from the apex
direction. These sources are likely formed by particles produced by Jupiter-family
comets [25, 96]. We also observe north and south apex sources centered towards
the direction of Earth’s movement and toroidal sources 60◦ north and south from
the apex. The apex and toroidal sources seem to originate from Halley-type or
long-period comets [25, 97]. Furthermore, radiant distribution of sporadic meteors
reveals a ring depleted in meteor radiants at 55◦ from the apex [98]. The ring is
attributed to high-inclination meteoroids undergoing Kozai oscillations [25]. Studies
of sporadic meteors have also provided constrains for the speed distribution of
incoming particles, showing that most meteoroids impact the Earth at low speeds
(≈11–20 km s-1) [99, 100].

Meteor observations can be also used to study the presence of interstellar bodies
in the solar system. Interstellar dust was first detected by the Ulysses spacecraft
[101] during a flyby of Jupiter and since studied by multiple other missions. The
measured interstellar particles are usually not larger than a few microns. The
detection of larger interstellar meteoroids would provide significant implications
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for the dust-to-gas mass ratio in close interstellar medium. Generally, meteoroids
with speed above approximately 72 km s-1 (given by the sum of the escape speed
from the solar system and orbital speed of Earth) are on orbits not bound to the
Sun. Slower meteoroids can still originate from the interstellar space, but cannot
be identified as such only based on their speed. Typically large uncertainties of the
determined meteoroid velocities for very fast meteors must be taken into account.
The first detection of interstellar meteoroids was reported from the AMOR radar
data [102], though these results are still being debated. Analysis of CMOR radar
observations showed that the interstellar meteoroids would present a fraction too
small to be statistically meaningful [72]. A search in the video meteor databases has
revealed that majority of identified hyperbolic meteoroids are caused by the velocity
estimation error [103].

As briefly discussed in previous section, observations of meteor emission spectra
can provide information on meteoroid composition. Generally, these studies are
either focused on detailed analyses of exceptional fireballs and can provide relative
element abundances [8, 9, 104], focus on characterization of meteoroid streams
[105, 106] and their parent bodies, or utilize larger datasets of low-resolution
spectra to study variations of meteoroid composition from different orbital sources
in the solar system [10, 52, 54, 107]. Meteor spectra studies have revealed that the
depletion of volatiles in meteoroids is mainly caused by solar radiation in close
proximity of the Sun and partially by cosmic-ray irradiation in the Oort cloud [10].
Depletion of sodium was also shown to have implications for meteoroid structure
and material strength [108]. Besides atomic emission lines, several molecular bands
have been identified in fireball spectra [109]. One of the interesting goals of meteor
spectroscopy is to detect organic matter in meteoroids. While the detection of
organic carbon can be difficult in meteor spectra [110, 111], the commonly observed
hydrogen Hα line can be used as a tracer for the presence of organics and water
[112].

Meteor trajectories and their light curves can be used to study physical prop-
erties of meteoroids. Meteoroid masses can be estimated based on optical meteor
brightness or electron line density in radar data. Unfortunately, the accuracy
of mass estimation is still limited mainly by the uncertainties of luminous and
ionization efficiency parameters [113]. The most consistent estimates of meteoroid
masses were yielded by models combining meteor light curves and atmospheric
deceleration [12, 114]. The beginning and terminal heights of meteor luminous
trajectory can be used to infer the material strength of a meteoroid. The empirical
classification of [115] differentiates between the most fragile cometary (Draconid-
type), standard and dense cometary, carbonaceous and ordinary chondritic material
strengths. Using the meteoroid dustball model [11], distribution of bulk densities of
meteoroids was studied by Kikwaya et al. [13]. It was revealed that on average,
meteoroids on asteroidal orbits have densities of 4200 kg m-3, on Jupiter-family
orbits 3100 kg m-3 and between 260 and 1900 kg m-3 on Halley-type orbits. Grain
densities of meteoroids can also be estimated using the heat conductivity equation
and combining meteor trajectory measurements with laboratory data for different
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rock and mineral types [116, and references therein]. The difference between the
bulk and grain density can be used to infer porosities of meteoroids.

Recent works and high-definition meteor observations [117] suggest that major-
ity of meteoroids undergo different forms of fragmentation in the atmosphere,
which is not accounted for in the single body theory (Sect. 2). Furthermore, it
has been shown that ablation of meteoroids composed of iron–nickel alloy differs
significantly from standard chondritic meteoroids [118]. For accurate determination
of meteoroid physical properties, more complex models that describe the ablation
and fragmentation of meteoroids are required [12, 119, 120].

5 Summary

We have presented a brief introduction to meteor astronomy and the fundamental
processes of meteor ablation. The approach to constrain meteoroid properties from
various ground-based observation techniques was described. Meteoroids are small
interplanetary bodies continuously produced by sublimation, outgassing and colli-
sions of comets and asteroids. During their interaction with the Earth’s atmosphere,
they create luminous phenomena known as meteors. This process can be studied
from various points of view and eventually allows us to study dynamical processes
and distribution of interplanetary material in the solar system. The current meteor
research topics focus on different aspects of the phenomenon. Due to improved
and efficient video and photographic techniques, numerous observational networks
were created around the world and produce large datasets of orbital data. These
observations can be used to study activities of meteor showers and link meteoroid
streams with parent comets and asteroids.

Due to the improved sky coverage, the number of instrumentally observed
meteorite falls rises and allows higher efficiency in locating meteorite impacts. The
sensitive radar observations enable studies of interplanetary dust inflow, sources of
the sporadic background and activities of daytime showers. More complex models
of meteoroid ablation and emission spectra can be used to determine physical
properties and composition of meteoroids and provide implication for the processes
of material transfer in the solar system. Future analyses of meteors can be improved
by utilizing laboratory facilities such us wind tunnels and shock tubes to simulate
meteor ablation in controlled environment. While we already know a lot about the
processes of meteor interaction and meteoroid populations, there are still numerous
open questions to be answered and more details be obtained to better understand our
solar system and prepare for potential Earth impacts and spacecraft shielding.
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70. L. Kornoš, P. Matlovič, R. Rudawska, J. Tóth, M. Hajduková Jr., J. Koukal, R. Piffl,

Meteoroids 2013 (2014), pp. 225–233
71. W.J. Baggaley, R.G.T. Bennett, D.I. Steel, A.D. Taylor, Q. J. R. Astron. Soc. 35, 293 (1994)
72. R.J. Weryk, P. Brown, Earth Moon Planets 95(1–4), 221 (2004). https://doi.org/10.1007/

s11038-005-9034-x
73. D. Janches, S. Close, J.L. Hormaechea, N. Swarnalingam, A. Murphy, D. O’Connor, B. Vand

epeer, B. Fuller, D.C. Fritts, C. Brunini, Astrophys. J. 809(1), 36 (2015). https://doi.org/10.
1088/0004-637X/809/1/36

74. P. Pokorný, P.G. Brown, Astron. Astrophys. 592, A150 (2016). https://doi.org/10.1051/0004-
6361/201628134

75. R.C. Blaauw, M.D. Campbell-Brown, R.J. Weryk, Mon. Not. R. Astron. Soc. 414(4), 3322
(2011). https://doi.org/10.1111/j.1365-2966.2011.18633.x

76. E. Grun, H.A. Zook, H. Fechtig, R.H. Giese, Icarus 62(2), 244 (1985). https://doi.org/10.
1016/0019-1035(85)90121-6
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Abstract Thousands of transiting exoplanets have been discovered to date, thanks
in great part to the Kepler space mission. As in all populations, and certainly in
the case of exoplanets, one finds unique objects with distinct characteristics. Here
we will describe the properties and behaviour of a small group of ‘disintegrating’
exoplanets discovered over the last few years (KIC 12557548b, K2-22b, and others).
They evaporate, lose mass unraveling their naked cores, produce spectacular dusty
comet-like tails, and feature highly variable asymmetric transits. Apart from these
exoplanets, there is observational evidence for even smaller ‘exo-’objects orbiting
other stars: exoasteroids and exocomets. Most probably, such objects are also behind
the mystery of Boyajian’s star. Ongoing and upcoming space missions such as TESS
and PLATO will hopefully discover more objects of this kind, and a new era of the
exploration of small extrasolar systems bodies will be upon us.

1 Introduction

The exoplanet science discoveries kicked-in after 1992–1995 when the first exoplan-
ets were discovered [1] first around a pulsar and then a hot Jupiter around a solar type
star 51 Peg [2]. The exoplanet 51 Peg b was detected from observations of radial
velocities (‘RV’) from the ground with a 1.92-m telescope located at Observatoire
de Haute Provence.

Later hundreds of exoplanets were discovered using the radial velocity method.
In 2000, the first transiting exoplanet HD 2019458b, again a Jupiter-sized planet in
a close-in orbit, was detected [3]. New automated ground-based projects to detect
transiting exoplanets were started in the first decade of twenty-first century. The
most successful of such projects to date is the WASP survey1 which has discovered
about 200 transiting planets (April 2019), and there are a number of other successful
ground-based exoplanet surveys as well, such as HAT [4] or KELT [5].

A real breakthrough came with the launch of the CoRoT space mission in 2006.
The CoRoT satellite was a french-led ESA mission carrying a 27-cm aperture
telescope equipped with 4 CCD detectors dedicated to asteroseismology and
exoplanetary transit detections [6]. The CoRoT mission was terminated in 2013 and
it reported 33 substellar objects which are all fully characterized and thus we know
both their masses and radii.

In 2009 a very successful NASA space mission Kepler was launched carrying
a telescope with a mirror of 1.4-m with a large array of CCD detectors [7].
Kepler, and later its continuation K2 mission, discovered during their lifetimes

1http://www.superwasp.org.

http://www.superwasp.org
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from 2009 until 2018 about 4000 transiting exoplanets. Kepler/K2 photometric
data likely still contain many more new planetary candidates. However, only a few
hundreds of the Kepler/K2 planets have been fully characterized, so that we know
their masses and radii. This fact is due to the relative faintness of the Kepler/K2
targets and the difficulty of carrying out ground-based follow-up spectroscopic RV
observations. However, despite these limitations, Kepler/K2 was able to deliver
extremely interesting candidates, among them low mass and rocky planets in the
habitable zone such as Kepler-62f [8], ultra-short period planets such as Kepler-
78b [9], and multiple planetary systems [10]. Also, new types of objects such as
Boyajian’s star [11] and ‘disintegrating’ planets [12] were found with Kepler/K2.

In the following text, we will focus on the physics behind the more recently
discovered enigmatic objects such as disintegrating and evaporating planets. A
significant number of such objects are also expected to be discovered with the most
recent and upcoming missions like TESS and later PLATO. Before discussing the
physics of the disintegrating objects, we briefly introduce the observing strategies
which led to the discoveries of these interesting types of exo-objects.

In Sect. 2 we describe the methods and observing strategies used to discover or
characterize these ‘dusty objects’. Section 3 contains a crash course on the dust
properties which are important to understand the content of this chapter. Sections 4
and 5 describe the most interesting disintegrating exoplanets and minor bodies in
exoplanetary systems. The special case of Boyajian’s star is discussed in Sect. 6.
Finally, Sect. 7 deals with ongoing and future space missions which may bring new
fascinating discoveries and open a new era in the study of these extrasolar objects.
For a reference, another recent review of disintegrating exoplanets can be found in
[13].

2 Observing Methods and Strategies

The most successful methods of exoplanet detection are the transit and radial
velocity measurements. Both methods benefit from their combination, and, in
general, all planets detected by the transit method need follow-up radial velocity
measurements for mass determination. Therefore, all exoplanetary transit space
missions try to ensure that the targets in their prime sample can be followed-up
spectroscopically from the ground.

2.1 Radial Velocities (RV)

The method of discovering and characterizing exoplanets by precise radial velocity
measurements is based on Kepler’s laws. If the system consists of a star and a planet,
these orbit around their common center of mass causing the star to move toward and
away from the observer with a given radial velocity that is a function of the mass of



48 J. Budaj et al.

the planet. Detailed derivations of the expression for the semi-amplitude K of the
radial velocity curve can be found in numerous publications [14, 15]; therefore, we
limit ourselves here to only presenting the final expression for the semi-amplitude
of the radial velocity curve K:

K = 1√
1 − e2

(
2πG

Porb

)1/3 Mplan sin i

(Mstar + Mplan)2/3 (1)

where G is the gravitational constant, Porb the orbital period, Mstar the stellar
mass, Mplan the planetary mass, i planetary orbital inclination angle, and e the
eccentricity of the planetary orbit. As can be seen from the above equation, the
resulting radial velocity and the corresponding semi-amplitude K can be obtained
from the observed spectroscopic time series that adequately samples the orbital
phases. However, this method can not provide a determination of the inclination, i,
of the planetary orbital plane. Therefore, the value of planetary mass Mplan obtained
from the RV measurements is only a lower limit since the value of i is unknown
without making use of the photometric transit data. One example of an RV curve is
illustrated in Fig. 1

The typical radial velocity semi-amplitude of a large gas planet is of order of
tens to hundreds of m s−1. On the other hand a typical radial velocity signature of
an Earth-sized planet can be as low as few cm/s.

Fig. 1 Figure shows a typical RV curve of a gas planet obtained with various telescopes around
the globe. Figure Credit: [16] https://doi.org/10.1051/0004-6361:20052850, reproduced with
permission © ESO

https://doi.org/10.1051/0004-6361:20052850
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2.2 The Transit Method

If a planet passes in front of the stellar disc along observer’s line of sight, then
one can observe a periodic dimming of the stellar light, i.e., a transit. Typically a
photometric time series with good sampling is obtained a few hours before, then
during the transit, and finally a few hours after the transit ends. The basics of the
method have been described in great detail elsewhere [17]. Here we limit ourselves
to expressing the transit depth, δ, as:

δ ∝ 
F

F
= R2

plan

R2
star

(2)

where ΔF is the observed change of flux during a transit, F the flux of the star, Rplan
the planetary radius, and Rstar the stellar radius. An advantage of this method is that
it can be used to determine the inclination of the planet’s orbital plane if the stellar
parameters of the host star are known. It is clear that the photometric transit method
needs to be combined with spectroscopic observations of a given system in order to
fully characterize the exoplanet.

The detection of hot-Jupiters can be accomplished even with small-aperture
telescopes as the typical transit depth, δ, due to a transit of a hot-Jupiter is a few
percent of the stellar flux for a main sequence dwarf star. However, the detection
of Earth-sized planets requires ultra-precise photometry, typically measured in parts
per million (‘ppm’). CoRoT-7b was the first example of a small rocky exoplanet
showing a transit depth of only a few hundred ppm [18]. The smallest exoplanet
currently known to orbit a solar-like star is Kepler-37b [19] and it was discovered
by the transit method. Its light curve along with the light curves of two other larger
planets in the system are shown in Fig. 2.

2.3 Transmission Spectroscopy and Exo-Atmospheres

Over the past decade, the characterization of exo-atmospheres has started to gain
in importance. The first detection of sodium in the exo-atmosphere of a gas giant
HD 2019458b was made from space with the Hubble Space Telescope (HST)
[20], followed by the spectroscopic detection, also with HST, of an extended
hydrogen atmosphere for the same planet [20, 21]. Ground based detection of
exo-atmospheres with the transmission spectroscopy method using high spectral
resolving power succeeded nearly 6 years later when sodium was detected in the
atmosphere of HD 189733b [22].

Transmission spectroscopy uses the basic idea that, during a transit, the stellar
light has to pass through the exo-planetary atmosphere which forms a thin annulus
around the planet. If the atmosphere contains an absorber, such as sodium or any
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Fig. 2 Figure shows a comparison of light curves obtained with Kepler for various sized
exoplanets from the system Kepler-37, with the smallest being Kepler-37b (upper panel). Reprinted
by permission from Springer Nature: Nature, [19] https://www.nature.com/articles/nature11914,
© 2013

other species, the radius of the planet appears larger at the corresponding wavelength
as the species blocks the stellar light.

When using transmission spectroscopy, typically, a time series of spectra with
low spectral resolving power is recorded before, during, and after the transit. Each
of the observed spectra from the time series is split into defined photometric bands
and then the resulting spectrophotometric light curves are produced and evaluated.
The variation in transit depth in the different spectral bands provides information
on the absorbing species. This method has successfully confirmed atmospheres for
a handful of planets. A metal rich atmosphere was confirmed for the Neptune-sized
exoplanet GJ 1214b from the ground [23, 24], followed by many other detections for
predominantly gas planets [25, 26]. Lately, reports of elements other than sodium
and hydrogen have been reported, such as lithium and perhaps a first detection of

https://www.nature.com/articles/nature11914
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TiO features [26, 27]. However, this method also has potential application to rocky
planets around late type dwarfs [28] that are recently discovered by TESS and will
be found later by PLATO and ELT from the ground.

A slightly different approach is to use a spectrograph with high resolving power.
A spectroscopic time series is again obtained on either side of, and during, the
transit. In this case the actual spectra from in- and out-of-transit phase are directly
compared. Before a search for planetary atmosphere signatures can start, a careful
analysis of the telluric features in the spectra has to be performed and, if necessary,
telluric features are removed [29]. Furthermore the Rossiter–McLaughlin effect
which can affect the planetary signal needs to be taken into account [30]. Regions of
prominent lines, such as the sodium doublet (NaD), or potassium region as well as
hydrogen lines are typically investigated. The ratio of in- and out-of-transit spectra
can reveal a planetary signature [22, 31–35] as the in-transit spectra also possess an
excess signal from the planetary atmosphere.

2.4 Observing Strategies of Exoplanetary Space Missions

The detection of exoplanets is most efficient from space with the transit method.
Therefore, we will introduce the observing strategies and principles of such
missions. Different space missions dedicated to the search of planets via transit
detection have followed different observing strategies. The first one, CoRoT,
monitored several fields for a series of long (150 days) and short (30 day) periods.
On the contrary, the space mission Kepler monitored a single field for 4 years. The
selected field in the region of the Cygnus and Lyra constellations contained more
than 150,000 stars [7] that were monitored. This part of the Kepler mission yielded
about 2000 exoplanets and several thousand candidates. In 2013 the Kepler team
needed to adopt a different observing strategy due to problems with the spacecraft
gyroscopes. The mission was renamed K2 and it observed one field for typically
70 days and then pointed towards a new field. Over the ensuing 4 years, the K2
mission yielded about 1000 exoplanets and several hundred additional candidates
[36]. There were numerous interesting discoveries among these missions, and many
“firsts” reported, such as: the circumbinary planet Kepler-16b [37], the oldest known
multiplanet system Kepler-444 [38], the first Kepler rocky planet Kepler-10b [39],
and the first planet with a radius smaller than the Earth [40]. The K2 mission was
retired in late 2018 when the fuel was depleted.

However, Kepler also discovered a new class of ‘disintegrating’ planets. In
the following text, we lay the theoretical ground for understanding these highly
enigmatic planets among the known types of exoplanetary systems.
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3 Dust Environment in Exoplanets

In this section we introduce the basic physical properties of astrophysical dust which
will be important for understanding the subsequent sections. At sufficiently low
temperatures and high density, grains of condensates can be formed out of a gas
phase. Such grains are usually called “dust”, although some authors use the more
generic term “condensates”. At the same time, the term “grain” often includes not
only solid grains but also liquid droplets. Such condensates are usually confined to
“clouds”. These can not only be clouds in the atmospheres of cool objects but also
vast interstellar dust clouds.

The reason why dust is so important for our objects will become obvious from
the following everyday experience. Our atmosphere contains water. If this water is
in the form of a gas one can easily see distant mountains which are 100 km away.
However, once the water condenses and forms clouds or a fog, the visibility can drop
to 10 m or even less. Thus the opacity, which is a measure of the non-transparency of
the material (see Sect. 3.2), could be much higher if the material were in the form of
dust rather than gas. Figure 3 illustrates the opacity of gas and dust in the visible and
near infrared regions per gram of material. The opacity of the gas in this example is
based on an assumed solar chemical composition and a density ρ = 10−14 g cm−3

[41]. For the dust opacity we used the illustrative mineral forsterite with a particle
size of about 0.1 and 1 μm [42]. It should be mentioned that, as a rule, not all the
gas can turn into a condensate. For solar composition material, dust can account for
roughly 1% of the mass. Still, as can be seen from the figure, the dust opacity will
easily overtake that of the gas.
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3.1 Absorption, Scattering, and Extinction

The optical properties of condensates may not only influence, but fully govern, the
emerging spectrum and even the structure of a dusty object. Dust can absorb the
impinging radiation and convert it directly into heating the grains. This process is
called ‘absorption’ or ‘true absorption’ to emphasize that the photon is destroyed or
thermalized. It is quantified by the absorption opacity.

Dust can also scatter the radiation in a process called ‘scattering’. Scattering
mainly changes the direction of the photon without significantly affecting its energy.
So the scattered radiation is somewhat decoupled from the medium and flows
through and around it without heating it. This process is characterized by the
scattering opacity. Furthermore, scattering can be highly anisotropic, a property that
is described by means of the phase function, which depends on the scattering angle
(the deflection angle from the original direction of the impinging radiation). The
most prominent feature is a strong forward scattering peak for large values of the
so-called ‘scaled particle size’, X = 2πa/λ where a is the particle size (radius) and
λ is the wavelength of the radiation.

The combined effect of absorption and scattering is referred to as the ‘extinction’.
Finally, formation of dust can also affect the chemical composition of an object.
It removes the condensed elements from the gas phase within the dust cloud.
Subsequently, various processes and forces may decouple gas and dust, creating
chemical inhomogeneities.

Absorption and scattering by large particles (relative to the wavelength, i.e., large
X) is wavelength independent. However, scattering by small particles has a very
strong, λ−4, dependence (Rayleigh scattering) and absorption by small particles
has a λ−1 dependence. Blue light is scattered and attenuated more efficiently, and
for this reason dust generally causes a reddening of the light passing through a dust
cloud. The extinction at some wavelength (or filter) in magnitudes is the difference
between the observed and intrinsic brightness: A(V ) = Vobs − Vint. Reddening
(selective extinction/color excess) is usually expressed as a difference between the
observed and intrinsic color index:

E(B − V ) = (B − V )obs − (B − V )int = A(B) − A(V ) (3)

A relative slope of the wavelength dependence of the extinction can be characterized
by a single parameter 1/R(V ) where R(V) is [43]:

R(V ) = A(V )

E(B − V )
= A(V )

A(B) − A(V )
(4)

R(V ) is sensitive to the particle size. The typical value of R(V ) for interstellar dust
in our Galaxy is 3.1 ± 0.2. The absolute amount of the extinction as a function of λ

(the extinction curve) can be characterized by two parameters: R(V ) and E(B−V ).
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3.2 Cross-Section, Opacity, and Phase Function

The optical properties of the dust are given by the complex index of refraction of the
material it is made from (which is a function of wavelength), and further depends on
the size and shape of the particles. These properties of the grains are often expressed
in the form of cross-sections for absorption, scattering, and extinction Ca, Cs, Ce,
respectively. The cross-sections are related to the projected area of the dust particles
of radius r via efficiency factors Qa, Qs, and Qe, for absorption, scattering, and
extinction, respectively:

Ca = Qaπr2, Cs = Qsπr2, Qe = Qa + Qs. (5)

The cross-sections are related to the absorption and scattering opacities, κν,a and
κν,s, of the condensates at radiation frequency, ν, by:

κν,{a,s} ≡ Cν,{a,s}/mg = 3

4

Qν,{a,s}
ρgr

(6)

where κ is the cross section per unit mass and has the dimensions of cm2 g−1, mg
is the mass of a dust grain, ρg is the bulk material density of the grain, and we
have assumed spherical particles for simplicity. Note that κ is nearly exclusively a
property of the material and may not depend at all on the mass in dust grains per
unit volume of the medium, ρ̄. Finally, for completeness, we note that the quantity
α ≡ ρ̄κ is defined as the linear extinction coefficient (with units cm−1), and may be
useful in certain circumstances.

Using these opacities, the monochromatic optical depth due to scattering and
absorption along the line of sight z is then given by:

τν =
∫

ρ̄(z)
[
κν,a(z) + κν,s(z)

]
dz. (7)

The sum of the absorption and scattering opacities is referred to as a total opacity.
For the special idealized case of single-size dust particles, this reduces to

τν = 3

4

(
Qν,a + Qν,s

)
ρgr

∫
ρ̄(z)dz. (8)

We can see from this, that for a fixed amount of dust mass per unit volume of the
medium, i.e., ρ̄ = constant, the optical depth would become monotonically larger
with decreasing particle size, as 1/r . However, in Mie scattering, once the particle
size becomes substantially less than the radiation wavelength, λ = c/ν, then the Q

factors for the cross section drop dramatically, and the optical depth stops rising with
further decreases in particle size. This is the reason why, for observing wavelengths
in the visible, it is often stated that particle sizes comparable to a micron are the
most efficient at blocking light.



Extrasolar Enigmas: From Disintegrating Exoplanets to Exoasteroids 55

 1

 10

 100

 1000

 10000

 0  10  20  30  40  50

Ph
as

e 
fu

nc
tio

n

Angle [Deg.]

r= 0.1 mic
r= 1 mic

r=10 mic

Fig. 4 Phase functions assuming a point source of light (solid) versus the phase functions
assuming the finite dimension of the stellar disc (dotted). Example is for enstatite at 600 nm for
different dust particle radii. The vertical line illustrates the angular radius of the stellar disc of
WASP-103 as seen from the planet WASP-103b

The angular distribution of the scattered light is described by the phase function,
p(θ), where θ is the scattering angle which measures the deflection of the scattered
photon from its original direction. The phase function is normalized such that its
integral over all solid angles is 4π . An example of the dust phase function at small
angles is displayed in Fig. 4. One can see a strong increase towards zero phase angle
which is called the forward scattering peak. The amplitude and width of this peak are
quite sensitive to the particle size and wavelength. Calculations of phase functions
usually assume an incident parallel beam of light. However, if the dust cloud were
very close to the star, its angular dimension (as seen by the dust grain) could be
comparable to, or wider than, the width of the forward scattering peak. This will
be the case in our objects and one has to take that into account [44–46]. The same
figure also illustrates this effect on dust particles located in the atmosphere of the
exoplanet WASP-103b [47, 48].

It is sometimes useful to define a mean cosine of the scattering angle g, also
known as the asymmetry parameter. It has values from −1 to 1 and is calculated
from the phase function:

g =
∫

p(θ) cos(θ)d� /4π. (9)

3.3 Albedo, Equilibrium Temperature, and Radiative
Acceleration

Let’s assume that a dust particle is irradiated by its host star with effective
temperature T∗, solid angle �∗, and intensity approximated by the Planck function
Bν(T∗). The particle can scatter some of the light from the star, and we define a
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quantity called single-scattering albedo, � , which describes the reflecting properties
of the grains. It is a fraction of the energy which is scattered by the particle:

�ν = Cν,s

Cν,a + Cν,s
. (10)

This scattered light does not heat the particle. Apart from scattering, the particle can
also absorb the stellar radiation at a rate:

�∗
∫

Cν,aBν(T∗)dν (11)

This energy heats the particle to a temperature Tg. Subsequently, the grain emits
thermal radiation and cools at a rate:

4π

∫
Cν,aBν(Tg)dν, (12)

A balance between the absorbed and re-radiated energy sets the grain equilibrium
temperature (provided that the grain is not also sublimating; but see Eq. 21). It can
be obtained by solving the radiative equilibrium equation for Tg:

�∗
∫

Cν,aBν(T∗)dν = 4π

∫
Cν,aBν(Tg)dν (13)

Assuming that the opacities are grey (i.e., they do not depend of the frequency)
the grain temperature is simple given by:

T
grey
g = T∗

(
�∗
4π

)1/4

. (14)

A dust grain irradiated by a star with effective temperature T∗, mass M∗, radius
R∗, and surface flux Fν experiences a radiative acceleration aR. It is usually
expressed as a parameter β relative to the gravitational acceleration aG:

β = aR

aG
= R2∗

GM∗c

∫ [
κν,a + (1 − g)κν,s

]
Fν(T∗)dν. (15)

where G is gravitational constant, c is speed of light, and g is the previously
mentioned asymmetry parameter. Thus, in the two extreme cases of forward vs back
scattering of the stellar radiation, the scattering adds either nothing to the radiative
acceleration or has a factor of 2 enhancement relative to the absorption term.
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Extensive online tables of such dust properties devoted mainly to exoplanets are
publicly available [42]. They are based on codes that calculate cross-sections of
dust particles using Mie theory such as [49] from the complex indices of refraction
for specific materials. For example, the Heidelberg–Jena–St.Petersburg–Database
of Optical Constants is a very convenient source of refractive index measurements
[50, 51].

3.4 Dust Condensation

Depending on the state quantities, such as temperature and pressure, matter
composed of a single component usually exists in one particular phase, e.g. gas,
liquid, or solid. The Clausius–Clapeyron equation, which gives a relation between
the temperature and pressure, marks a transition or boundaries between the different
phases. Once the temperature drops below the condensation temperature (at a certain
pressure) or the pressure exceeds the equilibrium (saturated) vapour pressure (at a
particular temperature) the dust starts to condense out of the gas. Condensates may
be in either the liquid or solid phase. The equilibrium vapor pressure where the
transition occurs can be approximated by [52, 53]:

Pv(T ) = exp(−A/T + B) (16)

where A,B are material-specific sublimation parameters.
Materials with low vapour pressure or high condensation temperature (refrac-

tory materials) condense first out of a hot cooling gas (or last to evaporate
if the dust were heated). For a solar chemical composition these are mainly
calcium and aluminum oxides such as corrundum (Al2O3), grossite (CaAl4O7) and
hibonite (CaAl12O19). They are followed by titanium compounds such as perovskite
(CaTiO3) or TiO2 at lower temperatures. The most important refractory species
are usually silicates. They form two branches: pyroxenes (MgxFe1−xSiO3) and
olivines (Mg2yFe2−2ySiO4). In each branch a fraction of magnesium atoms can be
replaced by iron. Iron free pyroxene is called enstatite (MgSiO3) while an iron free
olivine is forsterite (Mg2SiO4). The other extreme member of the olivine family is
fayalite (Fe2SiO4). Silicates are a type of glass and, as such, are quite transparent
in the optical region, although they can scatter light quite efficiently. The amount
of iron can affect their absorption properties significantly [54]. Other refractory
dust species which might be encountered in such an environment are amorphous
carbon, graphite (C), silicon carbide (SiC), Quartz (SiO2), spinel (MgAl2O4),
or akermanite (Ca2MgSi2O7). At the other end of the condensation temperature
scale are volatile species such as water and ammonia. In between are numerous
compounds, depending on the chemical composition and pressure, for example
sulfides and alkali halides, and troilite but we are not likely to observe these in
such hot and close disintegrating objects.
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Apart from the temperature, the occurrence of a particular dust component also
depends critically on the abundances and the availability of the chemical elements
which form the compound. The element with the lowest abundance is typically the
limiting factor for the abundance of the whole compound. The solar abundances2

of Ca, Al, and Ti are relatively small 6.34, 6.45, and 4.95, respectively [55]. That is
why silicates and/or iron dust which are composed of silicon, magnesium, and iron
with abundances of 7.51, 7.60, and 7.50, respectively are usually more abundant and
dominate extinction processes.

The condensation properties of various compounds are nicely summarized in
Fig. 5. Here the condensation curves are plotted as a function of atmospheric
pressure. They were calculated mainly for the atmospheres of brown dwarfs or giant
exoplanets and assume a solar chemical composition [56] but contain many dust
species which are also relevant for our objects.

2Note that the abundances are defined, using the element number density N , as the number
of atoms of an element per 1012 atoms of hydrogen (log N/H + 12). The present-day solar
photospheric abundances are generally in a good agreement with the abundances derived from
the CI carbonaceous chondrite meteorites, except for a few elements such as H, He, and Li.
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3.5 Dust Sublimation

Dust particles are also subject to sublimation [52, 53]. The mass-loss flux (rate per
unit area) from a solid surfaces at temperature T in vacuum is

J (T ) = αPv(T )

√
μu

2πkBT
, (17)

where α is the evaporation coefficient, Pv(T ) the equilibrium vapor pressure, μ

the molecular weight, u the atomic mass unit, and kB Boltzmann’s constant. The
mass-loss rate from a spherical dust grain of mass mg = 4πr3ρg/3 and surface area
S = 4πr2 is then

dmg

dt
= −SJ. (18)

Taking into account that

dmg

dr
= Sρg (19)

the change in the particle radius is given by:

dr

dt
= dr

dmg

dmg

dt
= − J

ρg
. (20)

Sublimation represents a phase transition which consumes heat and cools the
particle. If that heat is not negligible one has to take it into account in computing
the equilibrium temperature of the grain. In such a case the energy absorbed by the
particle per unit time is balanced by the energy radiated by the particle plus the heat
consumed for the phase transition. Equation 13 then reads

�∗
∫

Cν,aBν(T∗)dν = 4π

∫
Cν,aBν(T )dν − Ldmg

dt
(21)

where L is the latent heat of sublimation per unit mass. The characteristic timescale
for sublimation is

τ = mg

|dmg/dt| . (22)
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4 Known Disintegrating Exoplanets

The great majority of exoplanets that we know of were discovered by the transit
method. Nominal planet transits are symmetric and periodic without any significant
variations in their shape or depth over time. This changed in 2012 when a strange
object named Kepler-1520b was discovered [57].

4.1 Kepler-1520b

Kepler-1520b is an exoplanet also known as KIC 12557548b (KIC1255b). It became
a prototype of a very rare new class of exoplanets called Disintegrating Exoplanets.
It was found in the Kepler data. The host star is a V = 16 mag main sequence
K4V type star. Its effective temperature, mass, and radius are about Teff = 4440 K,
M = 0.7 Set visible space for consistency purpose M	, and R = 0.65 R	,
respectively [57, 58]. The star is active and has spots which cause ∼1% variability
with a period of about 22.9 days which enabled its rotation period to be determined
[44, 59]. In its light curve, the discoverers noticed something like transits but they
were highly variable, sometimes as deep as 1.2%, sometimes even missing. The
strictly periodic transit signal had a very short period of about 15.7 h. Figure 6
illustrates the observed data folded with this period which yields the average light
curve. One can see a significantly increased spread of fluxes in the points during
the transit indicating the variability in the transit depth. Another interesting feature
becomes obvious from the binned and averaged light curve (bottom panel of Fig. 6).
It is highly asymmetric and features a steeper ingress and slower egress. The strict
periodicity and short period of the transits indicate that they may be caused by some
body orbiting the star on a very close orbit. The fact that the transits are sometimes
missing implies that the body itself is very small, smaller than the Earth, otherwise
it would be detected in every transit. Follow-up radial velocity measurements did
not detect any reflex motion of the star which puts an upper limit on the mass of
the body of 89 M⊕ [60, 61] which places the body deep into the planetary regime.
However, what is then causing the variable asymmetric transits?

4.1.1 Interpretation

The interpretation it that a body on such tight orbit around the star is heated to about
2000 K. At such temperatures even rock melts and can evaporate which may drive a
thermal wind off the surface [57, 62]. Gas escapes the planet at a rate larger than 0.1
M⊕/Gyr dragging dust grains with it. Alternatively, the dust may condense out of
the gas when it cools during or after escape from the planet. The mixture of gas and
dust expands beyond the Hill sphere radius of the planet. It flows “down hill” out of
the potential well of the planet through the L1 point towards the star or via the L2



Extrasolar Enigmas: From Disintegrating Exoplanets to Exoasteroids 61

Fig. 6 Top: First long cadence Kepler observations of KIC 1255 folded with the 15.7-h orbital
period. Bottom: Binned and averaged light curve. Taken from [57]. Courtesy of ApJ

point away from the star. Strong radiative forces on the dust cause a weakening of
the effective gravity which drives the dust into higher orbits that lag progressively
behind the planet. It is this dust which is causing the transits and this is also the
reason why we observe a steep ingress followed by a gradual egress.

Once such a fine dust cloud forms around and behind the planet it may not be
stable and is prone to variability. For example when the dust cloud is thin the planet
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surface is intensively irradiated, which leads to more evaporation, outflows, and
condensation, thereby producing more dust. In turn, the thick dust cloud shields
the planet and the evaporation drops, limiting the production of dust, and the cloud
dissipates. This limit cycle can apparently operate, even on a timescale from orbit to
orbit, but there are longer intervals of order a week where the transits are reduced to
a level where they are not detected (see also the following section on the variability).

Producing and maintaining a substantial outflow of gas and dust is relatively
simple in bodies with the surface gravities of asteroids, where the thermal speed
of the material exceeds the escape speed (see, e.g., Fig. 8 of [13]). For at least
some common minerals the vapour pressure at ∼2000 K is sufficiently high that for
bodies below lunar size, the direct Jeans’ escape mass loss rates could exceed that
required to produce the inferred dust rates in KIC 1255b of ∼1 M⊕/Gyr. For more
substantial bodies, e.g., Mercury, Mars, and Earth, a Jeans’ outflow of 1 M⊕ per
Gyr of heavy molecules becomes nearly impossible [13, 57, 62]. For such massive
bodies, a different escape mechanism has been proposed, namely a Parker-type
hydrodynamic wind [57, 62]. Roughly speaking this requires thermal speeds that
are only ∼1/4 of the escape speed in order to work [57, 62]. One issue with the
requirement of a planet losing 1 M⊕ per Gyr is that if it has of only ∼10−3 − 10−2

M⊕, then it will have a lifetime of only 1–10 Myr. If the lifetime of the host star
is measured in Gyr, then the a prior probability of seeing one of its planets in that
evaporative state are rather low. However, obviously if one surveys a large number
of stars, then the odds of seeing a few such systems is non-negligible. Since such
planets may have lost most of their mass their observations open a unique window
into planetary interiors and their chemical composition [63, 64].

4.1.2 Variability

It was mentioned above that the transits are variable. They vary on a very short
timescale from one orbit to another, i.e., in less than one day. This variability is
strong, sometimes more than a factor of 2 from one orbit to the next one, and appears
to be stochastic and associated with the deep core of the transit [57, 65]. However,
a modulation of the transit depth was also found that appears to be anti-correlated
with the periodic rotational variability (22.9 days) of the stellar flux[59, 66].

There is also a smooth long-term variability in the egress part of the light curve
associated with the dust tail on timescales of about 1.3 year which is not seen in
the core of the transit [44, 58]. There might also have been a period of decreased
activity, i.e., when the transits were shallower on average, during 2013–2014 [67].
This longer-term variability in the depth and shape of the transits indicates that the
dust cloud associated with the planet may not be homogeneous and has at least two
components; an inner tail (or coma) and an outer tail which may behave differently
(e.g., when subjected to magnetic fields or stellar winds) or have different properties
(particle size, chemical composition) [44, 65]. On the contrary, [68] arrived at the
conclusion that, as far as the pure shape of the average transit profile is concerned, it
is well reproduced in their calculations and there is no need to invoke two such
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constituents. A similar long-term variability of the transit, namely a monotonic
decrease of its depth over the 4-year duration of the Kepler mission was found in
another disintegrating exoplanet, KOI-2700b [69].

The reason for the above mentioned long-term variability has not been well
studied but it has been argued that it may be associated with the magnetic activity of
the star and be analogous to the comet tail disconnection events observed in some
of the comets in our Solar System [44, 59]. However, it has also been argued that
the modulation of the transit depth with stellar rotation may be due to occultations
of the stellar spots rather than the magnetic activity [66].

4.1.3 Pre-transit Brightening

There is a very interesting tiny feature in the transit light curve, barely visible
in Fig. 6. It is a small brightening just before the transit, already noted by the
discoverers [57], which is referred to as a pre-transit brightening. It is not due to
the star getting brighter. It is caused by the scattering properties of the dust. As
shown in Fig. 4, the dust does not scatter the light isotropically but mainly in the
forward direction. For the same reason a driver gets blinded when the Sun is near,
but not in, the driver’s immediate field of view, but the windshield is dirty and this
nonetheless scatters the sunlight into his/her eyes.

In our system, this happens mainly in the vicinity of the transit. While we cannot
identify this light during or after the transit, since it is overlaid with the ongoing
absorption, we can see it just before the transit (Fig. 7). This feature is sensitive to
the particle size and it enables us to estimate that the size of particles in the tail
is about 0.1–1 μm. At the same time this effect confirms that the transit events are
caused by a dusty tail passing in front of, and close to, the star. Apart from these
features in direct transits, the forward scattering effect can, in principle, be used to
detect non-transiting dusty-tailed exoplanets by searching for positive bumps in the
light curves [45, 46].

4.1.4 Particle Size and Chemical Composition

A number of authors have studied the Kepler light curves of KIC1255b attempting
to derive the chemical composition and grain size distribution of the transiting dust
material [44, 65, 70]. This problem is partially degenerate and one can fit such
monochromatic3 transits with different chemical composition and particle size. The
pre-transit brightening is sensitive to the particle size and the observed brightening
indicates particles 0.1–1 μm in size. On the other hand, the length of the tail is highly
sensitive to the sublimation properties of the grains. Corundum and 0.2–5 μm grains
are most favoured for this reason and the mass loss rate amounts to 0.6–16 Earth
masses per Gyr [53, 68].

3In this context ‘monochromatic’ means transits that are observed in only a single waveband.
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More information and a deeper insight can be achieved with multi-wavelength
observations. This is because the opacity of dust changes with the wavelength and
the behaviour is different for grains of different chemical composition and size.
Consequently, under the assumption that the tail is optically thin, the transit depth
would depend on the wavelength, the particle size, and the chemical composition.
This is illustrated in Fig. 8 which shows theoretical transit depths for three species:
corundum (alumina), olivine, and iron. One can see that the transits produced
by small particles of corundum or silicates would be much deeper at the shorter
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wavelengths. This is because scattering dominates extinction and scattering on small
particles (relative to the wavelength) is approaching the Rayleigh regime with a
strong λ−4 dependence. Extinction by large particles is almost grey. The problem
is that the observations must be carried out at different wavelengths simultaneously
because of the above mentioned strong variability of the transit depths.

Such observations in the optical and near-infrared regions have not detected a
significant difference in the transit depth across these wavelengths. This implies
that the dust particle size must be larger than ∼0.5 μm. In a scenario where dust
grains are lifted directly from the surface of the planet, this in turn implies that
the planet should be less massive than Mercury otherwise its gravity would prevent
such direct dust ejection [60, 67]. However, as mentioned above, dust might have
also condensed later beyond the potential well of the planet. Additional multi-
wavelength observations in z′, g′, u′ filters indicate slightly larger depths at shorter
wavelengths and particle sizes of about 0.25–1 μm [71]. Recent 3D models of the
dust dynamics including the sublimation and 3D radiative transfer pointed out the
possibility that the tail may be optically thick. In this case the transit depth might
be constant with the wavelength even for smaller particles and mass loss rates may
reach 80 Earth masses per Gyr [64].

Apart from KIC 1255b, two other systems of this kind have been discovered,
KOI-2700b [69] and K2-22b [72]. The first one is similar in its transit profile to
KIC1255b, and the latter system is described in more detail below.

4.2 K2-22b

This exoplanet (also known as EPIC 201637175b) was discovered with the Kepler
follow-on mission (K2) by [72]. It is in some respects similar to KIC 1255b. The
host star is cooler and smaller. It is an M0V type red dwarf (r = 15.01 mag) with
effective temperature, mass, and radius of about Teff = 3830 K, M = 0.6 M	, and
R = 0.57 R	, respectively. The host star rotates with a period of 15.3 days and has
a ‘close’ (three magnitudes fainter) companion, separated by about 2′′. The planet
K2-22b is smaller than 2.5 R⊕, is less massive than 1.4 MJ , and has a very short
orbital period of only 9.145872±0.000024h. It is losing mass in the form of a dusty
tail at a rate ≈2 × 1011g s−1 [72].

As in the case of KIC 1255b, the transits are asymmetric and highly variable.
They are on average about 0.5% deep but the depth changes from 0 to 1.3% from
transit to transit. The duration of the transits is about 50 min. The average transit
shape is shown in Fig. 9. The special feature of this exoplanet is that it exhibits a
post-transit brightening. Based on the lesson learned from KIC 1255b, this likely
indicates that the planet also has a dusty tail but it is pointing in the opposite
direction. In other words, the planet is orbiting the star with its dust tail heading
forward. This is most probably due to the host star being colder and fainter than
KIC 1255. Its radiation does not exert sufficient pressure on the dust grains to force
them into a higher orbit, and thereby trail the star. Thus, the dust can flow from the
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Fig. 9 Binned and averaged K2 light curve of K2-22 folded with the orbital period. It features a
post-transit brightening likely indicative of a leading dust tail. Taken from [72]. Courtesy of ApJ

planet toward the L1 point and the host star, and then descend into the potential
well of the star. Since the Keplerian velocity of these orbits is higher, these grains
overtake the planet and form a leading dust tail [72].

The follow up multi-wavelength transit observations with the GTC in the visible
region found no evidence for a wavelength dependence in three out of the four
transits observed [72, 73]. One transit, however, did indicate that the transit depth is
greater at the bluer wavelengths. This sets an upper limit on the dust grains of about
0.4–0.6 μm. The forward scattering peak indicates particle sizes of about 0.5 μm.
Although the dust is the major opacity source, the gas might be detected in the cores
of some strong spectral lines such as NaI in high resolution spectra. [74] searched
for such gas absorption during the transits of K2-22b and Kepler-1520b but did not
detect any spectral signatures.



Extrasolar Enigmas: From Disintegrating Exoplanets to Exoasteroids 67

5 Minor Bodies in Extrasolar Systems

As in our solar system, minor bodies are also expected to exist in extrasolar systems.
While we do not yet have the capability to detect structures similar to the main
asteroid belt or the Oort cloud in other planetary systems, the first extrasolar minor
bodies have recently been detected.

5.1 Exo-Asteroids: A Debris Disk Around WD 1145+017

In the solar system, asteroids are defined as minor bodies in the inner solar
system that show significant departures from spherical shape dictated by hydrostatic
equilibrium. The first extrasolar minor bodies were discovered by K2 [75] in the
form of disintegrating material orbiting the white dwarf WD 1145+017.

It has long been known that some white dwarfs have dusty debris disks around
them [76, 77], and also that many of them (about 1/4–1/2) have heavy elements in
their atmospheres that should have already sunk into the stellar interiors, unless
they were replenished by infalling orbiting material [78–80]. Vanderburg et al.
[75] observed for the first time this process in action by detecting a white dwarf
being transited by ‘at least one and likely multiple disintegrating planetesimals
with periods ranging from 4.5 to 4.9 h. The detected transits are marked by being
asymmetric, and even irregular, with respect to normal transiting planets, indicating
that they do not correspond to solid spherical bodies, and can be as deep at 55%. In
addition, most of the observed transits are much longer in duration than the ∼1–
2 min expected transit time of an asteroid with an orbital period of 4.5 h. Note
that the white dwarf radius and luminosity are quite low. Its apparent brightness,
luminosity, distance, effective temperature, mass, and radius are about g = 17.0
mag, L = 0.0093 L	, d = 174 pc, Teff = 15900 K, M = 0.6 M	, and R = 1.4 R⊕,
respectively. The orbital period of 4.5h corresponds to a distance of about 1 R	 from
the star. A combination of this distance and stellar luminosity yields equilibrium
temperatures of about 1400–1700 K which is similar to those of disintegrating
planets.

This object has attracted the attention of exoplanet observers. Croll et al.
[81] conducted ground and space follow-up observations on WD 1145+017. The
observations confirmed that the white dwarf is orbited by multiple short-period
objects, that egress times were longer than ingress times, and the duration of the
transits was longer than expected, pointing again to cometary tail-like structures
behind the debris fragments. These asteroids are nicely visualized with a ‘waterfall’
diagram presented in Rappaport et al. [82] showing the evolution of the phase light
curve (see Fig. 10). One can easily identify several objects with slightly different
periods crisscrossing the picture.
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Fig. 10 Waterfall diagram of WD 1145+017 phased with the base period of 4.49126 days. Objects
with the base period follow the vertical line while objects with different periods crisscross the
diagram on different tracks. Taken from [82] by permission of Oxford University Press

Croll et al. [81] also did not detect any transit chromaticity. Alonso et al [83]
and Izquierdo et al. [84] used the 10-m GTC telescope to check for chromaticity
but found the transits to be gray over the optical range from 480 to 920 nm (see
Fig. 11), indicating that particle sizes smaller than 0.5 μm can be excluded. From
their observations, Alonso et al [83] concluded that the radius of single-size particles
in the tail materials must be ≈0.15µm or larger, or ≈0.06µm or smaller. They also
report low amplitude variations in the light curves suggesting that dusty material is
continuously passing in front of the stellar disk.

Zhou et al. [85] and Xu et al. [86] also observed these dips in multiple
photometric bands in the visible and infrared. They find no difference in the transit
depths once infrared observations are corrected for excess emission from a dusty
disk. Xu et al. [86] conclude that there must be a deficit of small particles in the
transiting material and that only large particles can survive without sublimating at
the effective temperatures prevalent at these short orbital periods.

Xu et al. [87] found the first detection of chromaticity, showing that UV transit
depths are always shallower than those in the optical. They proposed a model to
explain this observations by having the transiting dust clouds block a larger fraction
of the circumstellar gas than of the white dwarf and by having all of them (transiting
dust, circumstellar gas, and white dwarf) aligned with respect to our line of sight.
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Fig. 11 GTC light curves of WD 1145+017 taken simultaneously in four wavebands and covering
several dips. The nearly identical dip profiles in the four bands can be used to constrain the dust
grain sizes to larger than 0.5µm. The divergence of the curves after phase 0.22 in the lower panel
is due to atmospheric effects. Adapted from [83] and reproduced with permission ©ESO

The light curve of this object is extremely variable as shown by Rappaport et al.
[82, 88] and Gänsicke et al. [89]. This is because (1) individual objects have slightly
different periods, (2) the periods of some of individual objects can change slowly
with time, and (3) their dust activity can change dramatically on timescales of
months and years.

High resolution spectroscopic observations also revealed the presence of high-
velocity gas orbiting the white dwarf [90, 91].

A more detailed review of this object can be found in [82, 92]. Very recently
a second white dwarf with possibly related properties was discovered [93]. This
object, ZTF J013906.17+524536.89, exhibits two deep transits separated by 110
days, but it is not yet clear if this is a periodicity.

5.2 Exo-Comets

The unprecedented precision of the Kepler photometry enabled the detection of
even smaller objects than planets or even large asteroids. Two decades ago [94]
predicted that comets orbiting other stars and emitting large dusty tails might be
detected by photometry when transiting their host stars and calculated what their
light curves could look like. In the Kepler data, [95] detected six events in the light
curve of KIC 3542116 (KIC3542) and one event in the light curve of KIC 11084727
(KIC1108) which looked very much like the expected cometary transits. They were
about 0.05–0.2% deep and highly asymmetric, similar in shape to the KIC1255b
transits but several times more shallow (see Fig. 12). The three deeper transits of
KIC3542 and that of KIC1108 lasted for about 1 day while the three shallower
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Fig. 12 Three deeper transit events found in the Kepler light curve of KIC3542 by Rappaport et
al. [95] by permission of Oxford University Press

transits of KIC3542 lasted for about half a day. There is no obvious periodicity
to these events indicating that six transits of KIC3542 are caused by 2–6 distinct
comet-like bodies. The duration of the transits corresponds to a transverse speeds of
about 35–50 km s−1 for the longer transits and about 75–90 km s−1 for the shorter
transits. This corresponds to orbital periods of ≥90 and ≥50 days, respectively. Both
host stars KIC3542 and KIC1108 are relatively bright (V = 10 mag) and hot stars
with Teff = 6900 and 6800 K, respectively. Most of the stars monitored by Kepler
are cooler (or older) so the fact that they are hotter/younger, similar to each other,
and also similar to Boyajian’s star mentioned later is probably not an accident.

Recently, a single comet-like transit was found in the archival lightcurve of KIC
8027456 [96]. The TESS mission also detected three other dips of this kind in β

Pictoris [97]. Similar events were discovered in two stars (EPIC 205718330 and
EPIC 235240266) monitored by the K2 mission [98]. The authors call these ‘little
dippers’ since they resemble the so-called “dipper” stars. However, contrary to
dipper stars. these dips are 1–2 orders of magnitude shallower with depths of about
0.1–1%. The dips in the ‘little dippers’ are episodic, not periodic, lasting for about
0.5–1 days, with complicated shapes resembling more WD 1145+017 or Boyajian’s
star rather than the typical exocomet like profile seen in Fig. 12. Nevertheless, the
authors argue that exocomets are the most likely explanation. The host stars are
early-K and late-F type dwarfs, not younger than 150 and 800 Myr, respectively.

Recently, two other ‘dipper’ stars were discovered by K2 mission. HD 139139
is a normal early G-type star which shows a sequence of 28 transit like dips [99].
The events are about 200 ppm deep, 0.7–7 h long, are random, and do not show a
significant asymmetry. EPIC 204376071 is a young M5 dwarf which shows a single
80% deep asymmetric dip [100]. There is no explanation to these phenomena yet.

6 Boyajian’s Star

We would like to introduce another star which may be related to the above
mentioned objects and which is sometimes labeled as “the most mysterious star
in the Galaxy”.
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Fig. 13 The Kepler light curve of Boyajian’s star shows irregular dips (top). A more detailed view
of the four major events is displayed in the middle and bottom panels

6.1 Discovery and the Kepler Light Curve

The Kepler mission delivered a huge amount of high-precision photometric light
curves for about 170,000 stars. A group of volunteers, the ‘Planet Hunters’, were
reviewing the light curves by human eye and they were the first to notice that there
were some very strange dips in flux from the star KIC 8462852. A more detailed
analysis and follow-up observations resulted in a discovery paper led by Tabetha
Boyajian [11], and since that time the star has become known as Boyajian’s or
Tabby’s star.

So what is so special about this star? The Kepler light curve shows a few strong
dimming events that are 10–20% deep. They are irregular with no sign of periodicity
and are clustered into four main events observed near BKJD=790, 1520, 1540, 1570
days.4 They are shown in Fig. 13. The D790 event is very smooth with a slow ingress
followed by a faster egress. The D1520 and D1570 events consist of a sequence

4BKJD stands for the Kepler Barycentric Julian day which is a Julian Day minus 2454833.
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of dips gradually increasing in strength. D1540 is a symmetric triple dip with the
central dip being the strongest.

There is another tiny feature in the Kepler data at D1210 which deserves
attention. It is a symmetric triple dip with the middle one being the strongest [101].
This shape resembles the D1540 event.

This kind of variability would not be anything unusual if this were a young star.
Such stars are often surrounded by protostellar disks which might cause dipping
events when seen nearly edge on. They show broad emission lines and infrared
excess. However, this star has no such features and looks like a normal F3V type
main sequence star with temperature, mass, radius, projected equatorial velocity
and rotational period of Teff = 6750 K, M = 1.43 M	, R = 1.53 R	, v sin i = 78
km s−1, and Prot = 0.88 days, respectively [11, 102].5 It is a relatively bright, V =
11.7 mag star at the distance of about 451 pc. The authors also discovered a faint
M dwarf companion to the star at 1.95′′ which is about 3.8 mag fainter in H band.
However, this star is not physically bound to Boyajian’s star [104].

6.2 Follow Up Observations

Soon after the discovery of Boyajian’s star, a plethora of follow-up observations
were performed. Observations in the infrared region did not detect any infrared
excess but put constraints on the amount of dust at different distances from the
star. Spitzer/IRAC [105], NASA/IRTF 3 m SpeX [106], Millimetre (Submillimeter
Array) and submillimetre (SCUBA-2) continuum observations also did not detect
any significant emission towards KIC 8462852. This places an upper limit of about
10−6 M⊕ of dust lying within 2–8 AU from the star, 10−3 M⊕ located within 26
AU, and a total overall dust budget of <7.7 M⊕ within a radius of 200 AU [107].

Since the end of the Kepler space mission in 2013 May the star had been
relatively quiet. In 2017 May the dipping activity started again with four main
events named ‘Elsie’, ‘Celeste’, ‘Skara Brae’, and ‘Angkor’ shown in Fig. 14 [108].
These dips are about 1–2.5% deep. The multiband photometry of the dips shows
differential reddening favoring non-gray extinction. The data are inconsistent with
dip models that invoke optically thick material, but rather they are in-line with
predictions for an occulter consisting primarily of ordinary dust, where much of
the material must be optically thin with particle sizes �1µm. No changes in
the spectrum or polarization were detected during these events [102, 108–110].
Spectrophotometric observations of these recent dipping events with the GTC
confirm that the dips are deeper in the visual than at red wavelengths. This is
compatible with optically thin dust particles having sizes of 0.0015–0.15µm.
Such particles would be quickly blown away by the radiation pressure which

5According to [103] the 0.88 day periodicity may come from a different source, not from the target
star.
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Fig. 14 Boyajian’s star became active again in May 2017. Ground based monitoring shows four
dips of depth 1–2%. Taken from [108], courtesy of ApJ

indicates that the dust particles must be continuously replenished [111]. Finally,
we note that the radial velocities of the host star also seem to be constant, within
2 σ from the average value of vrad = 4.21 ± 0.02 km s−1 [102]. This sets significant
constraints on any companion stars or even brown dwarfs in short orbital periods.

6.3 The Long Term Variability

There is evidence for a long term (secular) variability of Boyajian’s star. Based on
archival photographic plates from Harvard College Observatory, [112] found that
the star faded at an average rate of 0.164 ± 0.013 magnitudes per century from
1890 to 1989. This result was questioned by Hippke et al. [113, 114]. Nevertheless,
a similar study using archival photographic plates taken at the Maria Mitchell
observatory during 1922–1991 found a similar trend of 0.12 ± 0.02 per century
[115].

The star’s brightness dropped significantly throughout the Kepler mission as
well. Over the first 1000 days the star faded approximately by 0.9%. It dimmed
much more rapidly in the next 200 days, with its flux dropping by more than
2% [116]. A slightly deeper 3.5% drop was found in the contemporary GALEX
observation in the near UV [117]. These results imply RV  5.0 which, in turn,
indicates circumstellar rather than interstellar dust attenuation.

Follow-up observations over a wide wavelength range from the UV to the mid-
infrared from 2015 October through 2016 December, using Swift, Spitzer and
AstroLAB IRIS indicate that the star faded in a manner similar to the long-term
fading seen previously in Kepler data. According to [118] the dimming rate for
the entire period reported is “22.1 ± 9.7 mmag per yr in the Swift wavebands,
21.0 ± 4.5 mmag in the ground-based B measurements, 14.0 ± 4.5 mmag in V ,
13.0 ± 4.5 mmag in R, and 5.0 ± 1.2 mmag per yr averaged over the two warm
Spitzer bands”. Continued ground based observations [119, 120] suggest that there
are also brightening (not only fading) spells and that this long term variability may
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be periodic with a period of 1600 days [119]. On the contrary, based on the ground
and space based photometry spanning the 2006–2017 interval, it was concluded
[121] that if the long term trend were to be periodic then the period would have to
exceed 10 years.

Wyatt et al. [122] developed a model of the dust cloud where the dust is
distributed along a single elliptical orbit. They demonstrated that such a model
satisfies the observational constraints set out by the lack of infrared excess and
duration of the dips, and that it can explain the long term dimming. According to this
model the dust must transit the star at 0.05–0.6 au. The ground based observations
during 2015–2018 indicate that the long-term variability is also chromatic. The
amplitude is largest in the B band, while the VRI flux amplitudes are progressively
smaller by factors of 0.77±0.05, 0.50±0.05, and 0.31±0.05, respectively [123].
This implies that the dust particles causing the long-term variability must be about
0.1µm in size. Such particles will be easily blown away and must be continuously
replenished. The long-term variability (dimming) has a continuum of timescales
ranging from almost a century, to decades, to years, and even down to a few
months. It is most probably related to the shallow dip events and caused by the
same phenomena. The net result is that the star has experienced about a 12% long-
term dimming over the past century. This has serious implications for the amount of
the dust that must be distributed along the elliptical orbit which now amounts to at
least 10−3 M⊕.

6.4 Possible Explanation and Models

There have been numerous models, ideas, and speculations proposed to explain
the above mentioned behaviour. It is not possible to mention and discuss all the
models here. An overview was presented in [124] and it concluded that intervening
interstellar material (ISM) is a more plausible explanation than other natural models.
The discoverers themselves discussed a number of possibilities and favoured a
comet scenario. Apart from that it was proposed that KIC 8462852 might be
undergoing a late heavy bombardment, but is only in its very early stages [106, 125].
It is also possible that the variability could be intrinsic to the star [126], or the dips
might have been caused by matter in our Solar system [127]. According to [128]
the secular dimming is the result of the inspiral of a planetary body or bodies into
KIC 8462852, which took place 10 − 104 yr ago. The discoverers also proposed
that the dips observed with Kepler may be due to transits of less massive bodies
placed on eccentric orbits by the Lidov–Kozai oscillations due to the outer M-dwarf
companion. However, the predicted smooth decline in flux is not in agreement with
the brightening episodes [119, 120], and the M-dwarf companion turned out not
to be associated with Boyajian’s star [104]. However, evidence is growing that the
dipping phenomenon is due to circumstellar dust. In the next few sections we will
mention three models that were developed to the point where they can be directly
compared with the observations of the dip events.



Extrasolar Enigmas: From Disintegrating Exoplanets to Exoasteroids 75

6.4.1 A Swarm of Comets

This is the scenario favoured by the discoverers and developed by Bodman and
Quillen [129]. In this model the deep Kepler dips and long-term behaviour are due to
transit of a large number (70–700) of comets. Such strings of comets are known from
our Solar system so it is a natural explanation. An eccentric orbit has advantages.
There is a high likelihood of the transits occurring near periastron and the material
spends most of the time very far from the star so it can satisfy the IR limits as well
as the dynamical constraints [122, 123]. These comets must have had a common
progenitor. The models can fit the Kepler dips very well. Unfortunately, the model
has a few drawbacks. (1) It cannot reproduce the D790 event because it is very
smooth and has a slow ingress and a faster recovery, while the model features just
the opposite behaviour with a steeper ingress and a slower egress. (2) The symmetric
triple dip, D1540, would require an accidental constellation of comets. However,
there are two other events of this kind: D1210 and Skara Brae, and they would have
to be the result of an accidental grouping of comets as well. (3) Comets can hardly
produce and continuously replenish �10−3 M⊕ of dust required to explain the long-
term variability [123]. (4) The model requires many free parameters (related to a
large number of comets) and even a perfect fit does not mean that it is correct.

6.4.2 Massive Asteroids Wrapped in Dust

This ‘recipe’ can be found in [101] but it was already considered in the discovery
paper [11]. It is in many respects similar to the above mentioned scenario. According
to this model there are a few massive asteroids or planetesimals surrounded by dust
clouds orbiting and transiting the star on eccentric orbits. Obviously, the objects
must have originated from a common progenitor as well. The orbit and the amount
of the dust required to transit the star is similar to the previous model so it also
satisfies the IR limits and the dynamical constraints [122, 123]. The difference is in
the following. Instead of a large number of comets only four more massive objects
are sufficient to explain the four major Kepler events. A massive object means that
its gravity cannot be neglected, and it can retain a dust cloud within its Hill’s sphere
(contrary to a comet). It naturally explains the smooth shape of the D790 event
and produces a slower ingress and faster egress. The symmetric triple dips: D1540,
D1210, and Skara Brae are no longer due to an accidental constellation of objects
but rather single objects surrounded by dusty disks/rings. The massive asteroids can
produce and replenish � 10−3 M⊕ of dust to account for the long-term variability.
It was demonstrated that if the objects were initially on exactly identical orbits, and
were massive enough, then they (and their dust clouds) would mutually interact
and end up on a slightly different orbits. Even though the fits are not perfect, the
model requires a small number of massive objects, and hence only a handful of free
parameters. One can anticipate that massive asteroids are accompanied by a large
number of smaller debris which would account for the smaller dips and long-term
variability.
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6.4.3 The Lord of the Rings

We hope the reader will not mind the ‘label’ above. The model was proposed by
Bourne et al. [130]. The authors noticed that one of the post Kepler dips (Skara
Brae, the one that occurred around Aug 9, 2017) is very similar to the Kepler D1540
event, i.e., it is a symmetric triple dip with the central dip being the deepest. The
similarity is indeed striking and the authors presume that it is the transit of the
same body. This implies an orbital period of 1601 days. ‘The Lord’ is a dark and
relatively massive object—a brown dwarf orbiting the star. It is accompanied by a
‘fellowship’ of about 9 rings which are about 0.2 AU across. With this model the
authors were able to reproduce the Skara Brae and D1540 events very well. Apart
from that the model explains a tentative 1600 day periodicity found in the long-
term variability. The other dips observed by Kepler were not modelled but might
be understood assuming transits of additional bodies (moons) related to the brown
dwarf. The model makes a very precise and testable prediction. ‘The Return of the
Lord’ should happen during Christmas on December 27, 2021.

A similar idea was presented earlier in [131]. The authors identified two
strikingly similar events in the Kepler light curve which are approximately 0.1%
deep and occurred at D216 and D1144. They show that these events could be
explained by the occultation of the star by a giant ring system or by the transit
of a string of half a dozen exocomets. These events occurred 928.25 days apart and
the authors predict that the next event will occur between 3–8 October 2019.

More recent comparison and cross-correlation of Kepler dips and dips observed
from the ground indicate a similar periodicity of 1574.4 days (4.31 yr) [132]. This
period also explains a few other historical dimming events of the star in the past. It
predicts the next return of the D790 event on October 17, 2019. We would like to
comment that this idea presumes that the mutual gravitational interaction among the
bodies orbiting the star must be negligible. It is not compatible with the brown-dwarf
hypothesis.

It remains to be established whether these models are compatible with the long-
term variability, infrared limits, and various other constraints including the dynamics
of the system.

7 Ongoing and Future Space Missions

Because Kepler played a pioneering role in the detection of a new class of
‘disintegrating’ objects, we shall briefly discuss ongoing and future space missions
in order to present their potential for new discoveries of this particularly interesting
class of objects.
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Fig. 15 Expected distribution of TESS planets with the orange line representing a detection
threshold for mid-sized telescopes. Figure from [138] https://iopscience.iop.org/article/10.1088/
1538-3873/ab2143. ©The Astronomical Society of the Pacific Reproduced by permission of IOP
Publishing. All rights reserved

7.1 TESS

TESS is a NASA space mission successfully launched in 2018 and planned for
at least 2 years of operations [133, 134]. The aim of the TESS mission is the
detection of several thousand exoplanets, mainly Neptune- and super Earth-sized.
However, several hundred Jupiter-sized planet detections are expected as well. TESS
is delivering precise photometry down to about 200 ppm which is sufficient to
detect a transiting super-Earth.6 The first TESS planets were recently announced
[135, 136]. There are many interesting objects discovered by TESS, such as a
Neptune-sized planet HD 21749b with another, Earth-sized, planet HD 21749c in
the same system [37] or the first TESS transiting brown dwarf [137]. Many of the
TESS planets should be suitable for ground-based follow-up observations to detect
exoplanetary atmospheres even with mid-sized telescopes [138] as shown in Fig. 15.
Furthermore, it is expected that TESS will detect additional interesting systems,
and among those should be the types of disintegrating and dusty objects which we
described in this review.

7.2 The PLATO Space Mission

The ESA M3 space mission PLATO (PLAnetary Transits and Oscillations of stars)
will be launched in 2026. The PLATO space mission will consist of 26 telescopes
monitoring large portion of sky (about 50%) for transits with an unprecedented

6https://heasarc.gsfc.nasa.gov/docs/tess/observing-technical.html.

https://iopscience.iop.org/article/10.1088/1538-3873/ab2143
https://iopscience.iop.org/article/10.1088/1538-3873/ab2143
https://heasarc.gsfc.nasa.gov/docs/tess/observing-technical.html
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photometric accuracy of a few ppm [139]. The PLATO mission should find several
thousand planetary candidates around one million bright stars from naked eye
brightness to V = 11 mag. PLATO will be able to detect even an Earth-like
planet on an Earth-like orbit among the Solar type stars. PLATO will also focus on
asteroseismology of stars [140]. However, the PLATO mission will also contribute to
many other fields of astrophysics ranging from variable star research to extragalactic
objects [139]. The majority of the PLATO targets and candidates will amenable to
follow-up studies from the ground, thereby allowing for an exact determination of
their masses and radii and thus allowing for their full characterization.

7.3 The ARIEL Space Mission

ARIEL, the Atmospheric Remote-sensing Infrared Exoplanet Large-survey, is an
ESA M4 mission which will be launched in 2028 and it will be dedicated to
unveiling the chemical composition of a sample of about 1000 selected transiting
exoplanets [141]. ARIEL will be equipped with an off-axis Cassegrain telescope
with an elliptical primary mirror of 1.1 × 0.7 m. ARIEL will be capable of photo-
metric monitoring in visible and infrared wavelengths between 0.50–0.55, 0.8–1.0,
and 1.0–1.2µm. A spectrograph with two medium resolving power channels of
1.95–3.9 and 3.9–7.8µm and one low-resolution channel of 1.25–1.95µm will be
available.7 The precision of ARIEL should be sufficient to detect the signature of
exo-atmospheres with a precision of at least 10−4 relative to the star. The main
targets will be hot (600 K and more) planets, and it is expected that species like
H2O, CO2, CH4, NH3, HCN or even metallic compounds such as TiO and VO will
be detected and studied.
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Abstract This chapter presents a review on the latest advances in the computation
of physical conditions and chemical abundances of elements present in photoionized
gas (H II regions and planetary nebulae). The arrival of highly sensitive spec-
trographs attached to large telescopes and the development of more sophisticated
and detailed atomic data calculations and ionization correction factors have helped
to raise the number of ionic species studied in photoionized nebulae in the last
years, as well as to reduce the uncertainties in the computed abundances. Special
attention will be given to the detection of very faint lines such as heavy-element
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recombination lines of C, N and O in H II regions and planetary nebulae, and
collisionally excited lines of neutron-capture elements (Z>30) in planetary nebulae.

1 A Very Brief Introduction on Emission Line Spectra
of Photoionized Nebulae

Photoionized nebulae (i. e. H II regions and planetary nebulae) are among the most
“photogenic” objects in the sky. Given their relatively high surface-brightness they
are easily accessible, even for non-professional telescopes. This allowed earliest
visual spectroscopic observations by William Huggins and William A. Miller [1]
who obtained the first spectrum of a planetary nebula (The Cat’s Eye Nebula),
where they detected a bright emission line coming from a mysterious element that
Margaret L. Huggins [2] called “nebulium”. Several decades later, Ira S. Bowen
[3] showed that this emission was produced by doubly ionized oxygen (O2+) at
extremely low densities. An historical review on the early steps of the study of
the physics of gaseous nebulae was provided by Donald E. Osterbrock [4] who
used a seminal paper by Bowen [5] as the starting point for a review of nebular
astrophysics.

Photoionized nebulae are excited by the strong ultraviolet (UV) radiation of hot
stars (Teff ≥ 25–30 kK) which produce photons with energy that could be above
the ionization threshold of the gas particles and hence, ionize them releasing a
free electron. The probability of occurrence of this phenomenon depends on the
photoionization cross-section which, in turn, depends on the energy of the photon
and the target being considered. Once ionized, the gas particles tend to recombine
with the free electrons, and eventually an equilibrium stage is established in which
the rate of ionization equals the rate of recombination for each species (see [6]).

The optical spectra of photoionized nebulae are dominated by emission lines,
which are formed when atoms or ions make a transition from one bound electronic
state to another bound state at a lower energy via spontaneous emission. These
bound electrons can be excited either by free electrons colliding with the atom/ion,
or by absorption of a photon. However, the background radiation field in the inter-
stellar medium in generally not strong enough for excitation by photon absorption
to be significant (see chapter 5 of [7]) and therefore, the only way of having a bound
electron in an excited state is by collisional excitation from a lower state, which
subsequent radiative decays to lower levels originating the collisionally excited lines
(hereinafter CELs), or owing to a recombination between a free electron and an ion,
which is the mechanism behind the emission of recombination lines (hereinafter
RLs). Given that the abundance of H and He ions are several orders of magnitude
higher than that of heavier elements, one can instinctively assume that the emission
spectra will be dominated by H and He lines, which is not the case. In photoionized
nebulae the peak of the energy distribution of free electrons is of the order of 1 eV.
Ions of heavy atoms like N, O, Ne, S, Cl, Ar, etc. have electronic structures with
low-lying electronic states in the range of fractions to few eV from the ground state
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Fig. 1 Section of the very deep spectrum of the PN Hb 4 analysed in [8, 9] showing bright RLs of
H I and He I and CELs of different ions of O, N, S and Ne

and can therefore be effectively excited by collisions. On the other hand, for H and
He ions, the gap between the ground state and the first excited state is very large
and cannot be excited by collisions, but by recombination. Figure 1 shows a typical
optical spectrum of a photoionized nebulae (in this case the planetary nebula Hb 4);
remarkably bright H and He RLs and CELs of different ionic species of N, O, Ne,
S, Cl and Ar are labelled.

Therefore, the spectrum of a photoionized nebula is dominated by the emission
of RLs of H and He (the most abundant elements) and CELs of heavier elements.
The combination of narrow-band images taken in the brightest emission lines allows
to construct the beautiful coloured images of photoionized nebulae (see Fig. 2) from
which we can have a first sketch of the ionization structure of the photoionized
region. In Fig. 2 we show a three narrow-band filter combined image of a star-
forming region in the Large Magellanic Cloud where is clear that the emission of
[O III] is more internally located than the emission from [S II].

Although the emission line spectra from H II regions and planetary nebulae (here-
inafter, PNe) are roughly similar, there are some remarkable differences between
them. H II regions are large (tens of parsecs), massive (generally between 102 − 103

M	) regions of gas that are ionized by the ultraviolet (UV) radiation emitted by
recently formed OB-type massive stars with typical effective temperatures between
25–50 kK; in general, these stars are not hot enough to ionize nebular He II, whose
ionization potential is hν = 54.4 eV. However, there are exceptions to this rule,
especially in the integrated spectra of blue compact dwarf galaxies (BCDs), Wolf-
Rayet (WR) galaxies and a couple of nebulae in the Local Group, associated to WR
stars. On the other hand, PNe are much smaller (10−1 pc) and less massive (∼10−1

M	) nebulae that are excited by central stars which are generally hotter (central
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Fig. 2 “Bubbles of Brand New Stars” Composite image of a star-forming region in the Large
Magellanic Cloud (LMC) captured by the Multi Unit Spectroscopic Explorer (MUSE) instrument
on ESO’s Very Large Telescope (VLT). The following colour code was used: [O III] λ5007 (blue).
Hα (yellow), [S II] λ6731 (red). The field-of-view of the image is 7.82 × 8.00 arcminutes2. North
is 180.2◦ left of vertical. Credit: ESO, A. McLeod et al.

stars can reach temperatures as high as 250 kK); therefore, there will be ionizing
photons with enough energy to ionize high-excitation species and hence, producing
qualitatively different spectra than that of H II regions, showing emission lines of
He II, [Ne V], [Ar V], [Fe V], and even more excited species.
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1.1 Why Are Abundances in Photoionized Nebulae
Important in Astrophysics?

The analysis of emission line spectra of photoionized nebulae allows us to determine
the chemical composition of the interstellar medium (ISM) from the solar neigh-
bourhood to the high redshift star-forming galaxies. It stands as an essential tool for
our knowledge of stellar nucleosynthesis and the cosmic chemical evolution. Since
the early achievements in spectrophotometry of photoionized nebulae, the quality
of deep optical and near-infrared spectrophotometric data of PNe has increased
significantly mainly thanks to both the development of more efficient instruments
and to the advent of large aperture (8–10 m-class) ground-based telescopes. In this
sense, the future installation of giant-class ones (diameters 30–50 m) opens new
horizons in the field of nebular spectroscopy. The detection of very faint emission
lines in ionized nebulae as auroral CELs in faint, distant or high-metallicity objects;
optical recombination lines (hereinafter, ORLs) of heavy-element ions or CELs of
trans-iron neutron-capture elements are becoming a routine fact and provide new
information of paramount interest in many different areas of astrophysics.

H II regions can be observed at considerable distances in the Universe and hence,
are crucial to determine the chemical composition of the interestellar medium (ISM)
in the extragalactic domain. Since H II regions lie where star formation is occurring,
chemical abundances computed in H II regions are probes to trace the present-
day chemical composition of the ISM. In particular, the study of radial variations
of chemical abundances along galactic discs in spiral galaxies are essential obser-
vational constraints for chemical evolution models, and precise determinations of
chemical abundances in low-metallicity dwarf galaxies, can permit to determine the
primordial abundance of helium owing to Big Bang nucleosynthesis (see [10] and
references therein). The global picture of abundances in PNe is more complicated
because for elements that are supposed to be not modified, such as O and α-
elements, the computed abundances reflect the chemical conditions in the cloud
where the progenitor star was formed, while the chemical abundances of N, C, or
neutron-capture elements, that could be modified during the cycle of life of low-to-
intermediate mass stars allow us to constrain the nucleosynthetic processes in these
stars.

1.2 Recent Reviews on Chemical Abundance Determinations

Recently, two tutorials focused on the determination of ionized gaseous nebulae
abundances have been released [10, 11] although with different points of view. In the
former, [10] give a brief review on the physics basics of abundance determinations,
like local ionization and local thermal equilibrium, emission line mechanisms
and on the calculation of physical conditions and ionic and elemental abundance
determinations from observations; these authors also review recent results in
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abundance determinations in both H II regions and PNe. However the review is
quite focused to the abundance discrepancy problem from the point of view of
temperature fluctuations (see Sect. 4.5). In [11], the focus is on the determination
of abundances in extragalactic H II regions from the direct method (when electron
temperature, Te, and electron density, ne, diagnostic lines are available) and in the
use of some strong-line methods calibrated using the direct method (see Sect. 3.2).

Further comprehensive tutorials on abundance determinations are those by
Stasińska [12] and [13] where the theoretical background of photoionized nebulae
is treated in more detail, and particular emphasis is given to the description of line
formation mechanisms, transfer of radiation, as well as to the use of empirical
diagnostics based on emission lines and determination of chemical abundances
using photoionization models. It is not the scope of this chapter to repeat the
basic concepts of the physics of photoionized nebulae, which have been described
in different detail in the aforementioned tutorials. Moreover, for a much more
detailed description of such processes, we refer the reader to the canonical book of
photoionized nebulae: “Astrophysics of gaseous nebulae and active Galactic nuclei”
[6].

In the following sections I will focus on recent advances in chemical abundances
determinations in photoionized nebulae from the analysis of deep optical and near-
infrared spectra, from an observational point of view. Due to space limitations, I
refer the reader to [12, 13] for an overview on abundance determinations based
on photoionization model fitting. Similarly, the strong line methods to determine
abundances in the extragalactic domain (from giant H II regions to high-redshift
galaxies) will be only briefly discussed in Sect. 3.2.

2 Observational Spectroscopic Data: The First Step
to Obtain Reliable Abundances

In the last years, the number of deep high-quality spectra of photoionized nebulae
has increased significantly, allowing the detection of very faint emission lines
(see e.g. [8, 14–23]) and the computation of, in principle, very reliable chemical
abundances. The advantages of obtaining deep and high resolution spectra of
photoionized regions are clear because one can easily isolate faint lines that in lower
resolution spectra would be blended and go unnoticed. As an illustration, in Fig. 3
we show an excerpt of the spectrum of the high-excitation PN H 1–50 analysed in
[24] with the same spectrum downgraded to a lower resolution overplotted in red.
Several permitted lines of O, N, and C would have remained hidden in the low-
resolution spectra and ad-hoc atomic physics would have been needed to estimate
their fluxes. In the last years, several groups have provided a large sample of deep,
high-resolution spectra of both Galactic and extragalactic H II regions and PNe (see
e.g. [24–26] and the compilation made by McNabb [27]).
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Fig. 3 Portion of a high-resolution (R∼15000) spectra of the high-excitation PN H 1–50 showing
the zone where the multiplet 1 O II lines lie. Overplotted in red is the same spectra degraded to a
resolution of R∼3500. As it can be shown the high-resolution of the original spectra allows one
to deblend several very close permitted emission lines of C, O, and N that would have remained
hidden in the low-resolution spectra. Data originally published in [24]

However, deep, high signal-to-noise, high-resolution spectra are not the panacea.
Rodríguez [28] has recently shown that the effects of observational uncertainties can
be very important even making use of high quality spectra, owing to the high number
of sources of uncertainty that are acting in the process, which include: assump-
tions in the nebular structure, atomic data (see Sect. 4.1), atmospheric differential
refraction, telluric absorption and emission, flux calibration, extinction correction,
blends with unknown lines, etc. Therefore, a careful data reduction procedure should
be carried out to obtain reliable results. Additionally, an homogeneous analysis
determining physical conditions and chemical abundances from the same set of
spectra is mandatory if one want to compute precise abundances. For instance,
many studies devoted to study the radial abundance gradients have made use of
physical conditions derived from radio recombination lines combined with and
optical or infrared lines to compute abundances; these approach has been used in
several seminal papers on the Galactic abundance gradient (see Sect. 4.4), however,
it can introduce systematic uncertainties owing to the different areas of the nebula
covered in the different wavelength ranges. Additionally, we should use a set of
appropriate lines to compute the abundances; as an example, computing O+/H+
ratios from the trans-auroral [O II] λλ7320+30 lines could introduce undesired
uncertainties because these lines could be strongly affected by telluric emission,
and are also very sensitive to electron density and temperature. To illustrate these
effects, in Fig. 4 we show an adaptation of Fig. 5 of [29] where the radial oxygen
abundance gradient making a consistent analysis of several data sets is presented.
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Fig. 4 Radial oxygen abundance gradient in the MW using abundances derived from optical lines
(blue points) or from far-IR lines (red points) compiled by Rudolph et al. [29]. The data from [32]
obtained through deep spectra taken in 8–10 m class telescopes are overplotted (black squares).
The fits for each set of data are represented by lines with the same colour than the data points.
References of the original data compiled by Rudolph et al. [29] are shown in the legend

Physical conditions have been derived from both radio and optical diagnostics, and
abundances have been derived using optical CELs of oxygen (blue points) or far-
IR fine-structure CELs of oxygen (red points). As can be seen, both data sets show
significant scatter in the oxygen abundance at a given Galactocentric distance, which
can be interpreted as an “intrinsic scatter” owing to the gas not being well mixed
[29–31]. However, high-quality observations seem to rule out this interpretation.
In Fig. 4, the abundances computed by Esteban and García-Rojas [32] from an
homogeneous analysis of optical spectrophotometric data of 35 H II regions with
direct determinations of the electron temperature have been overplotted on the [29]
sample. As it is clearly shown, the scatter in the oxygen abundance is reduced
significantly and is not substantially larger than the observational uncertainties,
indicating that oxygen seems to be well mixed in the ISM at a given distance along
the Galactic disc. Moreover, [33] showed from the analysis of high-quality spectra
with high signal-to-noise auroral [O III] line detections in H II regions in the inner
parts of M 33, a much lower scatter than that found by Rosolowsky and Simon [31];
this author also found no evidence for significant azimuthal variations in the H II

region metallicity distributions, ruling out large anomalies in the mixing of the gas.
Finally, one has to take into account some biases that the direct method can have.

Stasińska [34] discussed about the limitations of the direct method to determine
O abundances in giant H II regions at metallicities larger than solar. This author
used ab-initio photoionization models of giant H II regions, and applied to the
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models the same methods as used for real objects to test the direct method. The
global result of this study was that for log(O/H)+12 larger than 8.7 (i.e. larger than
the solar value), the computed O/H values were below the ones implied by the
photoionization models owing to strong temperature gradients present in giant H II

regions. Finally, [34] propose that PNe, which are not affected by these biases, could
be potential probes of the metallicity of the interstellar medium in the internal parts
of spiral galaxies as well as in metal-rich elliptical galaxies. However, in Sect. 4.3
we will discuss that this idea should be taken with some caution.

3 Determination of Physical Conditions and Ionic
Abundances

3.1 The Direct Method

The most popular way to compute the chemical abundances of the elements that are
present in a photoionized gas is the so-called direct method. This method makes use
of CELs intensities of different ionic species of elements like N, O, S, Ne, Cl, Ar, Ne,
Fe, etc., and involves the determination of the physical conditions (temperature and
electron density) in the emitting plasma. In the conditions prevailing in photoionized
nebulae like H II regions and PNe, most of the observed emission lines are optically
thin1 with the exception of some resonance UV lines and some fine-structure IR
lines (see [12]) making their use for abundance determinations very robust.

In the analysis of photoionized nebulae it is usually assumed that the physical
conditions are homogeneous in the photoionized region. Under these assumptions
one can compute electron temperature and density by using sensitive line ratios.
Electron temperature (Te) and density (ne) in nebulae are represented by the
kinetic energy and density of the free electrons in the photoionized gas. Some
CEL intensity ratios of ions of common elements like O, N, S or Ar depend
on the physical conditions of the gas, and are useful to calculate Te and ne (see
Section 3.5 of [10] for more details). In particular, the intensity ratios of emission
lines of a given ion that originate in very different energy levels, are sensitive to
Te and almost independent on ne, since the populations of the different atomic
levels are strongly dependent on the kinetic energy of the colliding free electrons.
Typical optical electron temperature diagnostics are: [N II] λ5754/λ6583, [O II]
λλ7320+30/λλ3726+29, [O III] λ4363/λ5007, [Ar III] λ5191/λ7531 or [S III]
λ6312/λ9531. Therefore, determination of chemical abundances making use of the
direct method in optical spectra requires the detection of faint auroral lines, which
correspond to transitions from the state 1S to 1D and are very Te-sensitive. The

1An emission line is said to be optically thick if on average a photon emitted cannot pass through
the ISM without absorption. Conversely, an emission line is said to be optically thin if we can see
the radiation coming from behind the nebula (i.e. it is not absorbed).
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detection of such lines is a relatively easy task in Galactic H II regions and PNe.
However, their emissivity decreases rapidly with metallicity and with decreasing
surface brightness of the objects so, detecting them is a challenging task in the
extragalactic domain, especially in objects beyond the Local Group. However,
the combination of high-sensitivity spectrographs with large aperture (10 m type)
telescopes have allowed the detection of the auroral [O III] λ4363 Å line in at least
18 star-forming galaxies at z > 1 (see [35] and references therein).

On the other hand, line ratios sensitive to ne come from levels with very similar
energy, so that the ratio of their populations does not depend on Te. These levels
show different transition probabilities or different collisionally de-excitation rates,
such that the ratio between the emission lines generated is strongly dependent on
the electron density of the photoionized gas. Typical optical density diagnostics
are: [O II] λ3726/λ3729, [S II] λ6716/λ6731, [Cl III] λ5517/λ5537 and [Ar IV

λ4711/λ4741.
A precise determination of the physical conditions is crucial to derive reliable

abundances from CELs. As the abundances are computed relative to H by using
the relative intensities of CELs or ORLs relative to a H I ORL (usually Hβ), and
given the very different dependence of the emissivity of CELs and ORLs (see [10])
the abundances from CELs show a strong (exponential) dependence on Te, while
abundances computed from faint metallic ORLs are almost Te dependent. This
has important implications for the so-called abundance discrepancy problem (see
Sect. 4.5).

Once physical conditions are computed one has to decide the temperature and
density structure that is going to be assumed in the nebula. The most common
approach, is to assume a two-zone scheme, where the high ionization zone is char-
acterized by Te(high) (usually Te([O III]), the low-ionization zone is characterized
by Te(low) (usually Te([N II]) and the density is considered homogeneous in the
whole nebula and is characterized by ne([S II]). Then, each temperature is applied
to compute ionic abundances of species with similar ionization potentials than the
ion used in the Te diagnostic. In a typical spectra, Te(low) is applied to compute
abundances of N+, O+, S+, Cl+ and Fe+, while Te(high) is used for the remaining
ionic species observed in the optical spectra.

However, recent results from [36] have shown that this scheme can be erroneous.
These authors, from deep, high-resolution spectra of H II regions in the Magellanic
Clouds, have proposed that for some ions, it is better to adopt other scheme in
order to avoid trends with metallicity. In particular, they propose to use Te([N II]) to
calculate Cl2+ and the mean of Te([N II]) and Te([O III]) for S2+ and Ar2+, finding
that, in such cases, Cl/O, S/O and Ar/O are approximately constant with metallicity
(see their Fig. 3) as expected for α-elements.

In deep spectra, covering the whole optical (or even up to 1µm) wavelength
range more electron temperature and density diagnostics will be available. In such
cases, Te(low) and Te(high) can be computed as the average of the values obtained
from different diagnostics, which are generally in reasonable good agreement within
the uncertainties (see e.g. [15, 19, 37]). In some cases, particularly in relatively
high-density PNe (ne > 104cm−3), density stratification can be observed, with the
[Ar IV] densities being larger than those computed with the other three diagnostics
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(see [38]). In such cases it is better to consider also a two-zone density model (see
[9]). In some extreme cases of extremely young and dense PNe, with densities
higher than the critical densities of the upper levels of the transitions producing the
[Ar IV] lines, all the classical electron density diagnostics will be saturated and can
provide inaccurate densities. An alternative density indicator is based on the analysis
of [Fe III] emission lines, which are robust density diagnostics when collisional
de-excitation dominates over collisional excitation. Indeed, if inappropriate density
diagnostics are used, then physical conditions deduced from commonly used line
ratios will be in error, leading to unreliable chemical abundances for these objects.
(see [39]).

3.1.1 Analysis Tools

The first public code for the computation of physical conditions and ionic abun-
dances was FIVEL [40], an interactive FORTRAN program which used a basic
five-level atom approximation, which considers that only the five low-lying levels
(i.e. at energies ≤5 eV above the ground state are physically relevant for computing
the observed emission line spectrum. Later, [41] developed NEBULAR, a set of
software tools (based in the FIVEL program, but extending it to an N-level atom)
in the IRAF/STSDAS2 environment that allow the user to compute diagnostic for
a variety of ground-state electron configurations, and compute ionic abundances
separately for up to three zones of ionization. The main advantage of NEBULAR

is that it can be scripted. However, changes of atomic data sets is not trivial and
computations of elemental abundances are not included.

Wesson et al. [42] developed the Nebular Empirical Analysis Tool (NEAT3),
a very simple to use code written in FORTRAN90 which requires little or no
user input to return robust results, trying to provide abundance determinations as
objective as possible. One of the main advantages of this code is that it can evaluate
uncertainties of the computed physical conditions and abundances by using a Monte
Carlo approach. Another advantage of this code is that it also accounts for the
effect of upward biasing on measurements of lines with low signal-to-noise ratios,
allowing to reduce uncertainties of abundance determinations based on these lines.
Finally, as atomic data for heavier elements than helium are stored externally in
plain text files, the user can easily change the atomic data.

The last package to be offered in the field has been PYNEB4 [43] which is
completely written in python and is designed to be easily scripted, and is more
flexible and therefore, powerful than its predecessors. This package allow the user to

2IRAF is distributed by National Optical Astronomy Observatories, which is operated by AURA
(Association of Universities for Research in Astronomy), under cooperative agreement with NSF
(National Science Foundation).
3https://www.nebulousresearch.org/codes/neat/.
4https://github.com/Morisset/PyNeb_devel.

https://www.nebulousresearch.org/codes/neat/
https://github.com/Morisset/PyNeb_devel
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easily change and update atomic data as well as providing tools to plot and compare
atomic data from different publications.

3.2 Abundances in Distant Photoionized Nebulae: The Strong
Line Methods

In the absence of reliable plasma diagnostics (a common fact in extragalactic
objects) in giant H II regions or integrated spectra of galaxies, one needs to use
alternative methods to derive accurate chemical abundances. This is especially
important to estimate the metallicities of giant extragalactic H II regions as well as of
local and high-redshift emission-line galaxies and hence, it has a relevant influence
on the study of the chemical evolution of the Universe.

The first mention of the strong-line methods was 40 years ago, when [44] and
[45] proposed a method to compute the oxygen abundance using strong lines only:
the R23 method, in which oxygen abundance is a one dimensional function of the
R23 parameter, defined as:

R23 = [ O II]λ3727 + [ O III]λ4959 + 5007

Hβ
(1)

This method was calibrated using the few relevant photoionization models
available at that time. The problem with dealing with R23 is that it is double valued
with respect to metallicity. In fact, at low oxygen abundances −12+log(O/H) �
8.0—the R23 index increases with the abundance, while for high oxygen abundances
−12 + log(O/H) ≥ 8.25—the efficiency of the cooling caused by metals make
R23 to drop with rising abundance. There is also a transition zone between 8.0
and 8.25 (see e.g. [46] for a detailed description of the high and low metallicity
branches). This method has been refined multiple times since then and several
calibrations, using data sets with abundances from the direct method (e.g. [46, 47]),
using photoionization model grids (e.g. [48, 49]), or a combination of both, are
now available in the literature. An overview of the most popular calibrations of
strong-line methods can be found in [50]. A comprehensive critical evaluation of
the different semi-empirical strong-line methods has been done by López-Sánchez
et al. [51] who also develop a method for reducing systematics in the techniques
to compute chemical abundances by using electron temperatures and ionization
correction factors.

In the last years, mainly thanks to the increasingly easy access to super-
computing resources, new approaches have been proposed. Bayesian methods have
been used by several authors to determine chemical abundances in extragalactic
targets (e.g. [52]) although the priors should be selected cautiously to avoid
unreliable results. On the other hand, as in most of astronomy fields, machine
learning techniques are also being used to infer chemical abundances (see e.g. [53]).
However, as has been pointed out by Stasinska [54], making use of an illustrative
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example, the use of these techniques ignoring the underlying physics can lead to
unphysical inferences.

Stasinska [54] have argued in a comprehensive review that although strong-
line methods are routinely used to estimate metallicities owing to their apparent
simplicity, the users need to have a solid background on the physics of H II regions to
understand the approximations made on the different approaches, and the limitations
each calibration has, to avoid biases, misinterpretations and mistakes.

Even taking into account the drawbacks mentioned above, strong-line methods
have been widely used for studying giant H II regions and emission line galaxies in
large long-slit spectroscopic surveys as the Sloan Digital Sky Survey (SDSS) [55],
or 2D spectroscopic surveys as MANGA (e.g. [56, 57]), CALIFA (e.g. [58]), and
AMUSING (e.g. [59]).

4 Advances in Abundances Determinations in Photoionized
Nebulae

In this section I will focus on the latest advances that have been reached in
the field of photoionized nebulae. I will pay special attention to atomic data,
ionization correction factors and the abundance discrepancy problem, that have
been traditionally claimed as potential sources of uncertainty in chemical abundance
determinations.

4.1 Atomic Data

The atomic data used for computing abundances in photoionized nebulae are
ususally considered as a black box by the users. Most users consider the default
atomic data sets used by their favourite analysis tools or directly use the last
available atomic data in the literature for each ion. In the last years large com-
pilations of atomic data have been done in the CHIANTI5 and NIST6 databases,
although the available atomic data in each database do not always match for a given
ion. Luridiana et al. [60] and Luridiana and García-Rojas [61] discussed how to
ensure that atomic data are correctly understood and used, as well as on the typical
uncertainties in atomic data.

High-quality observations of photoionized nebulae are a powerful tool to check
the reliability of atomic data. Copetti and Writzl [62] and Wang et al. [38] found,
using a large data set of PNe spectra and comparing electron density estimates for
PNe based on different density diagnostics, that the [O II] transition probabilities

5http://www.chiantidatabase.org.
6http://physics.nist.gov.

http://www.chiantidatabase.org
http://physics.nist.gov
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calculated by Wiese et al. [63] yielded systematically lower electron densities than
those computed using the [S II] diagnostic, and that such discrepancies were caused
by errors in the computed transition probabilities. Moreover, [38] found that the
transition probabilities of [64] and the collision strengths of [65] were completely
inconsistent with observations at the high and low density limits, respectively, and
should be ruled out.

Juan de Dios and Rodríguez [66] determined chemical abundances of O, N, S,
Ne, Cl and Ar for a sample of PNe and H II regions and evaluated the impact of using
different sets of atomic data on the computed physical conditions and abundances.
These authors used all the possible combinations of 52 different sets of transition
probabilities and collision strengths to calculate physical conditions and chemical
abundances, finding that different combinations of atomic data introduce differences
in the derived abundances that can reach or surpass 0.6–0.8 dex at higher densities
(ne > 10−4 cm−3 in several abundance ratios like O/H and N/O). Removing the data
sets that introduce the largest differences can reduce the total uncertainties, although
they can still remain in high-density objects. Additionally, they have pointed out that
special attention should be paid to the transition probabilities of the S+, O+, Cl++
and Ar3+ density diagnostic lines, and to the collision strengths of Ar3+ which,
if incorrectly selected, can lead to unreliable chemical abundances in high-density
nebulae.

Finally, [54] has pointed out that the role of atomic data in strong-line method
calibrations cannot be ignored. Recent changes in routinely used atomic data have
revealed that they play a crucial role in direct abundance determinations and in
photoionization models.

4.2 Ionization Correction Factors

The elemental abundance of a particular element is computed by adding up the ionic
abundances of all the ions present in a nebula. However, it is usually found that
not all the ions of a given element are observed, whether because they are emitted
in a different spectral range than that observed or because the spectra is not deep
enough to detect them. Therefore, the contribution of these unobserved ions should
be estimated in someway. With this aim, the use of Ionization Correction Factors
(ICFs) was proposed by Peimbert and Costero [67]. These authors proposed to use
similarities between ionization potentials of different ions to construct ICFs. This
approach has been used by several authors since then (see e.g. [68]). However,
[12] argued that these ICFs should be treated with caution because the ionization
structure in a photoionized nebula does not depend only on the ionization potential.
Moreover, it has been shown that using recent photoionization models, these simple
expressions are not always valid and new ICFs are needed to obtain more reliable
abundances (see e.g. [69]).

The alternative is to compute ICFs using photoionization models, where the
physics involved in ionized nebulae is treated with much more detail. Pho-
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toionization models allow to compute the detailed ionization structure of the
various elements present in a nebula, by taking into account all the processes that
govern ionization and recombination (i.e. mostly photoionization, radiative and di-
electronic recombination, and charge exchange), as well as all the heating and
cooling processes that determine the electron temperature [70].

Traditionally, different ICFs have been computed for H II regions and PNe, given
the differences in the hardness of the radiation field and the different ionic species
detected in each type of object (see Sect. 1). Several authors have derived ICFs
from photoionization models for H II regions [71–77] and for PNe [70, 78, 79].
It is not the scope of this text to show the details of the different approaches used
to compute ICFs from photoionization models, but I think it is worth mentioning
some of the most widely used ICF schemes. Izotov et al. [75] re-evaluated empirical
expressions for the abundance determination of N, O, Ne, S, Cl, Ar and Fe to
compute abundances of emission-line galaxies from the Data Release 3 of the
Sloan Digital Sky Survey (SDSS). They took special care in the selection of atomic
data and constructed an appropriate grid of photoionization models with state-of-
the art model atmospheres. In particular, these authors take care of a problem that
should not be ignored in the computation of photoionization models, which is the
uncertain rate of the dielectronic recombination for sulfur, chlorine and argon ions.
They compared the abundances of these elements calculated with different assumed
dielectronic recombination rates and could put some constraints on these rates.
Additionally, following an approach that was defined by Stasińska and Izotov [80]
these authors proposed different ICFs depending on the metallicity range of the
nebulae. Regarding PNe, [70] constructed ICFs for He, N, O, C, Ne, S, Cl, and Ar
using a large grid of photoionization models that are representative of most of the
observed PNe. Besides the obvious advantage of covering a wide range of physical
parameters with a large photoionization model grid, the main advantage of this work
is the provision of analytical expressions to estimate the uncertainties arising from
their computed ICFs.

Finally, a third scheme to compute ICFs is to derive analytical expressions
obtained from observational fittings to large sets of high-quality data (see e.g. [81]
for Cl, and [82] for C).

In Sect. 4.7.2 I will come back to the ICFs mentioning some works devoted to
the computation of ICFs for neutron-capture elements in PNe.

4.3 Oxygen Enrichment in PNe

Oxygen is the element for which more reliable abundances can be obtained and,
therefore, it has been traditionally used as a proxy for metallicity. In H II regions,
oxygen reflects the current abundance in the ISM, while in PNe, it is supposed to
reflect the chemical composition of the environment where the star was born because
its abundance remain unchanged during the life of the star [83]. However, AGB stars
can modify the oxygen abundance by two mechanisms: the third dredge-up (TDU)
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Fig. 5 Values of O/Cl as a function of O/H for a sample of Galactic PNe and H II regions (see
[83]). The red circles represent PNe with oxygen-rich dust, the green diamonds PNe with carbon-
rich dust, and the blue stars the H II regions. The protosolar abundances of [88] are overplotted
with the solar symbol. Plot made with data gently provided by Gloria Delgado-Inglada

and the hot bottom burning (HBB), although only nucleosynthesis models which
include extra-mixing processes like diffusive convective overshooting (e.g. [84–86])
predict a significant production of oxygen.

Until recently, the only observational probes of oxygen production in AGB
stars have been restricted to low-metallicity PNe (see e.g. [87]). However, using
deep, high-quality optical spectra (with spectral resolution better than 1 Å) [83]
recomputed accurate abundances of He, O, N, Ne, C, Ar, and Cl in 20 PNe and 7
H II regions in our Galaxy at near-solar metallicities. These authors found that all
but one of the Galactic PNe with C-rich dust (the one with the highest metallicity
according to Cl/H) show higher O/Cl values than the PNe with O-rich dust and the
H II regions (see Fig. 5), and interpret that result as O is enriched in C-rich PNe
due to an efficient third dredge-up in their progenitor stars. These results have been
confirmed later by nucleosynthesis models including convective overshooting by
[85, 89].

These findings confirm that oxygen is not always a good proxy of the original
ISM metallicity and other chemical elements such as chlorine or argon, the
abundance of which is unaltered in the evolution of low- and intermediate-mass
stars, should be used instead. Additionally, as has been pointed out by García-
Hernández et al. [89], the production of oxygen by low-mass stars should be thus
considered in galactic-evolution models.
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4.4 Abundance Gradients in the Milky Way and in Nearby
Spiral Galaxies from Direct Abundance Determinations

The study of the radial distribution of the gas phase metallicity in a Galaxy (usually
using oxygen as a proxy for the metallicity) is fundamental for our understanding
of the evolution of Galaxies. The pioneering studies on the gradient of abundances
in spiral galaxies were those of [90] and [91], which were based on the spectral
differences found by Aller [92] between the H II regions in the spiral galaxy M33.
Shaver et al. [93] were the first in carrying out an homogeneous study of abundance
gradients in the Milky Way (hereinafter, MW) with a relatively large sample of
H II regions. However, these authors rely on electron temperatures determined from
radio RLs and abundances from optical lines, obtaining a relatively large scatter at
a given Galactocentric distance. Since these pioneering works, several authors have
computed radial abundance gradients using the direct method in our Galaxy (e.g.
[29, 94–97]) and in external galaxies (see e.g. [25, 98–101] and references therein).

Regarding the MW, the relatively large scatter at a given Galactocentric distance
found in several works has been claimed as a possible indication that the gas is
not as well mixed as commonly thought (see e.g. [29]). Moreover, [102] found
significant differences in the radial gradient of O in the MW depending on the
Galactic azimuth region considered, strengthening the idea that metals are not well
mixed at a given radius. However, [32] made an homogeneous analysis using a set of
deep optical spectra of 35 H II regions, from which they computed accurate physical
conditions and ionic and elemental abundances, finding that the scatter of the N and
O abundances of H II regions is of the order of the observational uncertainties,
indicating that both chemical elements seem to be well mixed in the ISM at a given
Galactocentric distance (see the comparison between radial O abundance from this
work and that of [29] in Fig. 5).

In the extragalactic domain, it is worth mentioning the existence of the CHemical
Abundances of Spirals (CHAOS) project, which is devoted to surveying several
spiral galaxies to determine precise “direct” abundances in large samples of H II

regions in spiral galaxies (see [100, 101, 103]). This project has increased by more
than an order of magnitude the number of H II regions with direct measurements of
the chemical abundances in nearby disk galaxies (see [101]).

There are many open problems with the abundance gradients of the MW and
nearby spiral Galaxies such as a possible temporal evolution [104, 105] based on
the differences found in the gradients using different populations of PNe and H II

regions; the existence or not of a flattening of the gradient in the outer disc of spiral
galaxies, including the MW [59, 96, 106] or in the inner disc [59, 96]; distance
determinations uncertainties, particularly for PNe (see [105]) or, as mentioned in
Sect. 4.3, the applicability of oxygen as a reliable element to trace the metallicity in
PNe [83]. Some of the limitations that, in my opinion, should be taken into account
have been summarized in [107].

The determination of precise radial metallicity gradients are precious constraints
for chemical evolution models of the MW in particular, and of spiral galaxies in
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general. The presence of a negative gradient agrees with the stellar mass growth
of galaxies being inside-out (see e.g. [108]). However, additional information, such
as the possible temporal evolution of the gradients (see e.g. [104, 105]) can give
information about physical processes that can modify gradients, and that should
be considered by chemical evolution models (see discussion by Stanghellini and
Haywood [105] and references therein). As H II regions reflect the young stellar
populations and, on the other hand, PNe reflect older stellar populations (with a
relatively large spread in ages) a careful comparison between gradients obtained
from different objects is very useful to constrain the temporal evolution of the
gradient predicted by chemical evolution models [109].

4.5 The Abundance Discrepancy Problem

The abundance discrepancy problem is one of the major unresolved problems in
nebular astrophysics and it has been around for more than 70 years [110]. It consists
in the fact that in photoionized nebulae—both H II regions and PNe—ORLs provide
abundance values that are systematically larger than those obtained using CELs.
Solving this problem has obvious implications for the measurement of the chemical
content of nearby and distant galaxies, because this task is most often done using
CELs from their ionized ISM.

For a given ion, the abundance discrepancy factor (ADF) is defined as the ratio
between the abundances obtained from ORLs and CELs, i. e.,

ADF(Xi+) = (Xi+/H+)ORLs/(X
i+/H+)CELs, (2)

and is usually between 1.5 and 3, with a mean value of about 2.0 in H II regions
and the bulk of PNe (see e.g. [27, 111], but in PNe it has a significant tail extending
to much larger values, up to 2–3 orders of magnitude.7 It is important to remark
that the ADF is most easily determined for O2+ owing to both CELs and RLs
are straightforward to detect in the optical. ADFs can be also determined for other
ions, such as C2+, N2+, and Ne2+, although the obtained values are more uncertain
because CELs and RLs are detected in different wavelength ranges (in the case of
C2+ and N2+) or because RLs are intrinsically very faint (in the case of Ne2+).

The possible origin of this discrepancy has been discussed for many years and
three main scenarios have been proposed:

• Peimbert [112] was the first proposing the presence of temperature fluctuations
in the gas to explain the discrepancy between Te([O III]) and Te(H I) derived
from the Balmer jump. After that seminal work, [67] developed a scheme to
correct the abundances computed from CELs for the presence of temperature

7An updated record of the distribution of values of the ADF in both H II regions and PNe can be
found in Roger Wesson’s webpage: http://nebulousresearch.org/adfs.

http://nebulousresearch.org/adfs
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inhomogeneities. Later, [113] suggested that the discrepancy between ORLs and
CELs abundances could be explained if spatial temperature variations over the
observed volume were considered. Peimbert et al. [10] have recently summarized
the mechanisms proposed to explain and maintain the presence of temperature
fluctuations in photoionized nebulae.

• Torres-Peimbert et al. [114] were the first in proposing the existence of chemical
inhomogeneities in the gas as a plausible mechanism to explain the abundance
discrepancy. This scenario was later expanded by Liu et al. [14], who claimed that
metal-rich (i.e. H-poor) inclusions could be the clue to resolve the abundance
discrepancy problem; in this scenario, metal ORLs would be emitted in the
metal-rich inclusions, where cooling has been enhanced, while CELs would be
emitted in the “normal” metallicity (H-rich) zones. This model was tested by
several authors by constructing two-phase photoionization models that, in several
cases, successfully simultaneously reproduced the ORLs and CELs emissions in
H II regions [115] and PNe [116]. However, at the present time, the origin of
such metal-rich inclusions remains elusive, although some scenarios have been
proposed for PNe [117] and H II regions [118]. In the last years, increasing
evidence has been found of a link between the presence of a close central binary
star at the heart of PNe and very high (>10) ADFs (see Sect. 4.5.1).

• A third scenario was brought into play by Nicholls et al. [119], who proposed
that the departure of the free electron energy distribution from the Maxwellian
distribution (κ-distribution) could explain the abundance discrepancies owing to
the presence of a long tail of supra-thermal electrons that contribute to an increase
in the intensity of the CELs at a given value of the kinetic temperature. However,
in the last years little theoretical [120–122] or observational [123] support has
been presented for this scenario in photoionized nebulae. Ferland et al. [121]
have shown that the heating or cooling timescales are much longer than the
timescale needed to thermalize supra-thermal electrons because they can only
travel over distances that are much shorter than the distances over which heating
rates change, implying that the electron velocity distribution will be close to a
Maxwellian one long before the supra-thermal electrons can affect the emission
of CELs and RLs. Moreover, [122] demonstrated analytically that the electron
energy distribution relaxes rapidly to a steady-state distribution that is very close
to a Maxwellian, having negligible effects on line ratios.

One of the most active groups in the study of the abundance discrepancy in PNe
in the last two decades has been the University College London/U. Beijing group,
who have developed deep medium-resolution spectrophotometry of dozens of PNe
to compute the physical and chemical properties of these objects from ORLs. In
one of the most detailed and comprehensive studies of this group, [124] showed
that the values of the ADF deduced for the four most abundant second-row heavy
elements (C, N, O and Ne) are comparable (see their Fig. 18). However, they also
computed abundances from ORLs from a third-row element (Mg) and they found
that no enhancement of ORL abundances relative to CEL ones is obvious for Mg: the
average Mg abundances from ORLs for disk PNe remained in a range compatible to
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the solar photospheric value, even taking into account the small depletion expected
for this element onto dust grains (less than 30%). Finally, these authors also showed
that, regardless of the value of the ADF, both CEL and ORL abundances yield
similar relative abundance ratios of heavy elements such as C/O, N/O and Ne/O.
This has important implications, especially in the case of the C/O ratio, given the
difficulties of obtaining this ratio from UV CELs (see Sect. 4.6).

Several authors have strongly argued in favour of the inhomogeneous composi-
tion of PNe and against pure temperature fluctuations (see e.g. [125] and references
therein); some of the reasoning that has been presented supporting this model are:
(1) far-IR [O III] CELs, which in principle, have a much lower dependence on
electron temperature than optical CELs, provide abundances that are consistent with
those derived from optical CELs (see e.g. [14]); (2) the analysis of the physical
conditions using H, He, O and N ORLs yields electron temperatures that are much
lower than those computed from classical CEL diagnostic ratios (see [20, 126–
128]); additionally, ORL density diagnostics provide densities that are higher than
those derived from CEL diagnostics; (3) chemically homogeneous photoionization
models do not reproduce the required temperature fluctuations to match CEL and
ORL abundances, while bi-abundance photoionization models including an H-
poor (i.e. metal-rich) component of the gas successfully reproduce the observed
intensities of both CELs and ORLs (e.g. [116]). All these arguments strongly favour
the presence of a low-mass component of the gas that is much colder and denser
than the “normal” gas, and that is responsible for the bulk of the ORL emission.
However, we cannot rule out the possibility that different physical phenomena can
contribute simultaneously to the abundance discrepancy in PNe.

Some physical phenomena have been proposed to explain the abundance dis-
crepancy in the framework of temperature fluctuations or chemical inhomogeneities
scenarios [10, 117]. However, until very recently, there was no observational proof
that demonstrated a single physical process to be responsible for the abundance
discrepancy. Some recent works on the Orion nebula have observationally linked
the abundance discrepancy to the presence of high velocity flows [129] or to the
presence of high density clumps, such as proto-planetary disks [39, 130]. On the
other hand, [125] found a very extreme value of the ADF for the PN Hf 2–2
(ADF∼70) and, for the first time, suggested the possibility that this large ADF could
be related to the fact that the central star of the PN, which is a close-binary star, has
gone through a common-envelope phase.

4.5.1 The Link Between Close Binary Central Stars and Large
Abundance Discrepancy Factors

Several papers in recent years have confirmed the hypothesis proposed by Liu et al.
[125] that the largest abundance discrepancies are reached in PNe with close-binary
central stars. Corradi et al. [131] found that three PNe with known close-binary
central stars showed high ADFs, with the PN Abell 46, with an ADF(O2+)∼120,
and as high as 300 in its inner regions, being the most extreme object. Their
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spectroscopic analysis supports the previous interpretation that, in addition to
“standard” hot (Te ∼ 104 K) gas, a colder (Te ∼ 103 K), metal-rich, ionized
component also exists in these nebulae. Both the origin of the metal-rich component
and how the two gas phases are mixed in the nebulae are basically unknown.
Moreover, this dual nature is not predicted by mass-loss theories. However, it seems
clear that the large-ADF phenomena in PNe is linked to the presence of a close-
binary central star. In fact, [23] have recently completed a survey of the ADFs
in seven PNe with known close-binary central stars and they found ADFs larger
than 10 for all of them, confirming the strong link between large ADFs and close-
binary central stars. On the other hand, several spectroscopic studies have shown
that the ORL emitting plasma is generally concentrated in the central parts of the
PNe. This occurs in PNe with known close-binary central stars and large ADFs (e.g.
[131, 132]), in PNe with low-to-moderate ADFs and no indication of binarity (e.g.
[133, 134]) and in PNe with relatively large ADFs but no known close-binary central
star (e.g. M 1–42, see [135]).

García-Rojas et al. [136] recently obtained the first direct image of the PN
NGC 6778 (a PN with ADF∼20) in O II recombination lines, taking advantage of
the tunable filters available at the OSIRIS instrument in the 10.4m Gran Telescopio
Canarias (GTC). They found that in NGC 6778, the spatial distribution of the O II

λλ4649+50 ORL emission does not match that of the [O III] λ5007 CEL. García-
Rojas et al. [135] found the same behaviour in Abell 46 using direct tunable filter
images centred at λλ4649+51 Å.

Moreover, [135] presented preliminary results obtained from deep 2D spectro-
scopic observations with MUSE at the 8.2 m Very Large Telescope (VLT) of five
southern large-ADF PNe, and they confirmed this behaviour in at least the PNe
Hf 2-2 (ADF∼84), M 1-42 and NGC 6778 (both with ADF∼20). In Fig. 6 we show
the MUSE emission line maps of several emission lines in the PN NGC 6778. The
emission maps are ordered by increasing ionization potential of the parent ion from
left to right and from top to bottom. It is clear that O II λ4649+50 ORLs emission
is more centrally concentrated that [O III] λ4959 CEL emission, and seems to be
emitted in a zone that correspond to a higher ionization specie. A similar result
has been found by Richer et al. [137] from a kinematical analysis of several heavy
metal ORLs and CELs in NGC 7009. These authors found that the kinematics of
ORLs and CELs were discrepant and incompatible with the ionization structure of
the nebula, unless there is an additional plasma component to the CEL emission
that arises from a different volume from that giving rise to the RL emission from
the parent ions within NGC 7009. Similarly, [138] found that the kinematics of the
C II λ6578 line is not what expected if this line arises from the recombination of
C2+ ions or the fluorescence of C+ ions in ionization equilibrium in a chemically
homogeneous nebular plasma, but instead its kinematics are those appropriate for a
volume more internal than expected.

These results clearly support the hypothesis of the existence of two separate
plasmas, at least in these large-ADF PNe, with the additional indication that they
are not well mixed, perhaps because they were produced in distinct ejection events
related to the binary nature of the PN central star. Wesson et al. [23] propose that
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a nova-like outburst from the close-binary central star could be responsible for
ejecting H-deficient material into the nebulae soon after the formation of the main
nebula. This material would be depleted in H, and enhanced in C,N, O, and Ne,
but not in third row elements. It is worth mentioning the similarity of these plasma
component with some well-known old nova shells as CP Pup and DQ Her that show
low Te and strong ORLs [139, 140].

4.6 The C/O Ratio from Recombination Lines

The determination of accurate C/H and C/O ratios in H II regions is of paramount
importance to constrain chemical evolution models of galaxies [141]. Furthermore,
C is an important source of opacity in stars and one of the main elements found
in interstellar dust and organic molecules, making it one of the biogenic elements
[142]. Despite its importance, C abundances in H II regions have been poorly
explored as they are traditionally derived from UV observations of the semi-
forbidden C III] λ1909 and C II] λ2326 CELs from space [82, 143]. For PNe
the situation is better, owing to several successful IUE and HST programs that
have provided reliable measurements of these lines in dozens of objects (see e.g.
[144–148] and references therein). However, the determination of reliable fluxes
from these lines is difficult as they are severely affected by interstellar reddening.
Moreover, the emissivities of these lines are also very dependent on the electron
temperature. Finally, aperture effects owing to the different areas covered by UV
and optical observations must be taken into account to guarantee the observation of
the same volume of the nebula in both ranges. Alternatively, scanning techniques
have been used to match UV International Ultraviolet Explorer (IUE) observations
and optical spectroscopy (see e.g. [14, 133]).

The determination of C and O abundances from ORLs skips these difficulties
and takes advantage of the fact that using the same type of lines (CELs or ORLs)
the C/O ratios remain the same in most of the objects were both types of ratio have
been computed [124, 149]. Thanks to the new CCDs with improved efficiency in
the blue and the use of large telescopes, several high-quality observations of the C II

λ4267 ORL in PNe have been achieved in the last years (e.g. [8, 19, 20, 24, 124,
144, 150, 151]).

4.6.1 C/O Ratios in H II Regions

Esteban et al. [95] computed for the first time the C/H and C/O radial gradients of
the ionized gas from ORLs in the MW. Later, [152] derived these gradients in M101,
and [25] in M33 and NGC 300.

The general conclusion of these works is that C abundance gradients are always
steeper than those of O, producing negative C/O gradients across the galactic
disks which reflect the non-primary behavior of C enrichment. Furthermore, the
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comparison between the C/H and C/O gradients obtained in the MW with state-
of-the-art chemical evolution models revealed that the obtained C gradients can
only been explained if the C produced by massive and low-intermediate mass stars
depends strongly on time and on the Galactocentric distance [141].

From the C/O ratios computed from ORLs in several low-metallicity star-
forming galaxies compiled by López-Sánchez [153] and Esteban et al. [142] it has
been found that H II regions in star-forming dwarf galaxies have different chemical
evolution histories than the inner discs of spiral galaxies and that the bulk of C in the
most metal-poor extragalactic H II regions should have the same origin as in halo
stars (see Figs. 8 and 9 of [142]).

4.6.2 C/O Ratios in PNe

As was pointed out above, there are multiple determinations of C abundance from
UV lines in the literature. These determinations, when considered together with
detailed analysis of optical spectra covering the same volume of the nebula, provide
strong constraints to nucleosynthesis models (see e.g. [147]). However, owing to
limitations in space, in this text I am going to focus on the determination of C/O
ratios from ORLs.

Thanks to the new CCDs with improved efficiency in the blue and the use of
large telescopes, several high-quality observations of the C II λ4267 RL in PNe
have been achieved in the last years (e.g. [8, 19, 20, 24, 124, 144, 150, 151].

C/O ratios derived from ORLs combined with other abundance ratios such as
N/O or He/H, can set strong constraints to the initial mass of PNe progenitors.
This is because different processes occurring at the interior of AGB stars (third
dredge-up episodes, hot bottom burning process) activate at different masses and can
strongly modify C/O and N/O ratios (see e.g. [154] and references therein). These
ratios can also provide strong constraints to the physics assumed by nucleosynthesis
models, i.e. the assumption of convective overshooting into the core during the main
sequence and the He-burning phases can diminish the mass limit at which He-flashes
can occur at a given metallicity [89] compared to those models not considering it
[154]; this has implications for the mass limit at which hot bottom burning can
be activated. Additionally, C/O ratios can be used to obtain information about the
efficiency of dust formation in C-rich or O-rich environments (see below) and to
learn about different dust-formation mechanisms (see [85] and [24]).

4.7 Abundances of Heavy Elements in PNe From Faint
Emission Lines

As I have emphasized several times in this chapter, the increasing efficiency of
astronomical detectors as well as the advent of large (8–10 m type) telescopes have
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boosted the detection of very faint emission lines in photoionized regions. In this
section, I will focus on the detection of extremely faint lines in deep spectra of PNe.

4.7.1 Faint Emission Lines of Refractory Elements

The determination of elemental abundances of refractory elements in the spectra
of Galactic PNe is not an easy task because the available lines of these elements
(mainly iron and nickel) are relatively faint. Additionally, these elements are
constituents of dust grains in the ISM and their abundance in photoionized nebulae
do not reflect their actual abundances. Several authors have computed abundances
of Fe ions in both PNe and H II regions [155–158], Delgado Inglada et al. [157]
computed detailed Fe abundances for a sample of 28 PNe and found that more
than 90% of Fe atoms are condensed on dust grains. These authors did not find
differences between the iron abundances in C-rich and O-rich PNe, suggesting
similar depletion efficiencies in both environments.

Delgado-Inglada and Rodríguez [149] combined C/O ratios derived from both
UV CELs and optical ORLs (as we comment in Sect. 4.5, they seem to be
equivalent) with information obtained from Spitzer mid-infrared spectra. They also
computed Fe depletions onto dust grains, and found that the highest depletion
factors are found in C-rich objects with SiC or the 30µm feature in their infrared
spectra, while the lowest depletion factors were found for some of the O-rich objects
showing silicates in their infrared spectra.

Delgado-Inglada et al. [159] compiled detections of very faint [Ni II] and [Ni III]
lines in deep spectra of Galactic PNe and H II regions. They determined the nickel
abundance from the [Ni III] lines using an extensive grid of photoionization models
to determine a reliable ionization correction factor (ICF). From the comparison of
Fe/Ni ratios with the depletion factor obtained from both [Fe/H] and [Ni/H], they
conclude that nickel atoms adhere to dust grains more efficiently than iron atoms in
environments where dust formation or growth is more important.

4.7.2 Neutron-Capture Elements

Nebular spectroscopy of neutron(n)-capture elements (atomic number Z > 30) is a
recent field that has seen rapid development in the last 10 years, and holds promise
to significantly advance our understanding of AGB n-capture nucleosynthesis.
Nebular spectroscopy can reveal unique and complementary information to stellar
spectroscopy. Observations of PNe provide the first opportunity to study the
production of the lightest n-capture elements (Z ≤ 36) and noble gases (Kr and Xe)
in one of their sites of origin. Unlike the case of AGB stars, nucleosynthesis and
convective dredge-up are complete in PNe, whose envelopes contain material from
the last 2−3 thermal pulses. Accurate computations of n-capture elements would
shed light on the different scenarios proposed for the production of these elements
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and would constrain the chemical yields of low- and intermediate-mass stars for
these elements.

n-capture elements were not recognized in any astrophysical nebula until [160]
identified emission lines of Br, Kr, Rb, Xe, Ba, and possibly other heavy species in
the bright PN NGC 7027. Since then, a breathtaking number of n-capture element
emission lines have been identified for the first time in near-infrared [161–165],
UV [166] and optical [21, 22, 151] spectra of PNe. The new detections have led
to a dedicated effort to produce atomic data needed for abundance determinations
(e.g., see [163, 165, 167], and references therein). The new photoionization cross-
sections and recombination coefficients have been incorporated in photoionization
calculations to compute reliable ICFs (e.g., [168]). The new collisional strengths
have been used for abundance determinations of newly detected ions (see [163], for
[Rb IV], [164], for [Se III] and [Kr VI], and [165] for [Te III] and [Br V]). Thanks
to the fast advances in observations, atomic data determinations and numerical
modelling, this field has grown from just 3 PNe with n-capture element abundances
in 2001 to more than 100 Galactic PNe in 2019 [8, 21, 22, 151, 162–165, 169].

The importance of deep, high-resolution optical spectrophotometry of PNe to
detect faint n-capture elements can be understood when comparing the works by
[151] and [21]. In the first case, several n-capture emission lines were discovered
in the spectra of 5 PNe, but even at a resolution of ∼22,000, many features
were not unambiguously detected. [21] took advantage of the very high-resolution
(R∼40,000) spectrum of NGC 3918 to clearly identify several ions of Kr, Xe, Rb
and Se, testing for the first time the complete set of ICFs for Kr created by Sterling
et al. [168].

The combination of deep optical and near-infrared spectra of PNe has been
proved to be a powerful tool to test the predictions of modern AGB nucleosynthesis
models as well as to test the accuracy of new atomic data computations and ICF
prescriptions. Madonna et al. [22] have combined a deep optical spectrum and a
near-infrared spectrum of NGC 5315, testing for the first time the complete set of
ICFs for Se created by Sterling et al. [168].

Finally, the determination of precise elemental abundances ratios of n-capture
elements like Kr/Xe or Te/Se from optical and near-infrared spectra are potential
indicators of the time integrated neutron flux in the intershell region between the H-
and He-burning shells, giving strong constraints to nucleosynthesis models in the
thermally pulsing AGB phase [170].
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71. G. Stasińska, Astron. Astrophys. 66, 257 (1978)
72. J.S. Mathis, M.R. Rosa, Astron. Astrophys. 245, 625 (1991)
73. Y.I. Izotov, T.X. Thuan, V.A. Lipovetsky, Astrophys. J. 435, 647 (1994). https://doi.org/10.

1086/174843
74. D.R. Garnett, G.A. Shields, M. Peimbert, S. Torres-Peimbert, E.D. Skillman, R.J. Dufour,

E. Terlevich, R.J. Terlevich, Astrophys. J. 513(1), 168 (1999). https://doi.org/10.1086/306860
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Abstract The common envelope phase was first proposed more than 40 years ago
to explain the origins of evolved, close binaries like cataclysmic variables. It is now
believed that the phase plays a critical role in the formation of a wide variety of other
phenomena ranging from type Ia supernovae through to binary black holes, while
common envelope mergers are likely responsible for a range of enigmatic transients
and supernova imposters. Yet, despite its clear importance, the common envelope
phase is still rather poorly understood. Here, we outline some of the basic principles
involved, the remaining questions as well as some of the recent observational hints
from common envelope phenomena—namely planetary nebulae and luminous red
novae—which may lead to answering these open questions.
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1 Preface

It is important to highlight from the outset that the common envelope (CE) and
its progeny have been the subject of constant and vibrant study, both observational
and theoretical, for many years. As a result, several excellent reviews have already
been written [44, 50, 118, 129]. The review presented here is intended to be
complementary to these, with an emphasis on the (sometimes puzzling) observations
which may hold the key to understanding the CE.

2 Introduction

The Roche model (named for the nineteenth century French astronomer Édouard
Roche) describes the gravitational potential of a close-binary system assuming
that the two stars are well represented by synchronously-rotating point masses in
a circular orbit [65]. While rather simplistic, this model is still a relatively good
representation of many close binaries with detailed numerical simulations generally
required to complement and verify the model [22, 23].

The Roche model predicts the existence of five local minima of gravitational
potential surrounding the binary, known as the Lagrangian points (named for
Joseph-Louis Lagrange who discovered the fourth and fifth points shortly after
Leonhard Euler discovered the first three). Furthermore, the Roche model also
calculates the existence of an equipotential surface enclosing each star which
represents the largest extent at which a point mass could be gravitationally bound
to that star (rather than to the binary system as a whole or unbound completely).
These so-called Roche lobes meet at the first Lagrangian point. The configuration
of the Roche lobes and five Lagrangian points is highlighted in Fig. 1. The extent of
the Roche lobe is a function of the orbital separation and mass ratio of the binary
components (being larger for the more massive component). A commonly used
approximation for the Roche lobe radius, R1,RL, is

R1,RL = a r1,RL (1)

r1,RL ≈ 0.49q2/3

0.6q2/3 + ln(1 + q1/3)
(2)

where

q = M1

M2
(3)

and a is the separation of the stellar centres of mass, M1 is the mass of the star for
which we are calculating the Roche lobe radius and M2 is the mass of its companion
[26]. This Roche lobe radius is conceptually important in understanding the CE as it
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2L1L3L

L4

L5

Fig. 1 The lines of equipotential, including the Roche lobe (marked in red), around a binary
system with a mass ratio of 5 (i.e. the left-most star of the binary is five times as massive as
its companion). The Langrangian points are also marked (L1 through L5) as are the centres of
mass of the two stars (black crosses)

represents the critical stellar radius, beyond which the star will begin to transfer
material on to its companion via L1. A process known as Roche-lobe overflow
(RLOF). This can occur at various stages during the evolution of the star depending
on the component masses as well as the binary orbital period (more massive stars at
shorter orbital periods are more likely to fill their Roche lobes earlier during their
evolution).

If RLOF occurs while the donor is on the main sequence, this is generally referred
to as Case A RLOF. If the star is on its first ascent of the giant branch (i.e. a red
giant), then it would be Case B, and while on the second ascent (asymptotic giant
branch) it is Case C. Given the change in stellar radius between these evolutionary
stages, Case A occurs at much shorter orbital periods than Case B and Case C (see
Sect. 3 for further discussion). These are important definitions as the evolutionary
phase of the donor can have an important impact on its reaction to the mass loss.
For example, a star with a large, radiative envelope is likely to shrink in response
to mass loss (and thus, perhaps, recede away from filling its Roche lobe, ending
the mass transfer), while those with deep convective envelopes are more likely
to expand [27]. In this case, a positive feedback loop is initiated with the star
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continually expanding in response to mass loss, leading to yet more mass loss. The
response of the system as a whole then depends on the reaction of the accretor. If
the companion can accept and thermally-adjust to this accreted material (i.e. if the
mass transfer is sufficiently slow [100]), then the mass transfer could potentially be
stable. Otherwise, the accretor will quickly be driven out of thermal equilibrium and
expand to fill its Roche lobe, with any further mass lost from the donor’s envelope
forming a common envelope of material surrounding the binary. The response of the
companion is actually rather less dependent on its own properties or evolutionary
state than it is on the mass transfer rate. As such, the key ingredient in forming a CE
(or not) is the response of the mass-losing donor star—which must act to continue
to overflowing its Roche lobe.

Once inside the CE, the envelope of the donor star is almost certainly not co-
rotating with the orbital motion of the companion [89]—even if tidal interactions
had driven the pre-CE system into corotation, instabilities such as the Darwin
instability will lead to at least some non-corotation [15]. Drag forces between the
orbiting companion and the surrounding CE then cause the companion to spiral
in towards the core of the primary, transferring orbital energy and orbital angular
momentum to the envelope. The end result of this process being the dramatic
reduction of the orbital period (perhaps even to merger) and ejection of the envelope
(or some fraction of it in the case of a merger). A cartoon of the main steps in this
process is shown in Fig. 2.

As pointed out by Paczynski [89], the CE provides a clear evolutionary pathway
towards the formation of close binaries with an evolved component which would

Fig. 2 A toy model of the
common envelope. The phase
begins when the primary
(left) begins to overflow its
Roche lobe transferring
material to its companion
(right), as shown by the
configuration in the top panel.
If neither the primary nor the
secondary can adjust to the
mass transfer, the secondary
will also fill its Roche lobe
resulting in the formation of a
common envelope of material
surrounding the secondary
and the primary’s core
(middle panel). Drag forces
then transfer orbital energy
and angular momentum from
the binary to the envelope
leading to its ejection while
reducing the binary orbital
separation (bottom panel)
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have been too large while on the giant branch to exist in the current orbital
configuration—highlighting the example of V471 Tau which comprises a K-type
main sequence star in a 12.5-h orbit with a 0.8 M	 white dwarf (WD). A system
which would have necessitated a ∼10 year orbit in order to accommodate the full
asymptotic giant branch radius of the WD progenitor.

In discussing the CE hypothesis, [89] concluded that following its ejection:

We are left with two small stars accreting whatever hydrogen rich matter is left within their
Roche lobes. At this time the degenerate core with the remaining envelope has a structure
which is identical to that of a nucleus of a planetary nebula. This hot star will ionize the
expanding envelope. As a result we should see a planetary nebula with a close binary as its
nucleus.

Indeed, the discovery of the first close-binary planetary nebula (PN) nucleus,
which they considered “important support for the evolutionary scenario” of the
CE, was found later that year [5]. We will return to the importance of PNe
in understanding the CE later, but first we must cover more of the theory and
mathematical prescriptions used to study the CE.

3 Conditions for a Common Envelope

For a binary to experience a CE, clearly, one component must initiate the process
by filling its Roche lobe—this can occur for a number of reasons. Dynamical
interactions, for example with a third body leading to Kozai–Lidov interactions
[111, 117], can shrink the orbital separation sufficiently that one star becomes Roche
lobe filling. In the majority of cases, however, the CE will be initiated due to the
radius evolution of the star. This gives us important clues as to when a given star
could fill its Roche lobe and initiate the CE, for example, as the radius evolution
on the main sequence (MS) is minimal one would expect the vast majority of CE’s
to occur when the primary has evolved off the MS. Similarly, the much smaller MS
radii would also imply far smaller orbital separations, again restricting the likelihood
of a MS CE event.

Looking at the evolution of stellar radii (see e.g. Fig. 3), one can see that more
massive stars reach larger maximum radii at the tip of the AGB than their lower mass
counterparts—thus increasing the range of orbital periods for which such a star will
fill its Roche lobe and thus the likelihood of experiencing a CE event.1 Perhaps more
interestingly, lower mass stars tend to reach larger radii while on the RGB, with their
maximum RGB radii being rather comparable to their maximum radii while on the
AGB. This means that for lower mass stars, the vast majority of CE events will occur
while on the RGB while the envelope itself is more massive and more bound—likely
impacting on the energetics of the CE and the likelihood of ejection/binary survival

1This is roughly assuming that the orbital period distribution is not strongly dependent on the
primary mass, which may not be the case [79].
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Fig. 3 The evolution of stellar radius as a function of time for a variety of initial stellar masses,
(based on MIST tracks [11, 94]). Note that while the maximum radius (always at the tip of the
AGB) increases as a function of initial mass, lower mass stars tend to achieve larger radii while on
the RGB greatly increasing the likelihood of experiencing a CE while on the RGB

(see Sect. 4). More massive stars, however reach significantly larger radii while on
the AGB compared to the RGB, thus these stars are more likely to experience AGB
CE events particularly given the observed orbital period distribution [79].

Somewhat obviously, the likelihood of entering a CE is not only a function of
the primary’s radius, but also on the parameters of the binary—namely the orbital
separation and mass ratio (as shown in Eq. 1). To highlight these dependencies,
in Fig. 4, the Roche lobe radius is plotted as a function of orbital period for a
range of binary configurations. It is clear that all masses of primary will be Roche
lobe filling at longer orbital periods for smaller mass ratios. In terms of primary
mass, more massive primaries have larger Roche lobe radii but also reach larger
maximum radii on the AGB counteracting the effect—in the systems considered
this leads to a similar spread of maximum orbital periods for which the systems
will experience Roche lobe overflow, however this is not a general rule. It is
important to also consider the possible influence of orbital eccentricity, which acts
to reduce the orbital separation at periastron passage (by a factor 1− e) and increase
the likelihood of Roche lobe overflow. Note, however, that as the system evolves
tidal dissipation should act to reduce orbital eccentricity unless some eccentricity
pumping mechanism is at work in the system [107, 127].

Thus far, we have considered only the conditions required for a star to fill its
Roche lobe but this is not the only necessity for a CE. The resulting mass transfer
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Fig. 4 The Roche lobe radius as a function of orbital period for various combinations of primary
mass (M1) and mass ratio (q). The solid lines show configurations with zero eccentricity while
the dashed lines are for eccentricity, e = 0.5. The horizontal lines represent the maximum RGB
(dashed) and AGB (solid) radii for the primary masses considered, with the gray lines being M1 =
3.0 M	 while the black lines show M1 = 1.5 M	

must also be dynamically unstable—a runaway process where the reaction of the
primary to mass loss is to continue to overflow its Roche lobe. If the mass transfer
is conservative, the primary’s Roche-lobe radius evolves only with the mass ratio
and thus the stability of mass transfer only depends on the mass ratio and how the
primary’s radius reacts to the mass loss. Often, the primary’s radius is considered
to be proportional to some exponent of its mass, Rd ∝ M

ζ∗
1 , with the Roche lobe

radius behaving similarly but with a different exponent, RL ∝ M
ζRL
1 . The mass

transfer would thus be unstable if ζRL > ζ∗.
Given that the Roche lobe radius is principally dependent on the mass ratio but

also on the total system mass and orbital period, the value of ζRL depends heavily
on whether the mass transfer is conservative. In the fully conservative case, ζRL is
proportional to the mass ratio and often approximated by [27]:

ζRL ≈ 2.13q − 1.67. (4)

As such, a condition for unstable mass transfer becomes:

q >
ζ∗

2.13
+ 0.79. (5)
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The non-conservative case is rather more complicated but, in general, leads to lower
values of ζ∗ making stable mass transfer more likely.

The response of the donor’s radius, characterised by ζ∗, is more complicated
than that of its Roche lobe and depends on the mass transfer time scale. For fully
convective stars, like low-mass main sequence stars, one can approximate the star
as a polytrope of index 1.5, leading to ζ∗ = −1/3. Therefore, such stars will
always respond to mass loss by increasing in size, thereby guaranteeing unstable
mass transfer. However, RGB and AGB stars are more complicated with convective
envelopes which necessitate the use of condensed polytropes or, more properly,
complete stellar models. For these stars, ζ∗ is always larger and quite frequently
positive. An approximation often used for red giants is:

3ζ∗ = 2
qc

1 − qc
− 1 − qc

1 + 2qc
, (6)

where qc is the fraction of stellar mass in the giant donor’s core [113]. However, this
approximation assumes hydrostatic equilibrium—an assumption which only holds
if the dynamical timescale is much shorter than the mass transfer timescale (which
is almost certainly not the case). This dramatically alters the stability condition for
the mass transfer. Binary stellar evolution modelling by Woods et al. [134] showed
that for a 5 M	 giant donor with a 0.86 M	 core, the mass transfer was found to be
stable for mass ratios up to q = 1.47, while using Eq. 6 one would predict unstable
mass transfer for q > 0.75. As such, strong conclusions with regards mass transfer
stability cannot be drawn except for specific cases which have been modelled using
detailed stellar evolutionary codes. In any case, it seems likely that only rather large
mass ratios, q � 2, could lead to a CE [91, 93].

4 Common Envelope Energetics

The outcome of the CE—be that merger or a surviving short-period binary—
depends on whether the energy transferred to the envelope was sufficient to unbind
it. This permits us to define a parameter, known as the common envelope efficiency,
which relates the change in orbital energy due as a result of the CE to the binding
energy of the envelope [124, 128]. One can write the change in orbital energy (i.e.
the sum of both gravitational potential and kinetic energies of both bodies) as


Eorb = G

(
M1,f M2,f

2af

− M1,iM2,i

2ai

)
(7)

where the subscripts 1 and 2 refer to the Roche-lobe-filling star (primary/donor)
and its companion (secondary/accretor), respectively, while i and f denote initial
(pre-CE) and final (post-CE) values. The prescription used here defines the initial
orbital energy as being that between the entirety of the overflowing star and its
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companion at the initial separation [128]. Alternative prescriptions define it as that
of the primary’s core and the secondary (i.e. the M1,i term in Eq. 7 becomes the
primary’s core mass, Mc, only), essentially assuming that the envelope has already
engulfed the system and is now bound to the secondary and the primary’s core rather
than to the primary only [44, 137]. This definition is sometimes referred to as the
Iben–Livio–Yungelson formulation [139] and, as we will shortly see, also implies
an alternative prescription for the envelopes binding energy.

Assuming that the companion does not grow in mass during the CE (i.e. M2,f =
M2,i = M2), and that the all of the overflowing star’s envelope (Me) is ejected,
leaving behind only its core (Mc), the change in orbital energy can be rewritten


Eorb = G

(
McM2

2af

− (Mc + Me)M2

2ai

)
. (8)

Some fraction, α, of this liberated orbital energy is transferred to the envelope.
Thus, assuming that there are no other potential sources of energy (an assumption
which likely does not hold and which we will discuss in Sect. 4.1), this fraction
(α
Eorb) should at least be equal to the binding energy of the envelope (Eb) in
order for the binary to exit the CE without merging,

Eb = α
Eorb. (9)

As mentioned before, the definition of the binding energy is dependent on the
formalism employed. For the aforementioned Iben–Livio–Yungelson formulation,
the binding energy is taken to be the gravitational energy between the primary’s
envelope and the combined mass of the primary’s core and the companion. The
more-commonly-used alternative is the Podsialowski-Rappaport-Han formulation,
which is more consistent with the definition of the change of orbital energy in Eqs. 7
and 8. Under this formulation, the envelope is considered to be bound only to the
primary, and is often approximated as the gravitational energy between the envelope
and primary mass,

Eb = G
M1Me

λr1,RL
(10)

where λ is of order unity and describes the radial mass distribution of the primary’s
envelope. Here, the radius is assumed to be the Roche lobe radius as the star must be
overflowing at the start of the CE. More formally, rather than estimating the binding
energy of the envelope, one can integrate envelope mass from stellar structure. Using
such models, the following approximation can be derived [20],

Eb = G
(Me

2 + Mc)Me

λr1,RL
, (11)

similar but subtly different to the more simplistic version shown in Eq. 10.
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Combining Eqs. 8, 9 and 11 gives:

(
Me
2 + Mc

)
Me

λr1,RL
= α

(
McM2

2af

− (Mc + Me)M2

2ai

)
(12)

in which Mc (the core mass of the primary, assumed to also be the post-CE remnant
mass), M2 (the secondary mass, assumed to be unchanged by the CE) and af (the
post-CE orbital separation2) are all observables (or can at least be derived from
observations by, for example, combined light and radial velocity curve modelling).
Furthermore, using stellar evolutionary models, one can find possible progenitors
for the primary which would present with consistent core masses and pre-CE radii,
constraining Me (≡ M1 − Mc), r1,RL and af [17, 20, 139]. The only remaining
variable needed in order to derive the CE efficiency for a given system is the stellar
structure parameter, λ, which is frequently assumed to be a constant (e.g. 0.5 [18]) or
simply left incorporated in the efficiency as the product αλ [85, 139]. Alternatively,
the parameter can be estimated based on stellar evolutionary models [20, 24].
Ultimately, this permits a “reconstruction” of the CE phase and the estimation of
the efficiency, α, for individual systems (as opposed to using a population synthesis
approach [121]).

4.1 Other Factors That May Impact α

In the previous section, we have assumed that only orbital energy is responsible for
the unbinding of the CE (as has traditionally been considered). However, there are
likely many other factors which may play a role in helping to remove the envelope.
The most obvious of these is the thermal energy of the envelope itself. According
to the Virial theorem (applied to the envelope alone rather than the whole star),
the thermal energy, that reduces the value of the potential energy and makes the
envelope closer to being unbound, is approximately one half the envelope’s binding
energy [24], thus adding a factor 1

2 to the left hand side of Eq. 12 and halving the
derived values of α [20]. However, the Virial theorem is based on the assumption of
hydrostatic equilibrium, which may not apply if the CE happens on timescales much
shorter than the stellar dynamical timescale. As such, while it is important to account
for this thermal energy when considering the binding energy of the envelope, one
must exercise caution in including in it the calculation of the total energy and thus
whether the envelope is ultimately unbound or not [20].

2The assumption that the current separation is equal to the immediately post-CE separation only
holds for “young” systems, which have experienced negligible angular momentum loss since the
CE. For older systems, one must account for the influence of disrupted magnetic braking on the
observed orbital period [17].
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As well as the envelope’s thermal energy, its rotational energy is similarly
neglected in the treatment outlined earlier. This seems to be a reasonable assumption
given that it should be negligible compared to its gravitational binding energy [129].
A perhaps more questionable assumption is the treatment of the primary’s core
and the companion as inert masses, which do not gain or lose energy nor mass
during the process. It seems plausible to consider that the companion might accrete
(appreciably) during the CE, however it has generally been thought that, due to
the highly supersonic in-spiral and the large entropy barrier that forms between
the secondary and the far less dense envelope, the total accretion is rather limited
[43, 108]. More recent models seem to indicate that this might not be the case
providing there is some way of releasing pressure and thus maintaining steady flows
during in-spiral [9, 105], the most obvious being the formation of jets which might
also help to “clear out” the envelope increasing the ejection efficiency [68, 112].
Furthermore, if the companion is itself a compact object then nuclear burning
(perhaps of accreted material) on its surface could potentially provide a further
energy source within the CE that might help to unbind the envelope [44].

As the CE is ejected preferentially in the orbital plane (due to the conservation
of angular momentum), a pressure gradient develops which leads to material above
and below the plane flowing inwards to replace that which has been ejected. This
circulation could plausibly lead to mixing that increases the primary’s nuclear
burning rate, providing additional energy which might contribute to the envelope’s
ejection [44]. However, it is seemingly unlikely that, in the face of strong entropy
forces, the dynamical penetration of this mixing could reach deep enough to impact
on the burning region [129].

The deposition of energy into the envelope (even just via gravitational drag) can
have profound effects on its stability beyond simply lifting and ejecting it. Modelling
efforts have demonstrated that the envelope itself can rapidly become unstable and
develop large-amplitude pulsations on relatively short timescales [12, 52]. In some
cases, the shocks associated with these pulsations may be sufficient to dynamically
eject up to 10% of the primary’s envelope [12].

Perhaps the most contentious additional energy source in the CE is the inclusion
of the envelope’s recombination energy [35, 52, 83, 116]. This energy source is
significant, being proportional to the mass of the envelope and of order a few times
1046 ergs c.f ∼1047 for the binding energy of the envelope [49, 83]. However, it
has been argued that only a small fraction of this energy (∼10%) might actually be
able to contribute to the removal of the envelope, with the majority simply radiated
away [35]. The true importance of recombination energy is still a matter of intense
debate [48, 116]. Recent studies of the impact of convection on the CE indicate
that the associated energy transfer timescale is shorter than dynamical timescales,
such that recombination energy may be convectively carried to the outer parts of the
envelope where it is unable to aid with ejection [133]. However, they also find that
the inclusion of convection in their models could reduce the need for additional
energy sources, as it leads the binary orbit to shrink significantly before orbital
energy can be tapped for ejection [133].
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Hydrodynamic models of the CE, that do not include recombination energy,
invariably fail to unbind the entirety of the envelope, in the majority of cases leaving
a significant fraction “lifted” away from the central binary but not completely
unbound [9, 45, 88, 92, 102, 108]. This led [34] to propose an intriguing solution,
just as in single AGB stars [67], radiation pressure on grains which form in the
now cooling (but still bound) envelope could lead to dust-driven winds capable
of efficiently unbinding the envelope. The authors also highlight that such dust
formation could also aid in trapping any recombination energy from the envelope,
adding weight to its possible importance in the CE ejection process. While dust
forming in the expanding common envelope likely has the ability to increase
the mass-loss rate from the envelope and help with unbinding it, a question
remains surrounding the timescales. Dust can form rapidly in the relatively high
density common envelope gas. However, fall-back of bound material can happen
equally rapidly [66]. The post-in-spiral environment would therefore see a complex
competition of mechanisms including: the release of recombination energy, dust
formation, fall-back of material. Somehow the competition of all these processes
must result in the full envelope ejection, at least in some cases.

4.2 The Gamma Prescription

An alternative to the α prescription has also been proposed based on the conserva-
tion of angular momentum [85, 86]. Here, the same energy conservation as in the α

formalism is implicit, although not restricted simply to orbital and binding energy.
This prescription can be written:


J

J
= γ


M

M
= γ

Me

Me + Mc + M2
(13)

where J and 
J are the total angular momentum of the binary and the change in
total angular momentum, respectively.

This use of this formulation was driven by the apparent difficulty in explaining
double WD binaries, which were thought to have formed from two consecutive
CE episodes (though this has since been shown to not be necessary; see Sect. 5.2
[135]). Initial results were particularly encouraging, with reconstruction methods
finding that a single value of γ could well reproduce a number of systems [85, 86].
The question then became, is this formulation intrinsically “better” than its α

counterpart? And, moreover, could the apparently universal value of γ be used
to constrain the physics of the CE? Unfortunately, it has been shown beyond
doubt that the energy conserving prescription places far more constraints on the
CE outcome [129]. Ultimately, the limited range of γ which can be used to
successfully reconstruct all post-CE systems [139], is rather more a short-coming of
the formalism than a sign of insight into CE physics. This is highlighted by the small
range of γ required to account for essentially all possible post-CE configurations
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[129]. This was shown mathematically by Woods et al. [134] who demonstrated
that the ratio of initial to final orbital separations is extremely sensitive to small
changes in γ —with the range of 1.5 � γ � 1.75 found by Nelemans et al. [86]
encompassing values that would lead to merger during the first CE and values that
could lead to a double WD system. For further, in-depth discussion of failings of the
γ formalism as a replacement for α, the reader is referred to Sect. 5.2 of [50].

4.3 Grazing Envelope Evolution

We have already mentioned the possibility that jets may help remove the envelope,
as well as acting as a pressure-release valve and allowing for appreciable accretion
during the CE [9]. However jets could fundamentally alter the general picture of
the CE as presented in Fig. 2. As outlined by Soker [114], one might envisage a
situation where jets launched at the onset of the CE remove enough of the envelope
to prevent engulfment and a full-blown CE event, rather maintaining the system in
a constant state of “just entering the CE phase”. This hypothesis is known as the
Grazing Envelope (GE).

The GE evolution could prevent a CE entirely or postpone it, removing a
significant amount of the envelope prior to engulfment. Clearly, this has a dramatic
effect on the energetics of the CE as described above [114], principally providing
a significant additional energy source proportional to the amount of mass accreted
onto the secondary. As such, the GE offers a, perhaps, more reasonable explanation
for longer period post-CE binaries, such as the 16-d period binary central star of the
PN NGC 2346 [7] which [114] argue must have experienced a GE for a significant
fraction of its evolution. Indeed, hydrodynamical simulations of the CE including
jets do lead to greater final separations than those without jets and also lead to a
greater fraction of the envelope being unbound, however they still fail to completely
unbind the entirety of the envelope [112].

Beyond the additional energy source, the most significant difference between the
CE and GE are the evolutionary timescales, with the GE expected to last tens to
hundreds of years c.f. the days to months long duration of the standard CE.

5 Planetary Nebulae Nuclei

As previously highlighted, the immediate product of the CE ejection is expected to
be a PN with a close-binary nucleus.3 As such, we may look to these objects for
clues towards understanding the CE process. It is only now, following the recent

3This may only be the case if the CE occurs on the AGB. If the CE occurs while on the RGB,
there are doubts as to whether the post-CE evolution of the exposed core would be fast enough to
ionise the expanding envelope in time for it to be visible as a PN. However recent theoretical and
observational efforts seem to indicate that these doubts are unfounded and that post-RGB PNe do
indeed exist [36, 42].
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leaps in sample size (due to, for example, the OGLE survey [74] and recent targeted
surveys [55, 56, 59, 109]), that one can begin to contemplate this idea [54]. In this
section, I will try to discuss some of the more interesting findings to have come from
the study of PNe in terms of the CE phase.

5.1 Morphologies

The PNe surrounding post-CE central stars are thought to principally comprise the
ejected envelope itself, thus they offer a unique window into the ejection process.
Studying the morphologies of post-CE PNe currently represents the only way
to observe the form of the CE when ejected in its entirety.4 There is an added
complexity in inferring the structure of CE ejecta from post-CE PNe in that the
observed morphologies are the result of a complex interplay between the initial
ejecta and subsequent fast wind and ionisation front originating from the emerging
pre-WD core [33]. As such it is perhaps no surprise that post-CE PNe display a
wide range of morphologies, but with a few over-arching trends that can be used to
understand the CE. Most importantly, the vast majority of post-CE PNe present with
bipolar morphologies [75]. Spatio-kinematical modelling of these bipolar structures
has revealed that their symmetry axes are always found to lie perpendicular to
the orbital plane of the surviving post-CE central binary [41]. This is a clear
confirmation that the CE is, indeed, preferentially ejected in the orbital plane, with
the subsequent equatorial over-density going on the form the waist of the resulting
bipolar nebulae—in many cases leading to the formation of a ring or torus (Figs. 5
and 6 [4, 13]).

Post-CE PNe have also been found to show a prevalence of jet-like structures
as well as low-ionisation filaments or knots. Jets are rather clearly a consequence
of mass transfer which, given the relatively short nebular visibility times (τ ≈
30,000 years), must have occurred around the time of the CE (either just before,
during or just after—a question we will return to in Sect. 5.3). The low-ionisation
filaments and knots are slightly more challenging to understand, but might perhaps
be related to instabilities in the envelope at the time of ejection (such as those
described in [12, 52]), or to a later fast tenuous wind originating from the central
star ploughing into the ejected material.

4The ejecta from luminous red novae, as discussed in Sect. 6, could also be used to study the CE
ejection. However, these objects represent “failed” CEs, where the binary merged inside the CE
(likely ejecting only a fraction of the envelope).
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Fig. 5 Image of the Necklace Nebula (Credit: Romano L. M. Corradi, IPHAS), shown to host a
post-CE binary central star in which the companion is a carbon dwarf [13, 76]

Fig. 6 FORS2 image of the post-CE PN Fg 1 (Credit: ESO/H. Boffin). The observed jets have
been shown to pre-date the central nebula by a few thousand years, while the central star is a
double-degenerate binary with an orbital period of 1.195 d [4]

5.2 Double Degenerates

Unfortunately, while the number of PNe known to host post-CE central stars has
grown dramatically, in the majority of cases little more is known beyond the orbital
period. Most systems were discovered via photometric monitoring, with the peri-
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odicity revealing the orbital period5 and the type of variability offering some hints
towards the evolutionary phase of the secondary. The majority of photometrically-
discovered post-CE central stars display variability due to irradiation or ellipsoidal
modulation, sometimes with eclipses superimposed if the orbital inclination is
high enough. All ellipsoidally-modulated central stars subjected to further detailed
study have been found to be double-degenerate (DD) systems [39, 109], where the
companion is also an evolved star (WD or post-AGB star). If one assumes that all the
known post-CE central stars displaying ellipsoidal modulation in their light curves
are indeed DDs, then they should comprise at least 20% of the total population—
likely far greater as such DD systems will only display photometric variability at
very short orbital periods (indeed a number of further systems have been discovered
via radial-velocity monitoring which do not display any photometric variability
[4, 78]).

Such a high fraction of DD central stars is particularly intriguing for a number of
reasons. As noted in Sect. 4.2, there is some debate over how such systems form—
either via consecutive CE episodes or through stable mass transfer followed by a
single CE, or perhaps even via a GE evolution. The first possibility—consecutive
CEs—clearly presents a challenge, with the first CE already spiralling-in the binary
and vastly reducing the orbital energy available to unbind a second CE (particularly
problematic given that due to the reduced separation the second CE is more likely
to occur with the donor on the RGB rather than AGB, where the envelope is more
bound [53]). It has been shown that under certain circumstances the first CE could
be avoided, with the initially more massive component losing its envelope through
a phase of stable, non-conservative mass transfer allowing the binary to continue
towards being DD via a single CE episode [135]. However, it is unclear what
range of initial conditions could lead to this evolution, and whether this range is
sufficiently broad to account for the large DD fraction observed. GE evolution
can relatively easily explain such DD systems, however it is unclear what initial
configurations (if any) could lead to some form of GE evolution.

A high DD fraction is particularly interesting in the context of understanding type
Ia supernovae (SNe) which—in spite of being successfully employed as standard
candles in probing the increased expansion rate of the Universe [98, 106] which
ultimately led to the award of the Nobel prize in Physics 2011—still have rather
uncertain origins. DD mergers may represent the main, or even sole, pathway by
which SNe Ia occur [73], however to-date no bona-fide progenitor system has
been discovered. As such, a high DD fraction, as well as the observation that
many SN Ia are found to explode in circumstellar environments consistent with
a remnant PN shell [123], could be construed as support for this DD merger
hypothesis. Furthermore, two of the strongest candidate SN Ia progenitors have
been found to reside inside PNe. However, neither has been unambiguously

5With lower fidelity data it can be difficult to distinguish between variability due to irradiation
and variability due to ellipsoidal modulation, plausibly leading to a derived orbital period which is
discrepant by a factor of two [3, 72].
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shown to satisfy the criteria of being both super-Chandrasekhar mass and in a
close enough orbit to merge within the age of the Universe. The central star
of TS 01 was found to be a short-period DD but the total mass of the system
is rather uncertain—encompassing both sub- and super-Chandrasekhar solutions
[122]. Somewhat similarly, simultaneous light- and radial-velocity curve modelling
of the central star of Hen 2-428 led [109] to conclude that the system was a DD
with total mass 1.76±0.26 M	 that would merge in roughly 700 million years.
While recent analyses have confirmed the DD classification [30], they have brought
into question its super-Chandrasekhar nature with different spectral lines seemingly
presenting with different radial velocity amplitudes [103], and thus differing mass
solutions (some of which are sub-Chandrasekhar). In any case, both Hen 2-428 and
TS 01 represent plausible SN Ia progenitor candidates, and emphasise the possible
importance that the high DD fraction among post-CE PNe may hold in evaluating
the DD merger scenario for SNe Ia in general.

5.2.1 Mass and Period Distributions

Only a handful of post-CE central stars have been subjected to the detailed
modelling required to derive their stellar parameters [3, 54, 59]. However, those that
have present with some intriguing properties—when one considers main sequence
companions (see Table 1 for a list of post-CE central stars with MS secondaries
and well-constrained masses, temperatures and radii), for example, all but one are
found to present with rather low masses. Indeed, other than in the case of Sp 1,
the primaries are still more massive than the companions even after the ejection
of the CE. This is consistent with the studies highlighted in Sect. 3 which indicate
that, in order to experience dynamical Roche lobe overflow, the initial mass ratio
(q = M1/M2) must be rather high. A similar dearth of more massive companions
is also found in the general post-CE population [17], with some suggesting that
this may be due to the intrinsic difficulty in identifying white-dwarf-main-sequence
(WDMS) binaries with a massive (and optically bright) MS component as a result of
the large brightness difference between the two stars [90]. This is not such an issue
for PN central stars, where the pre-WD would be more luminous than a typical
field WD which has already reached the cooling curve. Furthermore, the presence
of the nebula itself makes the identification of such systems more likely, acting
as a signpost for the existence of a central white dwarf which would present with
colours very different to that of earlier-type (AFG or even K type, for example)
MS stars—thus such MS stars stand-out when found at the centre of a PN. Several
wide-binary central stars have been identified through this methodology, initially
being labelled “peculiar” due to the discovery of the optically-bright companion
before the identification of the nebular progenitor [2, 58, 70]. Only one such system
has since been shown to be a post-CE binary—the central star of NGC 2346—which
is made even more unusual by playing host to a ∼3.5 M	 sub-giant companion [7],
making it the most massive post-CE secondary known (not just among post-CE PNe
but in general).
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The distribution of primary masses is also interesting, with a number presenting
masses consistent with being post-RGB objects [42]. This is perhaps in-keeping
with the radius evolution properties of low-mass stars as discussed in Sect. 3.
However, such stars were thought likely to evolve too slowly following the
ejection of their envelopes and thus never produce a visible PN (only reaching
the temperature required to ionise the envelope long after it has dissipated into
the surrounding interstellar medium). Recent theoretical studies of the end-of-CE
structures of such stars have challenged this interpretation, indicating that core
masses as low as 0.3 M	 may well be capable of producing an observable PN [36].
As such, these post-RGB stars offer a promising avenue to understand the properties
of such stars upon leaving the CE and thus the physics of RGB CEs.

In terms of the post-CE PN period distribution, it is generally very similar
to that of the general WDMS population [74], though perhaps with some minor
differences which result from small number statistics and detection biases [3].
In both cases, the period distribution shows a strong peak at around 8 h, with a
paucity of longer period systems (greater than a few days). Only IK Peg, FF Aqr,
V1379 Aql and the central stars of NGC 2346 and MyCn 18 present with confirmed
post-CE periods longer than 5 days6 [7, 16, 77]. IK Peg, FF Aqr, V1379 Aql and
NGC 2346 also have the most massive secondaries known, perhaps hinting at a
connection between secondary and/or primary mass and CE ejection efficiency
(see [45]). Some attempts to reconstruct the CE phase for the general population
of WDMS binaries with known masses and periods (roughly as described in
Sect. 4) do indeed show statistically significant correlations between primary mass
and ejection efficiency [17], and between the mass ratio and the efficiency [20].
However, these are not universal findings, with other studies claiming that there
are no dependencies [99, 139]—see [133] for a critical overview of the possible
correlations determined, and some reconciliation of the apparently contradictory
results from previous studies. In any case, population synthesis models seem to
indicate that the efficiency must be low in order to explain the absence of longer
period systems [8, 121], which is very unlikely to be solely due to observational
bias [19, 84].

5.3 Pre-common Envelope Mass Transfer

As highlighted in Sect. 5.2.1, only a handful of post-CE central stars with MS
secondaries have been subjected to detailed modelling, but in spite of these they
hold even more surprises beyond their mass distribution. In all but one case, the MS
companions were found to be greatly inflated (sometimes by a factor of two or more)

6The double-degenerate central star of NGC 1360 has an orbital period of ∼142 days [78], but may
not be the result of a CE. Instead, such systems may evolve through stable, non-conservative mass
transfer [121, 135] as described in Sect. 5.2.
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with respect to isolated stars of similar masses [56], and even though the exception
to this rule shows a fairly typical radius for its mass it was found to be Roche-lobe
filling and thus could not be inflated without transferring material back onto the
WD primary [59]. While some of this inflation could be due to the high levels of
irradiation from the hot, nebular progenitors [19], it is now generally accepted that
it is principally a consequence of rapid mass transfer on to the MS star either during
or just prior to the CE phase [56]. This mass transfer knocks the star out of thermal
equilibrium causing them to “puff up”—a state in which they remain given that the
thermal timescale of these stars is orders of magnitude longer than the timescale of
the CE ejection as well as the PN visibility time. In this way, the post-CE central
stars of PNe are often referred to as “fresh-out-of-the-oven”, as the relatively short
PN lifetime (a few tens of thousands of years) guarantees that the central binary has
had little time to adjust following the CE ejection.

Further support for significant accretion onto main sequence companions in
post-CE central stars comes from the spectacular Necklace nebula (Fig. 5). Dis-
covered as part of the IPHAS survey [25], the central star was later shown to
be a photometrically-variable post-CE binary with a period of 1.16 d [13]. Later
spectroscopic observations taken around the photometric minimum revealed that
the MS companion in the system was greatly enriched in carbon [76]. Such carbon
dwarfs are either primordially-enriched in carbon or are the product of chemical
contamination via accretion from a more evolved companion—the latter hypothesis
being supported by the large number of dwarf carbon stars which are also found to
be X-ray bright (considered a strong sign of post-accretion activity). In any case,
the carbon dwarf in the necklace is highly likely to have been contaminated via
accretion given that nebula also presents with a remarkable pair of polar outflows
or jets, which are almost certainly also a consequence of mass transfer between the
binary components.

A significant fraction of post-CE PNe are found to display polar outflows similar
to the Necklace [75], the properties of which can be used to probe the mass transfer
chronology and, for example, the magnetic fields associated with the accretion disc
(assuming that magnetic fields are responsible for angular momentum transport
and jet launching). Kinematical studies of the jets reveal that in almost all cases
the jets pre-date the central nebular regions by a few thousand years.7 Given that
the central regions are thought to represent the remnant of the ejected CE, this is
strong evidence that the jets originate from a phase of pre-CE mass transfer. This
hypothesis is supported by apparent precession rate of the jets of Fg 1 (see Fig. 6).
The central star was shown to be a post-CE DD binary with an orbital period of
1.195 d, while hydrodynamic models indicate that the precession rate of the bipolar
rotating episodic jets is inconsistent with such a short period binary instead being
associated with the pre-CE orbital period [4]. The magnetic fields strengths (a few

7The ages referred to here are kinematical ages and, as such, represent the minimum ages for each
component (i.e. the age assuming that the material was ejected ballistically and has not been slowed
by interaction with the surrounding interstellar medium).
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Gauss) and accretion rates (10−5–10−6 M	 yr−1) associated with the formation of
these pre-CE jets are consistent with wind accretion shortly before the onset of
Roche lobe overflow [119], providing important constraints on the pre-CE evolution.

It thus seems clear that most, if not all, post-CE central stars must have
experienced some form of pre-CE mass transfer episode. With this in mind,
it is perhaps interesting to return some of the previously highlighted results—
particularly that the “long-period” post-CE systems (IK Peg, FF Aqr, V1379 Aql,
NGC 2346) highlighted in Sect. 5.2.1 would have had initial mass ratios much closer
to unity than, for example, those short-period systems in Table 1. We have already
discussed in Sect. 3 that an extreme mass ratio is likely required for the RLOF to be
unstable and thus for a CE to occur, however the indication that pre-CE mass transfer
occurs in a majority of systems seems to hint that the RLOF may initially be at least
somewhat stable (although non-conservative), perhaps via wind RLOF. It is thus
perhaps not unreasonable to surmise that the closer to unity the initial mass ratio,
the longer this pseudo-stable, non-conservative pre-CE RLOF could be. The longer
this phase, the more mass could be lost in the form of jets or via the outer Lagrange
points [71, 102] or, at the very least, more mass that will be redistributed within the
system. It has already been suggested that such extended phases of pre-CE mass
transfer could greatly impact on the in-spiral, leading to wider binary systems just
as observed [45].

5.4 Chemistry

The chemical properties of post-CE PNe can also potentially be used to probe the
CE phase. Their chemical abundances trace the abundances in the envelope and, if
measured with sufficient precision, could feasibly be used to probe the evolutionary
phase of the donor upon entry into the CE. Indeed, in a handful of cases, the
abundance patterns of post-CE PNe have been shown to be consistent with the
CE cutting short the AGB evolution of the nebular progenitor [19, 55], helping to
constrain the pre-CE configuration.

It has recently been shown that some post-CE PNe display highly anomalous
abundances depending on the emission lines used to derive them. For more than 70
years, it has been clear that the abundances of ionised nebulae differ depending
on whether they are measured using recombination lines or the much brighter
collisionally-excited lines [136]—becoming known as the “abundance discrepancy
problem”. In the general PN population, abundances from recombination lines are
found to be a factor of 2–3 greater than those from collisionally-excited lines [130].
Post-CE PNe, however, tend to show even larger abundance discrepancy factors
[132], with some even reaching up to several hundred [14]. Multiple explanations
have been considered for the smaller discrepancies found in the general population
of PNe and HII regions, ranging from temperature variations to non-thermal electron
energy distributions [87, 95], however in the most extreme (post-CE) cases chemical
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inhomogeneities play a dominant role (for a more-detailed explanation of the
derivation of chemical abundances in astrophysical nebulae, as well as the possible
explanations for the abundance discrepancy, the reader is referred to the excellent
review chapter by Jorge García-Rojas in this volume).

The chemical inhomogeneities in short-period post-CE PNe manifest themselves
as a second, lower-temperature, higher-metallicity gas phase in addition to a more
standard temperature and metallicity phase consistent with that of the general PN
population. In a majority of cases, this higher-metallicity gas is found to be centrally
concentrated and closer to the central star [32, 132]. This has led some authors to
consider that it may represent a form of post-CE eruptive event which leads to the
ejection of reprocessed material [57]—a particularly intriguing prospect given that
the overall abundance pattern of the higher metallicity ejecta is reminiscent of that of
Neon novae [131]. If this were the case then, presumably, the two gas phases would
show differing kinematical properties. Unfortunately, studying the kinematics of the
second gas phase is challenging due to the intrinsic faintness of the recombination
lines in which it is brightest, however a preliminary study comparing lines across
different chemical species did find evidence for discrepant kinematics between the
two gas phases [104]. Returning to the possibility that the high-metallicity gas
originates from some form of reprocessing event, it is unclear what could lead to
this eruptive event. However, it could speculatively occur as a result of fall-back of
CE material [66]. What does seem to be clear is that whatever process leads to the
ejection of this higher-metallicity material, it only occurs in the very shortest-period
post-CE binaries [132], with longer-period post-CE PNe (Porb �1.2 days) tending
to present with less extreme abundance discrepancies.

6 Mergers

Thus far, we have focused on systems which survived the CE phase as binaries,
but a significant number will instead lead to mergers [64]. To date, only one PN
central star can be considered a strong post-merger candidate—that of NGC 6826,
found to display a rotation rate too high to have originated from a single star
[21, 37]. However, another class of post-merger phenomena exist—luminous red
novae8 (LRNe)—slowly-evolving red transients, the peak brightness of which is
brighter than classical novae but fainter than supernovae (1039–1041 ergs s−1 [63]).
At the turn of the century, only a handful of such transients had been identified
and to relatively little fanfare—one (M 31-RV) being classified simply as “a nova of
unusual type” which did not “comfortably fit into the standard scenarios for eruptive
events on white dwarfs” [80]. However, our understanding of these transients

8Continuing with the unfortunate misnomers surrounding CE-related phenomena, just as planetary
nebulae have no relation to planets, lumninous red novae are completely unrelated to classical
novae or supernovae.
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Fig. 7 Hubble Space Telescope image of the light echo around V838 Mon taken in October
2002 some 9 months after eruption [6]. At this stage in its evolution, the central merger remnant
presented with a temperature and radius consistent with an L-type supergiant [28]. Image credit:
NASA, ESA and H.E. Bond (STScI)

was greatly advanced following the 2002 eruption of V838 Monocerotis (Fig. 7)
which, being detected early and residing in our own Galaxy, could be studied in
exquisite detail [6, 10, 28, 81, 82]. The observed evolution of V838 Mon (as well
as the other members of the class M 31-RV and V4332 Sgr)—a brightening of
several magnitudes followed by a slow decline, all the while developing redder
and redder colours (V838 Mon resembling an L-type supergiant less than a year
after its discovery [28])—was found to only be consistent with a merger scenario
[115, 125]. Neither a nova-like event (comprising some form of thermonuclear
runaway on the surface of a WD) nor a helium shell flash or very late thermal
pulse associated with a born-again event could be reconciled with the observed post-
eruption colour/temperature evolution [125].

Following the LRN eruption of V1309 Sco, the merger scenario for these objects
was confirmed with the pre-eruption light curve from OGLE showing clear evidence
that the progenitor was a contact binary (red inset of Fig. 8), the orbital period of
which was exponentially decaying [126]. These pre-merger observations offered a
unique window into the processes that led up to the dynamical CE event in this
system. In the 2 years prior to eruption, the light curve evolved from showing the
typical ellipsoidal modulations of a contact binary through to showing only a single
peak. This is likely due to obscuration of the binary by mass lost from the second
Lagrange point [97]. Furthermore, roughly 200 days prior to the outburst, variability
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Fig. 8 The OGLE light curve of V1309 Sco showing the slow rise before eruption (data originally
presented in [126]. Note that the final outburst was even brighter than shown here, reaching lower
than 8th magnitude. The insets show phase folded light curves corresponding to the regions of the
same colour in the main plot, highlighting the evolution from double-peaked (the typical ellipsoidal
modulation of a Roche-lobe filling binary) through to single-peaked (where the previous secondary
peak has now been obscured by the mass lost through the L2 point [97])

associated with the orbital period was no longer detected, instead being replaced
by a systematic slow brightening, which again could be associated with mass loss
through the outer Lagrange point during the final stages of orbital decay [96]. The
subsequent rapid brightening (∼4 mag in ∼5 days) was then likely due to the final,
dynamical merger of the two components and the liberation of recombination energy
associated with expulsion of a shell of CE material [51]. Intriguingly, the total mass
loss associated with the gradual in-spiral phase (several hundredths of a solar mass
over the course of a few thousand orbits) is comparable to the amount thought
to be ejected during the final merger phase [97]. This is a clear demonstration
that pre-CE interactions may play an important role in the outcome of the CE
itself—helping to remove the envelope or at least dramatically altering the initial
conditions (mass ratio, envelope structure, etc.) prior to the dynamical interaction
as compared to those typically employed in hydrodynamical simulations (see e.g.
[102]). Furthermore, magnetic fields could be generated or amplified via shearing
motions as a result of loss of corotation during the pre-CE phase of period decay
[97, 101]. These magnetic fields could feasibly launch jets removing further mass
from the system prior to the dynamic event [119].

Beyond pre-merger observations such as those serendipitously obtained for
V1309 Sco, their post-CE light curves can also provide important constraints
on the CE process. Even a relatively simple model, whereby the emission from
a spherically-symmetric ejection is controlled by a recombination front as the
material cools, was shown to match the observed colour and luminosity evo-
lution of the handful of LRNe known at the time [51]. More realistic models
of this process—combining both three-dimensional magneto-hydrodynamics and
radiation transport—have the potential to reveal much more about the CE process
[31, 47, 138]. However, such models are computationally particularly challenging,
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not only due to the difficulty in incorporating radiation transport into the chosen
hydrodynamic modelling code but also due to the rather long wall clock times
that are required [31]. In spite of this, important progress has been made, strongly
indicating that continued effort may prove key in understanding the long-term post-
ejection behaviour of LRNe [47].

Finally, late-time observations of LRNe can be used to directly measure the
amount of mass ejected during the merger, as well as its morphology and kine-
matics [62]. Similarly, such late-time observations can also be used to probe the
nucleosynthesis which occurs during merger via the astrochemistry of the ejected
envelope [61], placing constraints on how mergers could impact the enrichment of
the interstellar medium.

7 Discussion

In this chapter, we have introduced some of the fundamental concepts important
for our understanding of the CE—one of the most critical, yet poorly understood
phases of close-binary evolution. Subsequently, we have discussed some of the
recent observational findings related to two CE phenomena—post-CE PNe and
LRNe. Both show strong evidence for (appreciable) mass transfer/loss before the
dynamical CE event, which may prove to be a critical ingredient in deriving self-
consistent and complete models of the CE process [71], particularly given that most
hydrodynamical modelling efforts focus on the dynamical in-spiral and begin with
the companion at the surface of the giant [88, 92].

Post-CE PNe, which represent the direct progeny of CE events where the
envelope was successfully ejected without the cores merging, also have more to
tell us about the CE phase. The spatio-chemical properties of the nebulae offer
some indication that the final stages of CE ejection, particularly in systems with
small final orbital separations, may result in some form of reprocessing and the
ejection of chemically-enriched material into the expanding envelope (giving rise
to the extreme abundance discrepancies observed in these systems). This similarly
indicates that modelling efforts need, not only to begin before the dynamical in-
spiral phase but also, to extend out towards the nebular phase [102]. Whatever the
process behind the ejection of this enriched material, it could feasibly play a role in
unbinding the remaining envelope and successfully terminating the CE—a problem
faced by a majority of hydrodynamic models which generally fail to unbind the
entirety of the envelope, instead leaving a fraction “lifted” but still bound to the
central binary [46].

The mass distribution of the companions inside post-CE PNe (as well as the
general post-CE WDMS population) seems to indicate that only systems with much
more massive donors will experience, or at least survive, a CE—helping constrain
the conditions for dynamically unstable Roche lobe overflow. Understanding the
initial parameter space which could lead to a CE is of critical importance, along with
constraining the efficiency (or refining whichever prescription is chosen to derive the
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end result of a CE), for the population synthesis efforts which will prove essential
in interpreting the awaiting deluge of close-binary phenomena that will be revealed
by The Rubin Observatory Legacy Survey of Space and Time (LSST [69]) and the
Laser Interferometer Space Antenna (LISA [60, 110, 120]).

While we are still far from understanding the CE, the (thus far) limited observa-
tional studies of CE phenomena like post-CE PNe and LRNe have already provided
valuable insight. Continued, deeper study of these phenomena will, without doubt,
further refine our understanding of the CE and, when combined with continued
theoretical and computational modelling efforts, perhaps lead to a unified picture
of the processes at work in the phase.
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1 Introduction

Quantitative spectroscopy is one of the most rewarding fields of stellar astrophysics.
It allows the courageous researcher who has decided to devote time to this
fascinating enterprise, to have first hand access to an important set of empirical
information about the investigated stars which, in most cases, cannot be obtained by
any other means. This mainly comprises several key stellar parameters (including,
e.g., spin rates, effective temperatures, and gravities), as well as surface abundances
of those elements which have left their imprint in the observed piece of the stellar
spectrum that will be analysed. In addition, the analysis process can help to highlight
(and better characterize) the presence of stellar winds, circumstellar material, spots
and surface magnetic fields, faint companions in binary systems, and/or some
sources of stellar variability/activity, specially when multi-epoch spectroscopy is
considered.

I write courageous researcher because becoming a reliable expert on quantitative
stellar spectroscopy requires mastering several skills comprising observational,
theoretical, modeling and programming aspects, as well as having medium to high
knowledge of radiative transfer and atomic physics. Also, from a practical point of
view, my own expertise gives me confidence to remark that having a detail oriented
profile certainly helps to avoid providing erroneous and/or spurious information
from the analysed spectra.

But, what does quantitative spectroscopy means? Paraphrasing my good friend
M. A. Urbaneja from the University of Innsbruck, quantitative spectroscopy can be
defined in a simple way as the inference of the physical parameters that (uniquely
and completely?) characterize an astronomical object based on three tools: an
observed spectrum, a set of theoretical spectra, and a given comparison metric.

Obviously, as the reader can imagine, this topic is so broad that it could lead
to several books. In this chapter, I take the opportunity that the kind invitation1

to participate in this book offers me to provide a broad overview of the main
quantitative spectroscopic techniques which are presently applied to the study of
the so-called massive OB stars.

The chapter is intended to serve to young students as a first approach to a field
which has attracted my attention during the last 20 years. I should note that, despite
its importance, at present, the number of real experts in the field around the world is
limited to less than 50 people, and about one third of them are close to retirement.
Hence, I consider that this is a good moment to write a summary text on the subject
to serve as guideline for the next generations of students interested in joining the
massive star crew.

If you are one of them, please, use this chapter as a first working notebook. Do
not stop here. Dig also, for further details, into the literature I quote along the text.
And, once there, dig even deeper to find all the original sources explaining in more

1By D. Jones, J. García-Rojas and Petr Kabáth (co-PI’s of the ERASMUS+ project “Per aspera ad
astra simul”).
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detail the physical and technical concepts that are presently incorporated into our
modern (almost) automatized tools.

Someone posed me the following question long time ago: why a student needs to
learn how to compute the square root of a 10-digit number if a calculator can easily
do it? If you know the answer to this question, I’m sure you can become one of the
next experts in quantitative spectroscopy of massive OB stars. Go ahead and do a
good job! You are really lucky to start in a fascinating time in which you will have
easy access to thousands of observed and theoretical spectra, as well as to powerful
computers allowing to run—in a fast and efficient way—analysis tools incorporating
various types of comparison metrics. But, please, never forget the most important
rule to enjoy what you are doing and make real progress: don’t use any of these nice
tools as black boxes.

This chapter is structured in two main sections as follows. First, I put massive
OB stars in context. Then, I describe the main tools and techniques presently used
for quantitative spectroscopy of this important, but complex, group of stars.

2 Setting the Scene: Massive OB Stars, from Observations
to Empirical Quantities

Quantitative stellar spectroscopy is an intricate tool which allow us to jump from
observations to a set of empirical quantities defining a given star. Despite this is a
general statement that can be applied to any type of star, the first thing one must
realize is that the details of the intermediate steps defining a specific quantitative
spectroscopic analysis—as well as the outcome of such analysis—depends on the
domain of stellar parameters characterizing the star under study and the available
piece of stellar spectrum. In this section, I describe the main ingredients and ideas
that must be taken into account to understand the strengths and limitations of
the main state-of-the-art tools and techniques used for the quantitative analysis of
optical spectra of massive OB stars.

2.1 Massive OB Stars in Context

The term OB stars is commonly used in the literature with several different (but
related) meanings. Generally speaking, all of them refer to any given sample of stars
with O and B spectral types which define a specific group of interest to investigate
a particular astrophysical question involving stars of this type.

However, the considered range in spectral type, as well as the inclusion of
luminosity classes other than dwarfs, varies from one study to another. For example,
this term is used in some studies of stellar abundances in late-O and early-B dwarfs
stars (e.g., [1, 2]), but also in other works investigating the O and B star population
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of the Milky Way (e.g. [3–5]) or other galaxies in the Local Group (e.g., [6–8]), or
performing any quantitative empirical study of the physical properties of different
subsamples including stars of this type (e.g., [9–15]). As a consequence, the range of
mass and evolutionary status covered by the investigated sample of stars may differ.
This fact can create some confusion between different communities and, hence, it is
important to be highlighted from the very beginning.

Along this chapter, I will follow the original definition by Morgan [16], which
identifies OB stars as a spectroscopic “natural group” which, at intermediate
and high spectral resolution may be defined by the detection of helium lines in
absorption. As indicated by N. R. Walborn in Chapter 3 of the book Stellar spectral
classification by Gray and Corbally [17], the low temperature boundary of this
group is a diagonal in the Hertzsprung-Russell diagram (HRD) running from B2 V,
through somewhat later types at intermediate luminosity classes, to the latest B Ia
supergiants.

To put this group of stars in a broader context, I will use the schematic representa-
tion of the realm of massive stars in the so-called spectroscopic Hertzsprung-Rusell
diagram2 (sHRD) created by my former PhD student, G. Holgado, for his thesis
[19]. Figure 1 is an adaptation of a figure included in [20], where they presented for
the first time the observational distribution of Galactic massive stars in the sHRD.
In its original form, [20] presented a density map of stars in the uppermost part of
the sHRD using a compilation of spectroscopically derived effective temperatures
and gravities for almost 600 stars. Figure 1 also includes, for reference purposes,
the evolutionary tracks resulting from the non-rotating stellar evolution models for
stars with masses in the range 9–120 M	 computed by Ekström et al. [21]; and,
overplotted as colored regions, the approximate location of various types of stellar
objects associated with different evolutionary stages of massive stars.3

This figure illustrates how the original definition of OB stars by Morgan [16] does
not only define a “natural group” from a spectral classification point of view, but
also nicely covers the first part of the evolution of massive stars, fully including the
main sequence (MS) as well as some early phases of the post-MS evolution.4 The
first thing to note is the broad range in mass (M ≈ 9–90 M	), effective temperature
(Teff ≈ 10,000–55,000K), and gravity (log g = 4.4 – 1.2 dex) covered by OB stars.
Although not represented in this diagram, these stars also cover a broad range in
luminosities5 (L≈ 103.5 – 106 L	) and projected rotation velocities (values of v sin i

2This diagram can be considered as an equivalent to the HRD, but only using stellar parameters
derived spectroscopically (see also [18]).
3Poelarends et al. [22] propose a fiducial value of 9 M	 for the minimum initial mass of massive
stars at solar metallicity, where massive star is defined as a star that is massive enough to form a
collapsing core at the end of its life and, thus, avoid the while dwarf fate [23].
4Actually, it is not yet completely clear whether the group of stars marked as B supergiants (B Sgs)
are post-MS stars, MS stars or, even, some of them are post red supergiant stars (see Section 6.1 in
[23] and references therein).
5Due to their high temperatures and luminosities, OB stars are sometimes also quoted as blue
massive stars, and the O and B supergiants, as blue supergiants.



A Modern Guide to Quantitative Spectroscopy of Massive OB Stars 159

Fig. 1 Schematic representation of the realm of massive stars in the so-called spectroscopic
Hertzsprung-Russell diagram (sHRD, [18]). Colored regions depicts the approximate location of
the various types of stellar objects (resulting from a phenomenological classification of their optical
spectra) found to be associated with different evolutionary stages of stars born with masses above
∼9 M	. Figure is based on the plot from [20] adapted by G. Holgado [19]. See [20] for a detail
description of the various lines and symbols depicted in the figure

can reach up to 450 km s−1). They also develop radiatively driven winds [24], which
become directly observable in their spectral energy distributions and spectral lines
above ≈104 L	 (or, equivalently, the 15 M	 track), and are mainly characterized
by two global parameters: the terminal velocity (v∞) and the rate of mass loss
(Ṁ). All these extreme conditions must be taken into account when modelling the
atmospheres of OB stars, a necessary step to perform any quantitative analysis of
their spectra (see Sect. 3.2).

From an evolutionary point of view, as mentioned above (see also Fig. 1), OB
stars represent the early evolutionary stages of massive star evolution, where early-
B dwarfs/giants and O stars (including all luminosity classes) cover a different range
in mass in the Main Sequence, while B Sgs are the evolved descendants of the O-
type stars. Other stellar objects associated with later phases of massive star evolution
(depending on the initial mass) are the A Sgs, the yellow hypergiants (YHG) and
the luminous blue variables (LBV), and, last, the Wolf-Rayet stars (WR), the Red
Supergiants (RSG) and the Cepheids.

Although any deeper mention to massive star evolution is out of the scope of this
chapter, I refer the interested reader to a recent review by N. Langer [23] about pre-
supernova evolution of massive single and binary stars as starting point. Most of the
important references to learn further about this subject can be also found there.
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2.2 Why to Care About Massive OB Stars?

In addition to the interest per se within the field of stellar astrophysics, any in-depth
study of massive OB stars is motivated by the huge impact that our knowledge of
the basic physical properties and the evolution of these stars have on many and
diverse aspects of the study of the Cosmos (e.g. star formation, chemodynamical
evolution of galaxies, re-ionization of the Universe; see [25–30]). They are also
the progenitors of the most extreme stellar objects known in the Universe, some of
them already quoted in previous section (e.g., hyper-energetic supernovae, Wolf-
Rayet stars, luminous blue variables, massive black holes, neutron stars, magnetars,
massive X and γ -ray binaries), and the origin of new studied phenomena such
as long duration γ -ray bursters [31] or the recently detected gravitational waves
produced by a merger of two massive black holes or neutron stars ([32, 33]; incl.
LIGO and Virgo collaborations).

From a practical perspective, massive OB stars have become valuable indi-
cators of present-day abundances in the Milky Way and other external galaxies,
even beyond the Local Group (e.g., [34–36]). In particular, they cannot only
be considered as a reliable alternative to H II regions as abundance indicators,
but also these stars are superior to nebulae in that they are not affected neither
by depletion into dust grains, nor the long-standing problem of the discrepancy
resulting from the computation of nebular abundances using collisional emission
lines or recombination lines (see, e.g. [37–39]).

In addition, in recent years, blue supergiants have been promoted to the hall
of fame of the “standard candles”, traditionally including cepheid and RR Lyrae
variables, novae, Type Ia and Type II supernovae, as well as globular clusters and
planetary nebulae [40, 41]. Indeed, as highlighted by Kudritzki [42], these stars are
ideal stellar objects for the determination of extragalactic distances, in particular,
because they are the brightest stars in the Universe and the perennial uncertainties
troubling most of the other stellar distance indicators—namely, interstellar extinc-
tion and metallicity—do not affect them.

Last, the interpretation of the light emitted by close-by and distant H II regions
and starburts galaxies relies on our knowledge of the effect that the strong ionizing
radiation emitted by the O-type stars produce in the surrounding interstellar
medium [43–45]. Also, any empirical information extracted from the spectra of
OB stars about spin rates, mass loss rates and wind terminal velocities, photo-
spheric abundances, binarity, and/or stellar variability associated with any type
of pulsational-type phenomena is of ultimate importance to step forward in our
understanding of the evolution and final fate of massive stars (e.g. [14, 20, 46–54]),
as well as of the chemodynamical impact that these extreme stellar objects have on
the surrounding interstellar medium at different scales.



A Modern Guide to Quantitative Spectroscopy of Massive OB Stars 161

2.3 Spectroscopy of Massive OB Stars

There are three main spectral windows which are commonly considered to extract
spectroscopic information about massive OB stars:

• (far-)UV: as provided by spectrographs on board the IUE, FUSE and HST space
missions, covering some pieces of the 900–2200 Å spectral range;

• optical: covering either the full range between 3800 and 9000 Å, or several key
windows including the main set of diagnostic lines; and

• (near-)IR: mainly covering the H-, K- and L- bands at ≈1.62–1.77, 2.07–2.2, and
3.7–4.1µm, respectively.

Figure 2 depicts three pieces of a typical optical spectrum of a mid-O dwarf
(HD 199579, black line) and an early-B supergiant (HD 2905, grey line). These
stars have been selected to illustrate how the different characteristics of stars in
the OB star domain affect their spectra. For example, while in both cases the
hydrogen Balmer lines (including Hγ , Hβ , and Hα at λλ4341, 4860, and 6561 Å,
respectively) are among the most prominent spectroscopic features, some particular
characteristics of these diagnostic lines depend on the specific combination of
surface gravity and effective temperature of the stars, as well as the existence of a
more or less prominent stellar wind. For example, the larger the surface gravity for a
given effective temperature, the more extended the wings of the Balmer lines; or, the
stronger the wind density, the more remarkable the filling (in emission) of the Hα

line. Also, while the presence of the He lines in absorption (including He Iλλ4387,

Fig. 2 High quality spectra of two Galactic OB stars obtained with the HERMES spectrograph
attached to the Mercator 1.2-m telescope in the Roque de los Muchachos observatory (La Palma,
Spain). Black and grey lines correspond to the mid-O dwarf HD 199579 and the early-B supergiant
HD 2905, respectively. The differences between both spectra rely on the different physical
properties and chemical composition of the outermost layers of each of the two stars. Quantitative
spectroscopy is a powerful tool which allows to extract this information by comparing an observed
spectrum with a grid of synthetic spectra obtained by means of a stellar atmosphere code
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Fig. 3 From top to bottom, illustrative examples of optical spectra of an early-O, a mid-O, an
early-B and a late-B star. Some representative lines of H I, He I–II, O II, Si II–III–IV, Mg II, N V

and C II are indicated in the corresponding spectrum where they are stronger

4471, 4713 Å, and He IIλλ4541, 4686 Å) is the main identifier of an OB star, most
of the He II lines disappear in the B-type stars.

The later has important consequences for the spectroscopic determination of
effective temperatures, for which having access to lines from two consecutive ions
is compulsory. In this sense, as will be further described in Sect. 3.4, while the ratio
of line strengths (or equivalent widths) of He II and He I lines has traditionally been
considered as the main diagnostic to constrain the effective temperature of O4–O9.7
stars, other combination of diagnostic lines must be used in the B and early-
O star domains,6 where either the He II or the He I lines, respectively, disappear
(Fig. 3). This fact creates a natural separation between early-O, mid/late-O, early-B,
and mid/late-B stars in terms of the specificities of the quantitative spectroscopic
analysis techniques to be applied.

A similar situation occurs when dealing with lines of other elements beyond
hydrogen and helium. Again, given the broad range in effective temperatures
covered by OB stars, the number and strength of metal lines populating the optical
spectra of, e.g. a mid-O dwarf, an early-B dwarf/supergiant, and a late-B supergiant
varies a lot (see, again, Fig. 3). As a consequence, the potential estimation of surface
abundances of the typical set of key elements that are normally considered in the
study of OB stars (mainly He, C, N, O, Si, and Mg, but also Ne, S and Fe) must
be based on lines from different ions depending on the effective temperature of
the star under analysis.7 Indeed, in O-type stars and mid/late B Supergiants, the

6For example, N III–IV–V and Si IV–III–II lines in the early-O and the early-B stars, respectively
(see Sect. 3.4).
7Also, different implementations of the associated model atoms—including a more or less detailed
description of the energy levels and transitions of specific ions—are required.



A Modern Guide to Quantitative Spectroscopy of Massive OB Stars 163

number of metals with available diagnostic lines in the optical spectrum is much
more limited than in the early-B star domain, hence hampering the determination of
the corresponding abundances.

What about the other two spectral ranges? Despite the number of studies found
in the literature performing quantitative spectroscopic analyses of OB stars in the
optical range is much larger than those based on UV and/or IR spectra, the later
contain important empirical information about the winds of these stars which is
not directly accessible from the analysis of the optical spectrum (see below). In
addition, they provide complementary information about effective temperatures,
surface gravities, and abundances. Last, the quantitative spectroscopy in the (near)-
IR range has been proposed as an important alternative to investigate the physical
properties and chemical abundances in massive stars in highly obscured star forming
regions (e.g. in the galactic center of the Milky Way), where the stars are much
fainter in optical and UV wavelengths; hence, making more difficult to have access
to high quality (mostly in terms of signal-to-noise ratio) spectra.

Next sections will be mainly devoted to the description of some of the tools and
techniques presently used to perform quantitative spectroscopic analysis of OB stars
based on their optical spectra. However, before entering into details, a few notes on
these two other spectral ranges are worthwhile. The reader is also referred to the
works performed by F. Najarro, M. Garcia, and T. Repolust (including a battery of
papers and their PhD thesis), as well as [55–58], and [59], among others, for further
details on quantitative spectroscopic analysis performed in the UV and IR.

Figure 4 provides a panchromatic view of the O9 Ia star HD 30614 (α Cam).
The spectral windows depicted in Figs. 2 and 3 are now complemented with other
portions of the spectrum of this star, including the UV range covered by the SWP
spectrograph on board on the IUE satellite (top panel), the H, K and L bands in the
IR (bottom panels), as well as two intermediate regions of the spectrum which have
been elusively utilized for quantitative spectroscopy until recently.

The Gaia RVS range (optical IV) has been included for completeness, and to
illustrate how “boring” (and mostly useless) is this spectral range for the case of
O- and early B-type stars.8 This is not the case for the spectral window between
5400 and 5900 Å (optical II), in which it can be find very useful diagnostic lines for
the study of O-type stars such as, e.g., He IIλ5411 Å, O IIIλ5591 Å, C IIIλ5696 Å,
C IVλλ5801, 5811 Å, as well as one line that can be used as a powerful diagnostic
to detect double line spectroscopic binaries: He Iλ5875 Å line.

Regarding the UV and IR parts of the spectrum, I want to specially highlight
the three P-Cygni profiles9 found in the range ∼1200–1600 Å, as well as some
of the hydrogen and helium lines located in the IR (e.g., Brγ , Pfγ , and Brα at
2.17, 3.74, and 4.05µm, respectively; He Iλλ1.70, 2.11, 3.70µm; He IIλλ1,69,
2.19µm). Most of these lines, as well as other few spectroscopic features present
in other regions of the UV serve as key diagnostics to obtain information about

8For this type of stars, the Gaia RVs range is basically populated by a few Paschen lines.
9Corresponding to the transitions N Vλλ1239/43 Å, Si IVλλ1394/403 Å, and C IVλλ1548/51 Å.
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Fig. 4 Panchromatic view of the O9 Ia star HD 30614 (α Cam). The figure has been created
combining observations obtained with different spectrographs attached to several ground based
telescope facilities (optical and IR) and the IUE space mission (UV). Spectra kindly provided by
F. Najarro and M. Garcia (Centro de Astrobiolgía, Madrid)
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the main physical properties of the stellar wind developed by some OB stars, such
as the terminal velocity, the mass loss rate, the clumping factor and the presence
of shocks in the wind (see, e.g., references quoted above). Indeed, these lines are
much more sensitive to all these factors than the three main wind diagnostic lines
found in the optical (i.e., Hα, He Iλ5875 Å, and He IIλ4686 Å). As a consequence,
any quantitative spectroscopic analysis of an OB star with an important stellar wind
contribution should ideally consider the full UV+optical-IR range.

3 Tools and Techniques Used for Quantitative Spectroscopy
of Massive OB Stars

This section is aimed at providing the reader a basic guide to the various steps
that are commonly followed to perform the quantitative spectroscopic analysis of
different types of OB stars based on their optical spectra,10 as well as to the main
presently available tools and techniques. Some further reading on the subject can be
found below, separated by different type of analysis:

• Line-broadening parameters in O and B stars: [60–63];
• Spectroscopic parameters in O stars: [64–73];
• Abundances in O stars: [71, 74–78];
• Spectroscopic parameters and abundances in late-O and early-B stars: [2, 79–88];
• Spectroscopic parameters and abundances in B-Sgs: [34, 36, 89–94].

I also recommend the reader to have a look to:

• Chapter 1 in the book Oxygen in the Universe by Stasiǹska et al. [95],

as well as to the interesting reviews on:

• Winds from hot stars by R.-P. Kudritzki and J. Puls [24],
• Modeling the atmospheres of massive stars by J. Puls [96],
• Parameters and winds of hot massive stars by R.-P. Kudritzki and M. A. Urbaneja

[97]
• Non-LTE Model Atom Construction by N. Przybilla [98],
• UV, optical and near-IR diagnostics on massive stars by F. Martins [55], and
• Highly accurate quantitative spectroscopy of massive stars in the Galaxy by

M. F. Nieva and N. Przybilla [84].

10Most of the ideas presented along this section can be easily extrapolated to any quantitative
spectroscopic analysis of the UV and IR spectral windows, with the only difference that other
diagnostic lines, model atoms, and physical assumptions in the modeling of the stellar wind must
be considered. Also some parameters and abundances may be more difficult (or even impossible
in some cases) to be constrained just using the UV and/or IR part of the spectrum.
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3.1 Quantitative Spectroscopy of Massive OB Stars
in a Nutshell

I have always considered that an efficient strategy to acquire new knowledge and
skills about a given topic starts by having access to a quick, rough overview of the
all the main points of the subject one wants to learn about. Then, once you have a
more or less clear idea of where you want to go, you can come back—in sequential
order and in more detail—to all those steps needed to fulfil your final objectives.

Let’s then apply this strategy to learn about quantitative spectroscopy of massive
OB stars! I enumerate below the complete list of intermediate milestones one has to
pursue to perform a complete quantitative spectroscopic analysis of an OB star:

1. Acquisition of the observed spectrum.
2. Pre-processing of the spectrum, including a first qualitative visual assessment,

the continuum normalization and the radial velocity correction.
3. Determination of the line-broadening parameters. This is the basic step to have

access to projected rotational velocities.
4. Identification of the stellar atmosphere code and atomic models best suited for

the analysis of the star under study.
5. Creation of a grid of stellar atmosphere models, also including the corresponding

synthetic spectra and equivalent widths for the main set of diagnostic lines
needed for the specific analysis one wants to perform.

6. Identification of the analysis strategy best suited to extract information from
the observed spectrum of the star under study (e.g., spectral synthesis, use of
equivalent widths).

7. Determination of the main set of spectroscopic parameters accessible through
the analysis of the observed piece of spectrum (e.g., basically the effective
temperature and surface gravity, but also the microturbulence, the abundance
of the diagnostic lines used to estimate the effective temperature, and the wind
strength parameter). In this case we refer to stellar parameters determination.

8. Determination of surface abundances of interest (among those elements with
available diagnostic lines in the observed spectrum). This task is also called
chemical abundance analysis.

In addition to these eight points, a complete characterization of the main physical
properties of the star requires another two steps which must incorporate some
extra empirical information not directly accessible from the analysis of the optical
spectrum, namely:

1. the absolute magnitude of the star, in order to obtain estimates for the stellar
luminosity, radius and mass.

2. the terminal velocity of the stellar wind, in order to obtain the mass loss rate.

And now, let’s go back to the beginning and enter into more details.
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3.2 Getting Ready!

We are entering in an era in which many of the new students (and a large fraction of
the stellar community) will not have the necessity of preparing and undertaking any
observing campaign to have access to all the spectroscopic observations required
for their PhD studies. However, this does not mean that they should forget about
learning (at least) some basic concepts of observational stellar spectroscopy.

Figures 2, 3, and 4 show illustrative examples of superb quality spectra (in
terms of resolving power, S/N and wavelength coverage) of several types of OB
stars. These are ideal spectra for a comprehensive and highly accurate quantitative
spectroscopic analysis. However, in many situations it will not be possible to gather
spectra with such a high quality and, hence, one will have to find a compromise
between quality and number of stars with spectra good enough for the purposes of
the study to be developed. For example, in some cases it can be more important
to have access to high S/N spectra even sacrificing spectral resolution (e.g., when
performing a chemical abundance analysis of extragalactic B Sgs; [89]), but in other
situations is more critical to gather high-resolution data even if the S/N is somewhat
poorer (e.g., when dealing with measurements of projected rotational velocities in
O stars and B-Sgs, or when obtaining stellar parameters in O stars with spectra
contaminated by nebular emission from the associated H II region; [61, 62, 70]).

It is also important for the beginner to realize that, in many cases, the optical
spectrum of an OB star may be contaminated with some other spectroscopic features
which are not directly associated with the star itself (from narrow interstellar lines
and diffuse interstellar bands to telluric lines from the Earth atmosphere and/or
nebular emission lines). In addition, since in most cases the starting point of a
quantitative analysis is a normalized spectrum, the normalization process may have
introduced spurious effects on some of the diagnostic lines (e.g., in the global shape
of the wings of the Balmer lines which, as indicated in Sect. 3.6, are the main
diagnostics to constraint the surface gravity in OB stars). Last, specially if one wants
to extract information about the radial velocity of the star—either from a single
snap shot spectrum or a time series—it is important to check whether the spectrum
has been corrected from heliocentric/barycentric velocity; and, if not, learn how to
do it.

All these questions will definitely affect the scope, accuracy, and reliability of
any type of quantitative spectroscopic analysis, as well as its outcome. So, my first
two advises before going ahead are (1) do not forget to incorporate to your list of
learnt skills the main technical concepts about observational spectroscopy, and (2)
do not start the quantitative spectroscopic analysis before performing a qualitative
(visual) assessment of the observed spectrum to understand what you have in your
hands. These two initial steps certainly help to establish the best strategy to follow,
as well as to avoid over-interpretations of the outcome of the analysis. For example,
a double line spectroscopic binary cannot be analysed in the same way as an isolated
star, or the results for a chemical abundance analysis of an early-B star may be
erroneous if one does not realize that is dealing with a Be star with a circumstellar
emitting disc.
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3.3 Radial Velocity Correction

Even if the radial velocity of the star is not a piece of information required by the
study one wants to develop, the observed spectrum must be corrected by Doppler
shift to ensure that all diagnostic lines are located in the laboratory position.
While this correction is not very critical in those parts of the analysis based on
equivalent widths, it may have non-negligible consequences in the determination of
spectroscopic parameters by means of any type of line-profile fitting technique. The
later is specially critical when establishing the surface gravity in the case of O- and
B-type stars, since this is based in the fitting of the wings of the hydrogen Balmer
lines.

There are several standard techniques that can be applied to perform the radial
velocity correction, including, e.g., identification of the core of one or several
diagnostic lines, either visually or using a gaussian fit to the line profile, and/or
cross-correlation with a template. The most important warning to take into account
when dealing with OB stars, however, is that one must remember that some lines
may be affected by stellar winds (e.g. He Iλ5875 Å and He IIλ4686 Å; or even some
metal lines in cases of stars with very strong winds), and hence the use of these
lines may led to erroneous results. In addition, the usual techniques based in the
identification of the core of the line may fail in those stars with a high projected
rotational velocity or important asymmetries due to stellar oscillations.

3.4 Line-Broadening Parameters

One of the most straightforward and cheapest ways (from an observational point
of view) to obtain information about stellar spins is based on the effect that
rotation produces on the spectral lines: stellar rotation broadens the spectral lines.
However, this is not the only line-broadening mechanism acting in O- and B-
type stars. As reviewed by A. Herrero (2019) in Sect. 2.13 of the book Radiative
transfer in stellar and planetary atmospheres, there are, at least, another five
mechanisms to be taken into account in these hot, massive stars: the natural,
thermal, collisional (mainly Stark, both linear11 and quadratic12), microturbulent,
and macroturbulent (pulsational?) broadenings, respectively. Therefore, the first
step of the quantitative spectroscopic analysis consists in inferring the projected13

component of the equatorial rotational velocity (v sin i) by disentangling the effect
that rotation produces on the line-profile from any other comparable effect produced

11Linear Stark broadening mainly affect the wings of the H and, to a less extent, the He II lines;
indeed, this effect is mainly used to constrain the surface gravity (see Sect. 3.6).
12Quadratic Stark broadening, which is much less pronounced than the linear one, mainly affects
the shape of the He I lines.
13Into the line-of-sight.
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by the remaining broadening mechanism. And, as the reader can imagine, an
important part of the process will be the selection of the best suited lines for the
line broadening analysis, taking into account that the less affected the diagnostic
line by the other (non-rotational) broadenings or by blends with other lines, the
better. For example, it is always better to use a well isolated photospheric metal line
than a hydrogen or helium line.

From a technical point of view, as in those other steps of the quantitative analysis
process in which we are extracting information from the shape of the line-profile
(vs. use of equivalent widths), the resolving power of the observed spectrum (as
well as the number of points defining the line) is one important limiting factor of
the accuracy we can reach in the determination of v sin i. For example, as a general
rule of thumb, a spectral resolution R implies a rough minimum limit in a reliable
determination of v sin i of c/R, where c is the speed of light in the same units as
v sin i. On the other hand, when the Fourier transform method is used to estimate
the projected rotational velocity, due to the Nyquist theorem, the spectral dispersion
(
λ, in Å/pix) of the stellar spectrum imposes a limit in the lowest v sin i that can
be derived, roughly given by 1.320 c
λ/λ (see [61]).

I refer the reader to [61, 62] and references therein for a thorough description
of the various methods that have been routinely applied in the last 60 years for
the determination of projected rotational velocities in OB stars, also including a
discussion of the pros, cons and limitations of each method.

At present, the combined use of the Fourier transform (FT) and a goodness-of-
fit (GOF) methods (Fig. 5) has become a standard strategy to disentangle the effect
of rotation from the other main sources of broadening shaping the line-profiles of
OB stars. In brief, and following Gray ([99]; see also the latest edition of the book,

Fig. 5 Combined FT+GOF line-broadening analysis of the Si IIIλ4552 Å line in the early-B dwarf
HD 37042 (bottom) and the early-B supergiant HD 91316 (top). [Left panels] The best fitting
synthetic profile (solid gray) and the profile corresponding to v sin i(FT) and vmac = 0 (dashed
gray) are over plotted to the observed profile (solid black). [Middle panels] Fourier transform of
the observed profile. [Right panels] χ2-2D-map resulting from the GOF analysis
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published in 2005), the Fourier transform method for the determination of v sin i is
based on the intrinsic property of the rotational broadening function which develops
zeroes in its Fourier transform. As firstly described by Carroll [100], the position
of these zeroes in frequency space depends on the v sin i of the star, so that the
frequency of the first zero (σ1) is related to the rotational velocity through:

λ0

c
v sini σ1 = A (1)

where λ0 is position in wavelength of the core of the line-profile, and A is a constant
that depends on the limb-darkening coefficient.14

Since the FT method only provides an estimate of v sin i, but its clear that this is
not the only line-broadening agent even in the case of photospheric metal lines (see,
e.g. the case of the early B-Sg HD 91316 in Fig. 5), it needs to be complemented
with a goodness-of-fit method, in which a χ2 fitting strategy if followed. In the
later, an intrinsic profile15—which can be a δ-function or a synthetic line resulting
from a stellar atmosphere code—is convolved with a rotational and a macroturbulent
profile, and both line-broadening parameters (v sin i and vmac) are obtained from the
minimum value of the χ2-2D-map resulting from this GOF analysis.

The combined FT+GOF method provides a powerful and straightforward strat-
egy to have access to the projected rotational velocity of a given star. In an ideal case,
both determinations of v sin i, as resulting from the FT and the GOF methods should
be in agreement. However, this is not always the case, implying that the situation for
this specific star is more complex than initially expected due to the presence on the
line profile of effects originated by, e.g., some types of stellar oscillations or spots
and/or chemical inhomogeneities in the stellar surface [101].

Overall, the FT method has been recently proven [61] to be a better suited
strategy to obtain actual estimates of projected rotational velocities in the whole
OB star domain than other previously considered methods [60, 102–105]. However,
some limitations and caveats to be further investigated still remain (e.g., [62, 101,
106, 107]). This open new interesting lines of research for the new generation of
massive star spectroscopists.

3.5 Stellar Atmosphere Codes

Stellar atmosphere codes are unavoidable tools when dealing with quantitative
stellar spectroscopy. They are one of the major outcomes from an important, but
complex research field which has led to a large number of texts in the literature.

14The most common value used for A is 0.660, which corresponds to a limb-darkening coefficient
of ε = 0.6 (see, however, Fig. 3 in [101]).
15With the same equivalent width as the observed profile.
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Fig. 6 Schematic representation of the main actors of quantitative stellar spectroscopy

Although I assume that the reader of this chapter has acquired basic knowledge
on radiative transfer in stellar atmospheres as part of her/his university studies,
I encourage any young student willing to devote his/her career to quantitative
spectroscopy of massive OB stars to deepen further into the specificities of stellar
atmosphere modeling of hot stars already in the early stages of her/his career. The
most recent version of the book Theory of Stellar Atmospheres by D. Mihalas
is a perfect starting point. I also recommend Chapter 4 of the book Radiative
transfer in stellar and planetary atmopsheres, written by J. Puls, for a more in-depth
description of the methods developed for the modeling of expanding atmospheres
of early-type stars.

Before providing a brief overview of the main available stellar atmosphere codes
for quantitative spectroscopy of OB stars, I quote below a few basic ideas allowing
the non-expert in the field to easily understand the importance of model atmospheres
for quantitative spectroscopy (see the sketch presented Fig. 6):

• A stellar atmosphere is a thin layer in the surface of a star which does not have
its own energy sources. Only redistribution of radiative energy takes place.

• A (one-dimensional, 1D) model atmosphere is a large table which describes the
temperatures, pressures and many other properties of the gas as they vary with
depth below the stellar surface.

• A stellar atmosphere is the part of the star where the emergent spectral energy
distribution (including the continuum and the line spectrum) is formed.

• A spectrum synthesis code is a computational tool that allows the calculation of
the stellar emergent (synthetic) spectrum from a given model atmosphere.

• Quantitative stellar spectroscopy allows to extract information about the physical
properties and chemical composition of a stellar atmosphere from the comparison
of an observed spectrum and a grid of spectra computed with a spectrum
synthesis code coupled to a stellar atmosphere code.16

16In many cases, a stellar atmosphere code includes the computation of the emergent spectrum.
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3.5.1 State-of-the-Art Stellar Atmosphere Codes for OB Stars

The last decades of the twentieth century witnessed an enormous progress in the
development of adequate stellar atmosphere codes for hot massive stars. The great
efforts devoted by a small group of experts in the field, based on the firm theoretical
foundations on radiative transfer laid by e.g. V. V. Sobolev, D. Mihalas, L. H. Auer,
L. B. Lucy, P. M. Solomon, J. I. Castor, D. G. Hummer, H. J. Lamers, J. P. Cassinelli
(among others), have made it possible the massive star community to have access
to a modern generation of stellar atmosphere codes which are allowing to perform
reliable quantitative spectroscopic analyses of medium to large samples of O- and
B-type stars in a reasonable amount of time.

This ambitious enterprise implied the inclusion of a realistic description of
physical processes occurring in the outer layers of these extreme stellar objects
such as, e.g., departure from the local thermodynamic equilibrium (non-LTE), line-
blanketing and, in some cases, line-driven stellar winds. In particular, the later
required the consideration of geometries departing from the simple plane-parallel
approach, as well as the development of intricate computational techniques to deal
with radiative transfer in (rapidly) expanding atmospheres (i.e. stellar winds).

At present, the stellar atmosphere codes most commonly used for the quantitative
spectroscopic analysis of OB stars are:

• ATLAS [108] coupled with DETAIL/SURFACE [109]
• TLUSTY [110], coupled with SYNSPEC [111]
• CMFGEN [112]
• FASTWIND [113–115]
• PoWR [116–118]
• WM-basic [119]

While all of them are 1-D, non-LTE, line-blanketed codes, they differ in how they
treat geometry (plane parallel/spherical), hydrostatic equilibrium/mass outflows,
line blanketing/blocking, micro- and macro-clumping (vs. unclumped winds), as
well as the considered strategy to solve the complex, interwined set of equations
of radiative transfer, and how they deal with information about atomic data.17

As a consequence, not all these codes are equally optimized to analyse different
types of OB stars or specific windows of the stellar spectrum. For example,
both TLUSTY and DETAIL/SURFACE calculate occupation numbers/spectra on top
of hydrostatic, plane parallel atmospheres; hence, they are “only” suited for the
analysis of stars with negligible winds. Also, despite CMFGEN, FASTWIND, PoWR

and WM-basic can, all of them, deal with spherically extended atmosphered with

17Model atoms—including information about energy levels and the main collisional and radiative
transitions between levels and/or the continuum—are a very important ingredient of stellar
atmosphere code. They will be only occasionally mentioned along this chapter; however, basic
knowledge of how models atoms are implemented and used in stellar atmosphere and diagnostic
codes is the forth pillar a quantitative stellar spectroscopist should dominate, along with basic
concepts of observational stellar spectroscopy, radiative transfer and stellar atmosphere modeling.
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winds, the later (WM-basic) is mainly applicable to the analysis of the UV range.
Last, due to the different approximation considered by these codes for the treatment
o line blanketing/blocking, the amount of computational time required varies from
one code to other, ranging from less than 1 h in the case of FASTWIND and
DETAIL/SURFACE to several hours for CMFGEN, PoWR, TLUSTY and WM- basic
models.

Further notes on state-of-the-art approaches to model the atmospheres of hot,
massive stars, as well as improvements occurred in this field in the last years can
be found in [96] and [120], respectively. In particular, Table 1 in [96] provides a
nice overview of the main characteristics and range of applicability of all the stellar
atmosphere codes quoted above.

3.5.2 Grids of Models for Quantitative Spectroscopy of OB Stars

At this point, we are almost ready to proceed with the determination of those stellar
parameters that can be directly obtained through the spectroscopic analysis (see
Sect. 3.6). But, before, we need to spend a few time on the design and computation
of a grid of stellar atmosphere models. Or, in same cases, we will be able to
use directly any of the pre-computed grids which the developers (or their direct
collaborators) have made publicly available. Some examples of the later can be
found in the webpages of TLUSTY,18 CMFGEN,19 or PoWR.20 However, these are
not the only available grid of models; many others have not been done public,
but could be available with permission of the owners. This is, e.g. the case of
the vast grid of FASTWIND models covering the O star domain (for solar and half
solar metallicity) computed at the Instituto de Astrofísica de Canarias and which is
presently incorporated to the IACOB grid based automatized tool (IACOB-GBAT, see
[69, 70, 73]).

Regardless of using a pre-computed grid, or creating a new one, there are a
few key points that must be carefully checked before performing the quantitative
spectroscopic analysis:

• The stellar atmosphere code used to compute the grid must consider all important
physical processes occurring in the star under study (see Sect. 3.5.1). The same
consideration must be taken into account for the other geometrical and dynamical
aspects of the modeling.

• All the key diagnostic lines must be properly included and treated in the
computation of the associated synthetic spectra. Obviously, the wavelength
coverage of the grid of synthetic spectra include the observed spectrum.

18nova.astro.umd.edu.
19http://kookaburra.phyast.pitt.edu/hillier/web/CMFGEN.htm.
20http://www.astro.physik.uni-potsdam.de/~wrh/PoWR/powrgrid1.php.

nova.astro.umd.edu
http://kookaburra.phyast.pitt.edu/hillier/web/CMFGEN.htm
http://www.astro.physik.uni-potsdam.de/~wrh/PoWR/powrgrid1.php
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• Those spectroscopic parameters that we want to determine must be considered as
free parameters in the computed grid of models. If some of them are kept fixed
in the modeling process or the creation of the grid, one must evaluate in detail
the consequences it has for the specific quantitative spectroscopic analysis to be
performed.

• Always check carefully the various model atoms considered as input for the
computations (specially in the case of those elements that will be included in
the chemical abundance analysis, but also when for those elements/lines which
are used to constrain the effective temperature).

• The step size for the various free parameters considered in the grid of models
must be appropriately suited for the accuracy we want to reach in the analysis
process.

The best way to acquire the necessary skills and confidence to go through all
these points is to learn from someone with previous expertise or from those papers
explaining the adapted strategy depending on the stars under study. Some examples
of the later are provided along the next sections.

3.6 Spectroscopic Parameters

From here onwards, things apparently become a bit more straightforward from
a practical point of view. However, only expertise and a detailed and careful
management of the techniques described below will allow to extract reliable
information from the quantitative spectroscopic analysis to be performed.

Once the observed spectrum is ready to be analysed (Sects. 3.2 and 3.3), and
the line-broadening parameters have been determined (Sect. 3.4), the next step is
the determination of the so-called spectroscopic parameters using a suitable grid of
stellar atmosphere models (Sect. 3.5.2). In the case of the analysis of optical spectra
of OB stars, these basically include the effective temperature (Teff), the surface
gravity (log g), and the wind-strength Q-parameter.21 In addition, there are other
secondary parameters—such as the helium abundance (YHe), the microturbulence
(ξt), the exponent of the wind velocity law (β), and the abundance of the element
whose ionizing equilibrium is used to determine the effective temperature (e.g.,
silicon in the early-B type stars)—which need to be also determined at the same
time during the analysis process.

While in the whole OB star domain the wings of the Balmer lines are the main
diagnostic to estimate the surface gravity, the set of diagnostic lines that is used
to constrain the effective temperature of the star depends on its spectral type. As
indicated in Sect. 2.3 the He I and He II lines have traditionally been considered

21log Q = log Ṁ – 1.5 log R – 1.5 log v∞ [121]. This parameter is used as a proxy of the wind
properties in the optical analyses because this spectral window does not include any diagnostic
line reacting exclusively (or mainly) to the mass-loss rate (Ṁ ) or the wind terminal velocity (v∞).
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Fig. 7 Solid blue line: Four representative H and He I–II lines of the observed spectrum of the
O9 V star HD 214680. Dashed and dashed-dotted lines: Two synthetic spectra computed with
the FASTWIND stellar atmosphere code, corresponding to the best fitting model resulting from the
IACOB-GBAT analysis (Teff = 35,000 K, log g = 3.9 dex, log Q = −14.0) of the observed spectrum,
and a model with Teff = 37,000 K, log g = 3.7, and log Q= −12.5, respectively

for the analysis of mid and late O-type stars (e.g. [64, 66, 73]). The basics of this
type of analysis is summarized in Fig. 7, where an illustrative set of H and He I–II

lines for the O9 V star HD 214680 (10 Lac) is depicted. In addition to the observed
spectrum, two synthetic spectra computed with FASTWIND are overplotted. One of
them is the best fitting model resulting from the IACOB-GBAT analysis22 (see [73]);
the second one represent a model in which the associated values for Teff, log g, and
log Q have been shifted from the best fitting values to illustrate the effect on the
various diagnostic lines. On the one hand, this figure serves to realize the quality of
the fits our state-of-the-art models are reaching; on the other hand, it shows how the
second model does not fit any of the lines since it has a too low gravity (wings of
Hβ less extended than in the observed spectrum), a too high effective temperature
(the He II 4541 line in the model is too strong), and a too high value of the wind-
strength Q-parameter (Hα is in emission in the model while it is not in the observed
spectrum).

The basics of the strategy followed for the determination of the spectroscopic
parameters in O-type stars can be easily understood with the simple example above.
However, it is important to note that the situation is a bit more complex since,
actually, there is not an unique, separated dependence of the various diagnostic
lines with the different parameters. For example, an increase in log g for a given
Teff produces—in addition to a more pronounce Stark broadening of the Balmer
lines due to the larger electron density in the photosphere—weaker He II lines and
stronger He I lines. The larger electron density favours the recombination of higher
ions into lower ionization stages, hence increasing the relative population of lower

22IACOB-GBAT [69] is a grid-based automatic tool for the quantitative spectroscopic analysis of
O-stars. The tool consists of an extensive grid of FASTWIND models, and a variety of programs
implemented in IDL to handle the observations, perform the automatic analysis, and visualize the
results. The tool provides a fast and objective way to determine the stellar parameters and the
associated uncertainties of large samples of O-type stars within a reasonable computational time.
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ions with respect to the higher ones. Since the intensity of He I lines depend on the
number He+ ions (these are recombination lines), a larger surface gravity produces
stronger He I lines (and opposite for He II lines). Eventually, this implies that a
model with a larger Teff is required to recover the same ratios of He II to He I lines
when compared to a model with a lower surface gravity. In a similar way, a model
with a larger value of log Q (needed, e.g., to fit a Hα line in emission) will require
a larger value of log g (w.r.t. a model with a weaker wind) to fit the wings of the
other Balmer lines. Therefore, in the final interpretation of the outcome of any type
of quantitative spectroscopic analysis (not only in O-type stars, but also in the B star
domain), it is important to remember that there exist important covariances between
some of the spectroscopic parameters.

In early O-type stars (O2 and O3), the He I lines become too weak and the
determination of the effective temperature is hence based on N IV–V lines (e.g.
[74, 75]). Similarly, the He II lines are absent in B-type stars, where Si IV–III

and/or Si II–III are utilized instead (e.g. [35, 46, 82, 122]). Figure 8 shows the
behavior of the equivalent widths of several diagnostic lines of N and Si (in addition
to He) which are commonly used to determine temperatures in OB stars. From
inspection of this figure one can easily understand why different line ratios are
needed depending on the specific range in Teff. Note, however, that I only represent
the dependence of the equivalent width of the various lines with Teff, while some
of these line may also present some dependences with other parameters. Note that,
whenever possible (as is always the case in the spectral type range O2–B3), the ratio

Fig. 8 Top panels: Behaviour of the equivalent width of the He Iλ4471 Å and He IIλ4541 Å lines
with Teff in the early-B and O dwarf domain. As illustrated by the figures, the He I–II ionization
balance cannot be used below Teff ∼ 30 kK and above 47 kK. Bottom panels: Alternative diagnostic
lines used to constraint Teff in early-B (Si II–IV) and O stars (N IV–V), respectively. In this specific
case, the figures depicts the behaviour with Teff of the following lines: Si IIλ4128 Å Si IIIλ4552 Å
Si IVλ4116 Å N IVλ4058 Å and N Vλ4603 Å. Note: the equivalent width of all considered lines
have been obtained from a grid of FASTWIND models at solar metallicity computed by the author
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of equivalent widths of two ions from the same element should be the preferred
diagnostic. In this way, we eliminate the dependence of the line ratio with the
abundance of the considered element.

I stop here due to space limitations of the chapter, but some further reading to
deepen in this part of the quantitative spectroscopic analysis can be found in any of
the references quoted along this subsection (see also Sect. 3). I also refer to [123]
for an interesting discussion about why the spectroscopic approach to determine
effective temperatures and surface gravities in early-B stars should be always
preferred to the use of photometric indices, a common practice in the past, when
we did not have the adequate tools to perform a proper quantitative spectroscopic
analysis available.

3.7 Photospheric Abundances

There are two different approaches for the abundance analysis in stellar objects:
the curve of growth method and the spectral synthesis method. The curve of
growth method is based on the behaviour of the line strength with an increase in
the chemical abundance, also incorporating the effect of microturbulence.23 This
method uses line equivalent widths, and hence does not require any knowledge of
the exact rotational and macroturbulent broadening mechanisms affecting the line
profiles.

Figure 9 provides a quick overview of the various steps followed in the oxygen
abundance analysis of a narrow line early-B type star by means of the curve of
growth method. I always recommend to any novice in the business to start by
inspecting in detail what is summarized in the figure or, even better, perform the
analysis of a similar star from scratch. The main reason is that the optical spectra
of narrow line, early-B type stars include a lot of isolated O II and Si IV–III (or
Si III–II lines). Hence, performing such an exercise allows the new spectroscopist
to understand all the critical points which can affect the outcome of any abundance
analysis using a well behave case, before jumping to less optimal cases in which,
e.g., there is one or two available lines, or those critical cases cannot be easily
identified given the adopted strategy.24

In the curve of growth method, once the stellar parameters have been established,
a grid of stellar atmosphere models whereby the abundance for the studied element
and the microturbulence are varied (the remaining parameters are kept fixed) is
computed. In this way, the curves of growth for each line can be constructed

23Microturbulence (ξt) is a free parameter that was included in the stellar abundance analyses
to solve the discrepancy found in the line abundances from weak and strong lines. Its physical
meaning is supposed to be related to the small scale turbulent motions of the stellar plasma which
could mainly affect the strong lines close to saturation.
24This is the case for the spectral synthesis method, where the effect of microturbulence or the
existence of wrongly modeled lines (see [82]) is not so easily identified.
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Fig. 9 Visual summary of the various steps comprising the oxygen abundance determination—
via the curve of growth method—of the B1 V star HD 36591. Up to 40 O II lines are available in
the optical spectrum (mainly between 4000 and 5100 Å), but only 27 of them have been finally
considered as reliable. See text for explanation, and more details about the observed spectrum
considered and the analysis process in [82]

by plotting the theoretical equivalent width for each value of ξt as a function
of abundance (see Fig. 9a). From the observed equivalent width and its error, an
abundance (and its uncertainty) can be derived for each line and each value of ξt.
The individual line abundances are dependent on the microturbulence which affects
more the strong lines than weak lines. Figure 9b shows the A(O) – logEW diagrams
for two different values of ξt. The value of ξt that minimises the dependence of the
line abundances on he line strength in the A(O) – logEW diagrams (i.e. produces
a zero slope will be the adopted microturbulence). Figure 9c.1 and c.2 show the
dependence of the slope of the A(O) vs. logEW relation and of A(O) on ξt. In the
last step, abundance values for each line as well as their uncertainties are calculated
for the adopted microturbulence (Fig. 9d). The final abundance value is estimated
through a weighted mean of the linear individual line abundance.
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The curve of growth method, as described above, also allows a straightforward
computation of the final uncertainty taking into account three different sources of
errors: those associated with the line-to-line abundance dispersion, those derived
from the error in the determined microturbulence and, finally, those referred to the
uncertainties in the stellar parameters. In addition, diagrams as the one depicted
in Fig. 9d can be used as a powerful diagnostic tool to check the reliability of the
various lines available for the abundance determination.

The applicability of the curve of growth method is limited to those cases when the
equivalent widths of individual lines can be measured. When the projected rotational
velocity of the star is high (i.e. fast rotators), or when the spectral resolution is
not good enough for resolving individual lines (e.g. in extragalactic studies beyond
the Local Group), a different approach must be considered: the spectral synthesis
method, one of the few techniques that can be applied when blending is severe. This
method is based on the computation of a grid of synthetic spectra including all the
observed lines, which is then directly compared to the observed spectrum to find
the best fitting model. Basically, this method follows a very similar strategy as the
one illustrated in Fig. 7, but including many other diagnostic lines for those elements
under study. In contrast to the curve of growth method, this method requires a correct
broadening of the line profiles and making sure that all the elements whose lines are
present in the blending are included in the line formation calculation. In addition,
the final results are more sensitive to other subtleties such as, e.g., a correct radial
velocity correction of the observed spectrum.

As I said, my recommendation is to always start the learning process with a
benchmark case as the one presented in Fig. 9. That way, the new spectroscopists
will consolidate a strong critical sense to avoid misinterpretations of results in those
cases in which the number of diagnostic lines is more limited or the quality of the
observed spectrum is worse. For example, when there is only 1 or 2 lines available—
as is, e.g., the case of nitrogen in O-type stars, or magnesium in B-type stars—the
determination of the microturbulence is more critical and one will have to make a
decision on the value to use.

Some illustrative examples of studies following different types of strategies for
the chemical abundance analysis of OB stars can be found in the references quoted
in Sect. 3 or in, e.g., [1, 35, 91, 124–134].

3.8 The Comparison Metric: From Visual Fitting to PCA
and MCMC

We have seen in Sects. 3.6 and 3.7 that the process of determination of spectroscopic
parameters and abundances via quantitative stellar spectroscopy basically consist of
finding the synthetic spectrum computed with a stellar atmosphere code which result
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in the best possible fit to an observed spectrum.25 The basic idea is simple, but two
important questions quickly pop up as soon as one wants to provide results from the
analysis:

1. What defines the best possible fit to the observed spectrum?
2. Is the solution unique, or we can reach a similarly acceptable solution with

different combinations of stellar parameters and/or abundances?

I am sure that the reader is presently in a good position to assert with confidence
that, given the multidimensionality of the parameter space considered during the
modeling process, the existence of significant covariances between parameters26

and taking into account some technical limitations related to the quality of the
observed spectrum (in terms, e.g., of signal-to-noise ratio), the answer to the second
question is “no, the solution is not unique”. Indeed, a proper identification of
the range of acceptable parameters/abundances (i.e. definition of the associated
uncertainties) is as important as the determination of the best fitting or central
values.

Regarding the first question, the considered strategy to define the central values
and the associated uncertainties has gained in complexity and robustness in the
last decades. Not so long ago, given the computational limitations, most of the
spectroscopic analyses were made based on small grids of stellar atmosphere
models, and the determination of the final solution was a subjective by eye decision,
sometimes supported by some more quantitative (but still simple) arguments
(e.g., [64, 135]). However, the continuously increasing amount of high-quality
spectroscopic observations of massive OB stars provided by different surveys during
the first decade of the twenty-first century (e.g., [136–141]) made it clear the
necessity to develop more objective, semi-automatized techniques which allow
for the extraction of information about stellar parameters and abundances (and
the associated uncertainties) from large spectroscopic datasets in a reasonable
computational time.

Some notes on various of the techniques proposed to date can be found in
[36, 46, 68, 69, 89], and [85]. Most of them are based on specific grids of pre-
computed models and a χ2 algorithm which allow to find the best fitting solution
(or central values for each of the considered free parameters) and the associated
uncertainties. However, the use of other strategies based on, e.g., projection and/or
pattern recognition methods (in contrast to the minimum distance methods, as the
χ2 algorithms) are slowly but surely started to be explored. In addition, some works
are already exploiting strategies based on the application of Genetic Algorithms
(GA), principal component analysis (PCA), Gaussian process regression and Monte
Carlo Markov Chains (MCMC) techniques. In particular, the later three are certainly
envisaged as a promising way to minimize the computational time needed to

25Either directly or by using equivalent widths of a selected sample of diagnostic lines.
26For example, effective temperature and surface gravity, abundance and microturbulence, mass
loss rate and the β parameter.
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create optimal grids of models, and to speed up the process of exploration of the
multidimensional parameter space.
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Abstract The death of massive stars is shrouded in many mysteries. One of them
is the mechanism that overturns the collapse of the degenerate iron core into an
explosion, a process that determines the supernova explosion energy, properties
of the surviving compact remnant, and the nucleosynthetic yields. The number of
core-collapse supernova observations has been growing with an accelerating pace
thanks to modern time-domain astronomical surveys and new tests of the explosion
mechanism are becoming possible. We review predictions of parameterized super-
nova explosion models and compare them with explosion properties inferred from
observed light curves, spectra, and neutron star masses.

1 Introduction

Massive stars develop iron or oxygen-neon-magnesium cores, which eventually
experience instability and collapse to reach nuclear densities. The initial stellar mass
separating white dwarf or neutron star formation is commonly placed at around
8 M	 e.g. [95], but depends on metallicity and other parameters e.g. [41]. Stars with
helium core masses �30 M	 are destabilized by creation of electron–positron pairs,
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which reduces their mass in one or more mass ejection episodes and which can even
completely disrupt the star e.g. [116]. The collapse of the inner regions of the core
stabilizes when the repulsive part of the strong nuclear force becomes important and
the equation of state stiffens. The core overshoots this new equilibrium, bounces,
and forms a shock wave propagating outward from a nascent proto-neutron star.
The outgoing shock stalls into an accretion shock due to energy losses from neutrino
emission and photodissociation of infalling nuclei. A prolonged period of accretion
ensues and lasts many dynamical timescales of the system, �100 ms. During this
phase, the proto-neutron star grows in mass and the region below the accretion
shock becomes unstable to turbulence and standing-accretion shock instability e.g.
[13, 15, 37]. The instabilities are partially driven by neutrinos emanating from the
proto-neutron star and the accretion region. This complex system of instabilities
in a region semi-transparent to neutrinos presents a great challenge to theoretical
understanding.

The evolution of stalled accretion shock likely bifurcates into two possible
outcomes. The accretion can continue until the central object collapses into a black
hole with much of the rest of the star following its fate. This evolutionary path
can be accompanied by a transient brightening fainter than a typical supernova
[54]. In a majority of stars, however, it is believed that the combined action of
neutrinos and instabilities overturns the accretion into explosion e.g. [18, 44]. It is
worth noting that the concept of neutrino mechanism assisted by instabilities is far
from proven. There are other less-explored paths to explosion involving magneto-
rotational processes e.g. [17, 50] and energy transfer by waves e.g. [16, 35].

In that case, the accretion shock starts traveling out in radius and eventually
reaches the stellar surface. Since interactions of neutrinos with matter are important,
it is illuminating to frame the bifurcation between a failed and a successful explosion
within the context of critical neutrino luminosity required to overturn the accretion
into explosion e.g. [14, 68, 121]. This framework enables assessment of the impact
of various physical processes on the explosion and provides a physically-motivated
“antesonic” explosion condition [80, 89]. There are other, more or less related
conditions based on outward acceleration [10], timescales of heating and advection
e.g. [65, 68, 105, 106], and the dynamics of the net neutrino heating region [42].

After the accretion shuts off, there can be a period of simultaneous accretion
and outflow from the proto-neutron star. Eventually, the proto-neutron star develops
a wind driven by absorption of neutrinos. These processes set the baryonic mass
of the remnant neutron star. The shock propagating through the star heats up the
stellar interior. Gas heated above ≈5 × 109 K undergoes nuclear burning to iron-
group elements. After the shock leaves the surface of the star, we observe the hot
and expanding ejecta as a core-collapse supernova. Part of the light output of the
supernova comes from the radioactive decay of the newly synthesized elements,
especially 56Ni. The asymptotic energy of the supernova ejecta, about 1051 ergs,
is ∼1% of the neutron star binding energy, and the energy radiated in the optical
and nearby wavelengths is ∼1% of the asymptotic ejecta energy. Ultimately, all of
the supernova explosion energy is radiated away as the ejecta decelerates and mixes
with the interstellar medium.
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1.1 Scope of This Review

When and how does the collapse of the stellar core turn to explosion has been a
major unsolved problem in theoretical astrophysics. There have been wide-ranging
efforts in both theory and multi-messenger observations to make progress on this
issue. An eloquent summary of much of this work is available in a recently published
Handbook of Supernovae [3], especially the chapters of [6, 30, 32, 43, 46, 52, 71,
72, 84, 94, 124]. We will not repeat the covered subjects here. We suggest the reader
to consult this resource for more details and more complete lists of references.

In this review, we focus on a small niche of the core-collapse supernova
problem: how do we compare predictions of supernova theory with observations
in the era of massive time-domain surveys? For example, the Large Synoptic
Survey Telescope (LSST) will begin discovering ∼105 core-collapse supernovae
every year starting in 2023. It is tempting to utilize this wealth of data to learn
about the explosion mechanism. However, the benefit of this rapidly expanding
dataset is not immediately obvious, because the majority of the expected supernova
discoveries will provide only limited information for each supernova: a sparsely
sampled light curve and an occasional low-resolution classification spectrum. In
fact, even nowadays the majority of transient discoveries remain spectroscopically
unclassified. This type of data naturally leads to a shift of attention from individual
objects to population studies, which presents new challenges. Supernova theory has
long been driven by very computationally intensive simulations, which could be
run only for a limited sample of initial models. Such works have been revealing
fascinating complications of the explosion mechanism, but their predictive power
for populations of stars has been limited. In the past few years, however, theoretical
and observational efforts have been converging to a point, where mutual comparison
is possible. This interaction of observations with theory is what we aim to capture
in this review.

2 Theoretical Predictions

In this Section, we describe the theoretical efforts to quantify the progenitor–
supernova connection for a large number of progenitor models. The results, when
available, are summarized also graphically. Figure 1 shows predictions of whether
each progenitor explodes or not and whether the explosion exhibits substantial
fallback. Figure 2 shows the predictions of explosion energy Eexp as a function
of ejecta mass Mej. Figure 3 displays the correlation between Eexp and the mass
of radioactive 56Ni synthesized in the supernova explosion, MNi. Finally, Fig. 4
provides predictions for mass distributions of neutron star remnants.

Can we predict the outcome of core collapse without running prohibitively large
number of expensive multi-dimensional simulations? Unfortunately, supernova
simulations in spherical symmetry consistently fail to explode except for the lowest-
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Fig. 1 Outcome of the collapse of the core of a solar-metallicity massive star as a function of its
initial mass. We show successful explosions leaving behind a neutron star (green), explosions with
significant fallback (orange), and direct collapse to a black hole (black). Each bar corresponds
to one progenitor model. To illustrate the differences between progenitor grids, the bar width is
fixed at 0.1 M	 except for [66], where it is set to 0.01 M	. The results of [74] are for [117], WH07
progenitor set and LS220 equation of state. Ugliano et al. [108] used Woosley et al. [120], WHW02
progenitors. Ertl et al. [28] and Sukhbold et al. [102] used a mixture of progenitors, which were
exploded with five different calibrations of the supernovae engine (N20, S19.8, W15, W18, W20),
as indicated in the figure. The results are identical for progenitors above 13.5 M	, which is marked
with a vertical red dashed line. Pejcha and Thompson [81] used two different parameterizations for
WHW02 progenitors, where (a) has a fraction of non-exploding progenitors and (b) has explosions
for all progenitors. The results of [66] are for a custom grid of progenitors and their method cannot
diagnose fallback explosions. The results of [24] are for WHW02 and WH07 progenitor sets
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Fig. 2 Explosion energy Eexp as a function of ejecta mass Mej. The ejecta mass was determined
as the final mass of the progenitor before the explosion with the remnant mass subtracted. Note that
the final progenitor mass strongly depends on very uncertain wind mass loss rates. This is different
from quantities like Eexp and MNi, which are set by the final core structure, which is not strongly
affected by processes in the envelope. For WHW07 progenitors in [24] we took the final mass from
the progenitor set of [28]. Labels (a) and (b) refer to the two explosion parameterizations of [81].
More detailed explanation of individual models is given in Fig. 1
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Fig. 3 Mass of synthesized nickel as a function of explosion energy. For [28] and [102] we used
the recommended value of the nickel plus half of the mass of tracer particles. Labels (a) and (b)
refer to the two explosion parameterizations of [81]
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Fig. 4 Probability distribution of baryonic masses of remnant neutron stars. The theoretical results
are obtained by integrating over the provided progenitor grid, Mi with weight given to i-th
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i (Mi+1 − Mi−1)/2, where the first factor is the [92] initial mass function.
The progenitor grid is assumed to be uniformly-spaced at its edges. The remnant mass distribution
from each progenitor is described by a Gaussian with a width of 0.03 M	. Labels (a) and (b) refer
to the two explosion parameterizations of [81]
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mass progenitors with tenuous envelopes. Still, spherical 1D calculations can reveal
progenitor trends in the neutrino cooling of accreting material and how efficiently
do the neutrinos heat the layers below the shock. In this spirit, [74] defined the
compactness of the pre-collapse progenitor

ξM = M/M	
R(Mbary = M)/1000 km

, (1)

which measures the concentration of mass at progenitor positions relevant for
neutron star formation, M ≈ 1.2 to 3 M	. Higher ξM implies the iron-core and
its surrounding material is more centrally condensated, higher binding energies,
and hence more difficult supernova explosions. Compactness changes during the
collapse of the star so a common moment is needed to meaningfully compare
different progenitors: [74] argued that the moment of core bounce is a natural choice.
O’Connor and Ott [74] also studied how artificially increasing the neutrino heating
rate in their 1D general-relativistic simulations with neutrino leakage/heating
scheme with code GR1D [73] facilitates the explosion and found that progenitors
with ξ2.5 � 0.45 are more likely to explode. They also noted that mapping
between ξM and the progenitor initial mass is non-monotonic. In most of the
works summarized below, compactness is a relatively good predictor of the collapse
outcome.

Ugliano et al. [108] used 1D Eulerian code with gray neutrino transport and
replaced the neutron star core with an inner boundary condition parameterizing
the contraction and neutrino cooling of the proto-neutron star. Through a series of
remappings the explosion was followed to 1015 cm to determine Eexp and to track
fallback. Nuclear reaction network was used to estimate MNi. The free parameters of
the neutron star cooling model were tuned to reproduce Eexp and MNi of SN1987A
for the s19.8 red supergiant progenitor of [120]. The same parameters were then
utilized for the remaining about 100 solar-metallicity progenitor models of the
same series. This work showed for the first time that explosion properties can vary
dramatically as a function of initial mass of the progenitor models. There are islands
of non-explodability even at progenitor masses as low as 15 M	. Interestingly, the
scale of variations is comparable to the density of the progenitor grid of 0.1 M	
pointing to deterministic chaos in the pre-supernova stellar evolution [100, 101].
Ugliano et al. [108] do not predict a strong correlation between Eexp and ejecta
mass Mej or MNi.

Ertl et al. [28] revisited the model of [108] with an updated equation of state,
nuclear reaction network, larger set of progenitor models, and five different models
of SN1987A progenitors chosen as calibrators: S19.8 from [120], W15 from [118],
W18 with rotation from unpublished results of Woosley, W20 from [119], and N20
from [93]. Furthermore, the model for the excised core was modified for progenitors
with initial masses ≤13.5 M	 so that these models exhibit weak explosions. The
empirical support for this modifications is SN1054 with estimated progenitor mass
of 10 M	 and explosion energy of only 1050 ergs [97, 122]. Ertl et al. [28] found
that the combination of mass coordinate and its derivative at a location of entropy
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per baryon equal to 4 outperforms the compactness in predicting the outcome of the
collapse.

Sukhbold et al. [102] used essentially the same basic setup as [28], but with
updated progenitor models below 13.5 M	 and different explosion calibration in
this mass range (red dashed line in Fig. 1). They also post-processed the results with
a hydrodynamics code KEPLER to provide nucleosynthetic yields for up to 2000
nuclei and light curves of the supernovae. Recently, [29] further improved their
method and applied it to helium progenitors evolved with mass loss, which should
approximate effects of binary star evolution. They find increased fraction of fallback
explosions leading to small population of remnants in the “mass gap” between 2 and
5 M	.

Pejcha and Thompson [81] evolved the accretion phase with GR1D code [73]
for several seconds to obtain consistent runs of proto-neutron star mass, radius,
and neutrino luminosity and energy. Based on these trajectories, they estimated
the time-evolution of the critical neutrino luminosity under the assumption of
quasi steady-state evolution. The actual neutrino luminosities never crossed the
critical value so [81] parametrically modified the critical neutrino luminosity and
consistently applied the changes to the progenitor suite of [120]. They estimated
Eexp as a time-integrated power of neutrino-driven wind and MNi as a mass in
volume exposed to sufficiently high temperatures. Their results are qualitatively
similar to other works from parameterized explosions, with [81] showing that the
pattern does not dramatically change with different choices of the parameterization.

Müller et al. [66] constructed a model of accretion phase evolution using
only ordinary differential equations, which heuristically accounts for simultaneous
accretion and outflows. With only little computing time required, [66] applied
the method to over 2000 progenitor models and, similarly to earlier results, they
estimated remnant mass, Eexp, and MNi. For the correlations visualized here, the
results are in qualitative agreement with other works except for relatively small
population of explosions with very small MNi and normal Eexp.

Ebinger et al. [24] presented results of artificial explosions based on the PUSH
method. This setup was initially implemented by Perego et al. [83] and utilizes
a general relativistic hydrodynamics code in spherical symmetry [51] with an
isotropic diffusion source approximation for the transport of electron neutrinos
and antineutrinos. Parameterized explosions are triggered by introducing a heating
term proportional to the luminosity of μ and τ neutrinos, which normally affect
the evolution less than electron neutrinos and antineutrinos. The magnitude of the
heating is scaled by the progenitor compactness. Ebinger et al. [24] provide the basic
explosion predictions for solar-metallicity progenitors, while followup work gives
predictions of detailed nucleosynthesis [21] and for low-metallicity progenitors
[25]. The results of this approach are in broad agreement with other results except
that the “bar-code” pattern in the explodability is not as prominent. However, other
parameters such as Eexp are also not monotonic with the progenitor initial mass.

The predictions of parameterized explosions have been continuously evolving by
including additional physics. Couch et al. [20] added modified mixing length theory
of convection and turbulence to spherically-symmetric hydrodynamical equations
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and studied explodability of 138 solar-metallicity progenitors as a function of the
mixing length parameterization. Similarly to most other works, they find complex
landscape of explosions and failures, and provide predictions of explosion energies
and remnant masses. A similar approach was implemented by Mabanta et al. [56]
using the turbulence model of [55]. The appropriate form of the turbulence model
is still debated [64]. Nakamura et al. [70] performed 2D simulations of neutrino-
driven explosions of [120] progenitors and found that most of them are exploding.
The explosion properties like Eexp, MNi, and neutron star mass correlate with the
compactness.

It is worth noting that many of the parameterized explosion schemes and
explicitly tied to the observed properties of SN1987A and SN1054. SN1987A was a
peculiar explosion from a blue supergiant progenitor, which might have experienced
a merger shortly before the supernova explosion e.g. [19, 84]. Kinetic energy in the
Crab remnant is low, which contrasts with the apparently normal light curve e.g.
[38, 97]. It is unclear how are the theoretical predictions affected by peculiarities
of the calibration source. The observed properties of calibrators are never exactly
matched by the theoretical models and the observations always have a margin
of uncertainty. In a sense, the calibration models serve as a zero-point for the
entire population. If the calibration model properties were vastly different from a
typical progenitor with roughly the same mass, the supernova population would be
discrepant in quantities like total amount of synthesized 56Ni, the results supernovae
would be of too high or too low luminosity when compared to observations, etc. As
we will illustrate below, this does not seem to be the case with the currently available
observations and theoretical predictions. Still, some of these uncertainties might be
absorbed in internal tunable model parameters.

Finally, we emphasize that parameterized models predominantly explore physi-
cal effects that were explicitly included in their construction and that the possibility
of discovering new effects or their combinations is narrower than what is possi-
ble in more-complete multi-dimensional simulations with less prior assumptions.
Nonetheless, one way to declare that features of the most complicated simulation
are fully understood is that it is possible to replicate these results within some kind
of parameterized model.

3 Observational Efforts

Theory predicts discrete islands of successful and failed explosions within a
population of massive stars. A straightforward way to observationally verify these
predictions is to witness a massive star collapsing to a black hole without an
accompanying supernova. This avenue has been pursued with both ground-based
[1, 49] and space-based data [90] and have finally yielded a single candidate [2, 33]
with a mass of ∼25 M	. In a similar spirit, archival pre-explosion images of
supernova positions can be used to infer distribution of progenitor masses of known
supernovae. These observations have suggested an unexpected lack of red supergiant
progenitors with initial masses �17 M	 [49, 95, 96]. Both the disappearing star and
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progenitor non-detections are naturally explained by a lack of explosions in this
mass range seen in parameterized models (Fig. 1). Masses of exploding stars can be
also estimated from the age of the surrounding population, although the precision is
lower than for directly imaged progenitors [5, 8, 45, 115], likely too rough to resolve
the complex landscape of supernova explosions.

Observational studies relying on direct imaging are only feasible in a relatively
small volume with correspondingly low rate of supernova explosions. But super-
novae themselves are visible from great distances and their light could provide
complementary observational evidence. The luminosity, duration, and shape of the
supernova light curve depend on the progenitor envelope mass, size, structure,
and composition, the explosion energy, and the amount of radioactive nuclei and
how they are mixed within the envelope. Hereafter, we narrow the focus on the
relatively common Type II-P supernovae, which are explosions of red supergiant
progenitors with hydrogen envelopes. Type II-P supernovae are useful as theoretical
benchmarks, because the progenitor structure should closely match the result of
evolution of single stars. This does not mean that binary interactions did not occur
in the previous evolution, in fact, a fraction of Type II-P supernovae are possibly the
result of stellar mergers or other mass exchanges in binary stars [125].

Light curves of Type II-P supernova in the first 100 days or so are dominated
by the diffusion of light out of a recombining hydrogen envelope, which leads to
a “plateau” of relatively constant bolometric luminosity. The dramatic change of
opacity at hydrogen ionization implies that the supernova has a relatively well-
defined photosphere, which moves inward in the Lagrangian mass coordinate of
the ejecta. Simple analytical estimates show that the three principle observables—
plateau luminosity, duration, and spectroscopic expansion velocity—are determined
by three intrinsic characteristics—progenitor radius, ejecta mass, and supernova
explosion energy. Therefore, it is tempting to turn the observables into quantities
interesting for the theory of the explosion mechanism e.g. [47, 85, 102].

After the hydrogen envelope fully recombines, the luminosity drops and starts to
closely track energy input from the decay of radioactive elements synthesized in the
explosion. Early on, the most important radioactive chain starts with 56Ni, although
the actual decaying element powering the radioactive tail is its decay product 56Co.
The initial mass of 56Ni is thus the relevant quantity to study. Assuming full trapping
of the radioactive decay products, the normalization of the exponentially decaying
light curve yields an estimate of MNi. The temperatures required for synthesis of
56Ni imply that its formation occurred within few thousand km of the center of the
supernova explosion, which makes MNi a useful probe of the explosion development
and internal structure of the progenitors.

Here, we summarize a subset of efforts to estimate physical parameters out of
Type II-P supernova light curves and spectra. There is a great range of techniques
ranging from simple scaling relations to full radiation hydrodynamical models and
spectrum fitting. Figure 5 shows Eexp as a function of ejecta or progenitor mass.
The two masses should differ by 1–2 M	 for explosions leaving behind a neutron
star. Figure 6 explores the correlation between Eexp and MNi. These figures should
be directly compared with theoretical results in Figs. 2 and 3.



200 O. Pejcha

−1.5

−1.0

−0.5

0.0

0.5

1.0 Hamuy (2003) PP15b & Müller et al. (2017)
Popov (1993)
Litvinova & Nadezhin (1985)

−1.5

−1.0

−0.5

0.0

0.5

1.0 Utrobin & Chugai (2013) Morozova et al. (2018)

−1.5

−1.0

−0.5

0.0

0.5

1.0 Pumo et al. (2017) Eldridge et al. (2019)
unconstrained
constrained

0.5 1.0 1.5
−1.5

−1.0

−0.5

0.0

0.5

1.0 Martinez & Bersten (2019)

0.5 1.0 1.5

Ricks & Dwarkadas (2019)

log(M/M�)

lo
g(

E
ex
p/

10
51

er
gs

)

Fig. 5 Explosion energy Eexp as a function of ejecta mass Mej or progenitor initial mass M , as
inferred from modeling of non-interacting hydrogen-rich (mostly Type II-P) supernova light curves
and expansion velocities. Works based on analytic scaling relations [36, 67, 79] report values for
M , which are related to ejecta mass. Utrobin and Chugai [114], Pumo et al. [87], and Morozova
et al. [63] report ejected envelope mass. Martinez and Bersten [58] report stellar mass just prior to
the explosion. Eldridge et al. [27] report progenitor initial mass. The caveat of Fig. 2 concerning
the uncertain wind mass loss rates affecting the inferences of initial progenitor mass applies here
as well
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Fig. 6 Nickel mass MNi and explosion energy Eexp from modeling of non-interacting hydrogen-
rich (mostly Type II-P) supernovae light curves

The simplest approach to estimating explosion parameters relies on combining
consistently inferred basic properties of the light curves and velocities with analytic
scaling relations.
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• Hamuy [36] used analytic scaling relations of [53] to estimate physical parame-
ters of hydrogen-rich supernovae. He found that these supernovae span a range
of physical parameters, and characterized correlations between ejecta mass, Eexp,
and MNi in the sense that more massive stars produce more energetic explosions
and more 56Ni.

• Pejcha and Prieto [78] constructed a global hierarchical model of multi-band
light curves and expansion velocities and trained it on a sample of nearby well-
observed supernovae. Using the global covariance matrix of the fit, [79] inferred
explosion properties using [53] and [85] scaling relations taking into account all
uncertainties in the model. Müller et al. [67] nearly doubled the sample with the
same method.

A number of groups used radiative hydrodynamics codes to model observed
supernova light curves. In most cases, these are Lagrangian, spherically-symmetric
codes with one group radiation transfer. Often, flux-limited diffusion is utilized to
connect optically-thick and optically-thin regions. Since the number of supernovae
with densely-covered light curves and frequent spectroscopic observations is lim-
ited, the supernova samples often overlap.

• Utrobin and Chugai [114] summarized physical parameters of Type II-P super-
novae from their previous work (e.g. [111–113]) with radiation hydrodynamics
code that solves separately for the temperatures of gas and radiation [109].

• Pumo et al. [87] provided an overview of their previous work (e.g. [40, 98, 103,
104]) using a general-relativistic hydrodynamics code, which solves the first two
moments of the radiative transfer equations [86].

• Martinez and Bersten [58] report fits with a code assuming flux-limited diffusion
and local thermodynamic equilibrium for the gas and radiation [9] for supernovae
with independent progenitor mass estimates from pre-explosion imaging.

• A similar code was developed and made publicly available as SNEC by Morozova
et al. [61], which was followed by fits to light curves by Morozova et al.
[63], also taking into account interactions of the supernova blast wave with the
circumstellar medium in the early parts of the light curves. They also presented
the χ2 surfaces of their fits.

• Eldridge et al. [27] compared their database of supernova light curves calculated
with SNEC and binary population synthesis stellar models [26] to infer explosion
parameters of a sample of well-observed supernovae with pre-explosion progen-
itor detections.

• Ricks and Dwarkadas [91] used MESA stellar evolution code to simulate super-
nova progenitors, explode them, and calculate the resulting optical light curves
with multi-group radiative hydro code STELLA [11, 12, 76, 77]. The dynamical
range of the inferred parameters is more limited than in other works, which is
probably due to relatively small sample size.

Finally, Fig. 7 shows the observed distribution of a subset of neutron star
masses, which should be close to the birth mass. This includes double neutron
star binaries and non-recycled pulsars [75]. The observations should be compared
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Fig. 7 Distribution of
bayronic masses of double
neutron stars and
non-recycled pulsars from
[75]. Each measurement is
approximated with a
Gaussian with a width of the
quoted uncertainty value or
0.03 M	, whichever is larger.
The values were converted
from observed gravitational
masses to baryonic masses
using the equation of [107].
This figure should be
compared with the theoretical
predictions depicted in Fig. 4
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with theoretical results in Fig. 4. A more quantitative comparison with theoretical
models was done by Pejcha et al. [82] and Raithel et al. [88]. The latter work finds
that single-star models have trouble explaining high-mass neutron stars. They also
looked at the distribution of black hole masses.

4 How to Compare Observations with Theory

We see that there is a general qualitative agreement between the theoretical and
observational results for normal hydrogen-rich supernovae: most theories predict
explosion energies of 1050 to 1051 ergs, nickel masses of 0.01 to 0.1 M	, and
baryonic neutron star masses between 1.3 and 1.7 M	, as is observed. This could
be viewed as a success of the theory, but is not entirely unexpected. All models
have some free parameters, which can be tuned to achieve the desired outcome.
An example is relating one of the free theoretical parameters to the progenitor
compactness. To first order, these choices affect more significantly quantities like
population means or medians and less characteristics like correlations between
different explosion outcomes, their slopes, and intrinsic scatters.

Observational inferences are not free from similar biases either. Analytic scaling
relations always include an absolute term, which can be uncertain. As a result, works
based on these relations have a considerable freedom in rescaling all of the physical
quantities by a factor. Relative positions of individual supernovae are affected less.
The uncertainties in fitting based on radiation hydrodynamics are more intricate,
but have led to overestimates of progenitor masses when compared to inferences
from pre-explosion images e.g. [57, 110]. Recent works, however, indicate a better
agreement between the two independent methods [58].

Recently, an additional challenge has been recognized with inferences of explo-
sion parameters from the light curve plateaus of Type II-P supernovae: estimates
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of explosion energy and ejecta mass are nearly degenerate even in radiation
hydrodynamical models. Qualitatively, the degeneracy arises because higher ejecta
mass leads to a longer diffusion time, which can be compensated for with higher
explosion energy. If explosion energy per unit ejecta mass remains nearly constant,
the observed expansion velocity, and the plateau luminosity and duration do not
change much [7]. Nagy et al. [69] found explosion parameter correlations with a
semianalytical code. Pejcha and Prieto [79] argued that analytic scaling relations
point to nearly degenerate inferences of explosion energy and ejecta mass so that
uncertainties in quantities like distance and reddening will manifest as a spread
along a diagonal line in Eexp–Mej plot. They argued that this might be responsible
for the claimed observational correlation between these two quantities. Goldberg
et al. [34] used MESA and STELLA codes to illustrate that additional information
is needed to break the degeneracy between Eexp, Mej, and the progenitor radius
(see especially their Fig. 26). They also argued that spectroscopic velocities secured
during the shock-cooling phase in the first ∼15 days after the explosion could break
the degeneracy. Similar conclusions were independently reached also by Dessart
and Hillier [22] with multi-group radiation transfer code, which models full spectra.

The possibility of breaking the degeneracies with early observations suggested
by Goldberg et al. [34] might not work for all Type II-P supernovae. There has been
growing amount of evidence that some red supergiant progenitors are surrounded
by circumstellar medium very close to the surface, which influences the early part
of the light curve and spectra. The evidence includes modeling of early light curves
[23, 31, 59–63] and “flash spectroscopy” of the progenitor surroundings (e.g. [39,
48, 123]).

Although a significant fraction of the population of stripped-envelope supernovae
(spectroscopic types IIb, Ib, and Ic) likely originates from binary interactions
and their ejecta masses are not representative of the progenitor initial stellar
mass, explosion energies and nickel masses inferred from light curve modeling
can test the explosion theories as well. Recently, [29] applied the parameterized
neutrino mechanism to a population of helium stars of various masses. They found
that the observed value of MNi are noticeably higher than the allowed range
of theoretical predictions. Perhaps additional sources of energy from (magneto)-
rotational processes can provide the necessary boost. It is then tempting to speculate
whether the neutrino mechanism is subdominant even in normal supernovae [99].

The limitations of both theory and observations imply that moving forward with
deeper and more quantitative test of supernova explosion mechanism will require
investigating finer details in the observationally inferred explosion properties. There
are several possibilities to move forward.

The degeneracies in inferring the explosion properties during the plateau can be
put aside by focusing on the later phases dominated by radioactive decay of 56Ni.
This is the approach taken by Müller et al. [67] and Anderson [4]. However, Type II-
P supernovae are faint during the radioactive decay phase and the inferences of MNi
depend on knowing well the explosion date and the distance. Future time-domain
surveys could help with some of these challenges.
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The alternative is to take the degeneracies explicitly into account when making
the inferences and when doing comparisons with the theory. While degeneracies
can be easily quantified with the covariance matrix or by directly exploring the
likelihood space with Markov Chain Monte Carlo techniques, it is less straightfor-
ward how to construct the correct model. The theoretical light and velocity curves
from radiation hydrodynamics never match the observations within the level of their
uncertainties. As a result, the sampling of observations will then bias the inferences.
Furthermore, taking into account circumstellar interaction increases the number
of free parameters, where some of them might be degenerate with the explosion
properties. Some of these issues might be alleviated by introducing a “transfer
function” between the theoretical light and velocity curves and the observed
magnitudes and velocities. This approach requires a sufficiently large training
dataset to constrain the large number of additional parameters. Finally, comparisons
of supernova explosion properties with theory usually implicitly assume that the
observations are representative of the underlying stellar populations. Taking into
account selection effects might yield new tests of the explosion mechanism, for
example, by comparing relative rates of low- and high-MNi events.
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Abstract We highlight the importance of eclipsing double-line binaries in our
understanding on star formation and evolution. We review the recent discoveries
of low-mass and sub-stellar eclipsing binaries belonging to star-forming regions,
open clusters, and globular clusters identified by ground-based surveys and space
missions with high-resolution spectroscopic follow-up. These discoveries provide
benchmark systems with known distances, metallicities, and ages to calibrate
masses and radii predicted by state-of-the-art evolutionary models to a few percent.
We report their density and discuss current limitations on the accuracy of the
physical parameters. We discuss future opportunities and highlight future guidelines
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to fill gaps in age and metallicity to improve further our knowledge of low-mass stars
and brown dwarfs.

1 The Importance of Eclipsing Binaries

1.1 Scientific Context

Low-mass M dwarfs are the most common stars in the Solar neighbourhood and,
more generally, in the Universe, accounting for about 70% of the entire population
of hydrogen-burning stars with masses below 0.6 M	 [1, 2]. Determining their
physical parameters (luminosity, mass, radius) is fundamental to understand stellar
evolution and constrain theoretical isochrones. At lower temperatures, the numbers
of brown dwarfs, objects unable to fuse hydrogen in their interiors [3–5], with
accurate mass and radius measurements remain very limited.

Eclipsing binaries (EBs) are systems with two components lying on the same
plane with respect to the observer transiting each other periodically. They are
fundamental probes of stellar evolution and stellar candles to measure distances
of clusters [6] because the radius and mass of each component can be derived with
high precision from the photometric light-curves and radial velocity monitoring,
respectively [7].

The numbers of EBs has increased dramatically over the past two decades
thanks to the advent of large-scale photometric and spectroscopic surveys as well
as space missions. Following up on the original reviews on fundamental parameters
of stars derived from EBs [8, 9], a catalogue of detached EBs with their main
physical parameters including masses and radii determined to precisions better than
a few percent is constantly updated [10].1 Another public databases with physical
parameters of EBs is the Binary Star Database [11],2 which contains physical
and positional parameters of the components of 120,000 stellar multiple systems
compiled from a variety of published catalogues and databases.

Other unrelated projects contributed, currently supply, and will add to our
knowledge of EBs. As a few example, the OGLE project principally devoted
to microlensing provides huge amount (several hundred thousands) of eclipsing
systems over a wide range of mass and evolutionary states towards the Galactic
Bulge [12].3 The All Sky Automated Survey (ASAS)4 is a low cost project dedicated
to constant photometric monitoring of the full sky to study variable phenomenon
of any kind, including the study of EBs [13]. The Large Sky Area Multi-Object
Fiber Spectroscopic Telescope (LAMOST) is a large Chinese project dedicated to

1The catalogue is maintained at http://www.astro.keele.ac.uk/jkt/debcat/.
2The Binary Star Database can be found at http://bdb.inasan.ru/.
3http://ogle.astrouw.edu.pl/.
4http://www.astrouw.edu.pl/asas/.
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spectroscopy of several millions of stars with spectral classification. This program
has brought several thousands of EBs over a wide range of spectral type [14], with
some masses and radii determined for a few low-mass systems [15]. Other programs
mainly dedicated to the discovery and tracking of minor bodies, such as the Catalina
Sky Survey [16–18]5 or the Asteroid Terrestrial-impact Last Alert System (ATLAS)
project [19]6 do regularly contribute to the discovery of EBs.

This review focuses on low-mass EBs with at least one M dwarf or sub-stellar
companions members of star-forming regions (Sect. 2), open clusters (Sect. 3),
and globular clusters (Sect. 4). We discuss the frequency of EBs in clusters and
the impact of age, metallicity, and stellar variability/activity on their physical
parameters (Sect. 5). This review is timely due to the most recent contribution of the
Kepler K2 mission [20, 21] to our knowledge of low-mass EBs in clusters, whose
masses and radii can directly be confronted to model predictions. The study of EBs
requires huge observing time investment on both photometric and spectroscopic
sides needed to infer masses and radii, as demonstrated by the WIYN cluster survey
[22–24], the Young Exoplanet Transit Initiative (YETI) focusing on young clusters
[25], the Palomar Transient Factory survey [26, 27],7 and the Kepler K2 mission.
We finish this review with a list of requirements and prospects to fill in gaps in the
Hertzsprung-Russell (H-R) diagram (Sect. 6).

1.2 How Masses and Radii Are Determined Observationally

The first attempts to determine the parameters of eclipsing binaries and their
components were done in the end of nineteenth century. Up to late 1960s and 1970s
year a series of method were developed and used on light curves and radial velocity
curves series to subtract and interpolate data from tables of different quantities
(more details in [28] or [29]). The spread of computers fasten the development of
many codes such as EBOP(Eclipsing Binary Orbit Program) [30], SEBM (Standard
Eclipsing Binary Star Model) [31–33], WINK [34–36], LIGHT2 [37, 38], version of
WUMa [39, 40] and others.

In 1971, Wilson and Devinney published the results of their code (hereafter WD)
where they used for the first time the least-squares method to extract the parameters
of light curves [41–44]. This WD code has been regularly upgraded up to now and
could be downloaded from author’s ftp.8 Independently, users created graphical
user interfaces and some minor upgrades. However, the project PHOEBE [45] is
not only GUI for calculations based on WD core, nowadays it has become a more
general code to models both the photometric light curve and radial velocity curves of

5https://catalina.lpl.arizona.edu/.
6https://atlas.fallingstar.com/.
7https://www.ptf.caltech.edu/iptf.
8ftp://ftp.astro.ufl.edu/pub/wilson/.

https://catalina.lpl.arizona.edu/
https://atlas.fallingstar.com/
https://www.ptf.caltech.edu/iptf
ftp://ftp.astro.ufl.edu/pub/wilson/


216 N. Lodieu et al.

eclipsing binaries. The new version of PHOEBE2, which is still under development,9

contains more physics and improved mathematical methods for the solutions of
eclipsing binaries [46–48].

Independent codes like MECI (Method for Eclipsing Component Identifica-
tion) and DEBil (Detached Eclipsing Binary Light curve fitter) [49, 50], EBAS

(Eclipsing Binary Automated Solver) [51, 52], FOTEL [53], JKTEBOP,10 ROCHE

[54], NIGHTFALL,11 BINARY MAKERS (BM) [55] are used in limited numbers of
publications. Two authors of these codes also collect binary stars solutions—David
H. Bradstreet, author of Binary Maker, manages the Catalog and AtLas of Eclipsing
Binaries (CALEB) based only on BM solutions12 and John Southworth the DEBCat
catalogue,13 which contains physical properties of well-studied detached eclipsing
binaries where errors on the mass and radius determinations are mostly below 2%.

From the aforementioned codes, we can estimated the physical parameters of
each component of a multiple system. The main parameters derived from the
analysis of the light curve(s) are orbital period, (possibly) eccentricity, orbital
inclination, relative ratio of the radius of the primary and secondary of the
system considering the separation of the components (top panel in Fig. 1), system
luminosity and photometric mass ratios. However, in some cases photometric mass
ratios might be unreliable in comparison to spectroscopic mass ratios [57, 58].

The light curve solution usually requires photometric data in at least two filters.
The availability of only one passband data means that some of parameters must
be estimated and/or fixed. The effective temperature of primary is inferred from
its spectral type or colour indices. Limb darkening coefficients are interpolated
from tables e.g. [59], gravity brightening and bolometric albedo coefficients are set
according to the expected type of stellar atmospheres. Then, except for the parame-
ters mentioned above, one can determine the surface potentials, the rotational/orbital
synchronicity, and the third light.

The situation improves rapidly when radial velocity measurements are available
for both components (Fig. 1). In this case, it becomes possible to figure out
the spectroscopic mass ratio and distance of the components, which serve as a
scaling factor for the radii of each component. The combination of photometric
and spectroscopic datasets leads to the determination of absolute eclipsing binary
parameters in physical units, including masses, sizes, and luminosities of both
components as well as distance from Earth. In this process, we can also calculate
the atmosphere model and corresponding parameters (see e.g. [60–65]).

Some of aforementioned codes coupling light curve and radial velocity solutions
are also capable to process additional kinds of parameters like timings of minima,
interferometric measurements, and so on.

9http://phoebe-project.org.
10http://www.astro.keele.ac.uk/jkt/codes/jktebop.html.
11https://www.hs.uni-hamburg.de/DE/Ins/Per/Wichmann/Nightfall.html.
12http://caleb.eastern.edu/.
13http://www.astro.keele.ac.uk/jkt/debcat/.

http://phoebe-project.org
http://www.astro.keele.ac.uk/jkt/codes/jktebop.html
https://www.hs.uni-hamburg.de/DE/Ins/Per/Wichmann/Nightfall.html
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http://www.astro.keele.ac.uk/jkt/debcat/
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Fig. 1 Top: Kepler light-curve for USco J16163068−2512201 (= EPIC 203710387) over the full
∼76 days of the K2 campaign two in Upper Scorpius. Bottom: Radial velocity measurements
as a function of phase for the primary (blue symbols) and the secondary (red symbols) of
USco J16163068−2512201. Figure taken from [56]
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2 Review of EBs in Star-Forming Regions

The first low-mass EBs discovered in star-forming regions were identified in
dedicated long-term photometric surveys monitoring the Orion region [66–68],
one of the best studied area in the sky [69–74]. The first pair of eclipsing brown
dwarfs (2MASS0535−05) at an age of about 1 Myr was reported by Stassun et
al. [66] with a period of about 10 days, an eccentric orbit, a significant mass
ratio characterised by complementary high-resolution spectroscopy [67]. Above
the hydrogen-burning limit, there two pairs of low-mass stars reported in the
Orion Nebula Cluster. JW 380 (= 2MASS J05351214−0531388) was identified in
the Monitor project [68] with masses of 0.26 and 0.15 M	 and in a period of 5.3
days. Par 1802 (= 2MASS J05351114−0536512) was identified independently by
several team. It is a pair of M4 twins with a mass of 0.4 M	, a period just under
5 days and non-zero eccentricity. Despite similar masses, both components exhibit
distinct temperatures and luminosities, suggesting that newborn binaries may differ
in the physical properties as a result of their formation [75–77]. In the ONC, we
should add ISOY J0535−0447 announced by Morales-Calderón et al. [78] whose
masses are estimated rather than measured because they fixed the semi-major axis.
The primary is a K0 dwarf with a mass of 0.83 M	 and a temperature of 5150 K
while the secondary is most likely sub-stellar (0.05 M	) but none have independent
radius measurements because the lines are not resolved spectroscopically. These
systems are key to test predictions from the theoretical pre-main-sequence models.

The advent of the K2 mission after the loss of one gyroscope of the Kepler
satellite [20] led to the discovery of a handful of EBs over a wide range of
masses in the nearest OB association to the Sun, Upper Scorpius (USco). USco
is located at 145 pc from the Sun and its age is currently debated in the literature,
ranging between 5 and 10 Myr [79–86] and subject to numerous photometric and
spectroscopic surveys [87–89]. The first one in the M dwarf regime, UScoCTIO 5
(2MASS J15595051−1944374), was selected as a photometric member by Ardila
et al. [90] later resolved as a spectroscopic binary by Reiners et al. [91], and
fully characterised by Kraus et al. [92] combining light curve from the photometry
and high-resolution spectroscopy. A couple of other low-mass M dwarf EBs with
EPIC numbers have been identified in the K2 light curves [56, 86, 93] as well as
the first brown dwarf (RIK72 = 2MASS J16033922−1851297) orbiting a low-mass
dwarf [86]. A few other higher mass EBs have been reported at the age of USco
but are not included in this review because we focus on the lowest mass objects
[86, 93, 94]. Nonetheless, we should emphasise that the EB sequence of USco is
fairly well constrained from high-mass stars down to the sub-stellar regime thanks
to the exquisite light curve delivered by K2 [86].

At very young ages, we should also mention the discovery of the low-mass,
pre-main sequence eclipsing binary, CoRoT 223992193 (= 2MASS J06414422+
0925024), whose secondary lies at the K/M border with a mass just under 0.5 M	
and K dwarf primary with 0.67 M	. This object belongs to the 3–6 Myr-old star-
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forming region NGC 2264 that was monitored continuously for 23.4 days by the
CoRoT mission.

3 Review of EBs in Open Clusters

We can divide the stellar clusters targeted by K2 into two groups: the intermediate-
age clusters (100–200 Myr) whose main reference is the Pleiades with an age of
125±10 Myr [95–100] and the older more evolved open clusters like the Hyades
(625±50 Myr) [101–108] and Praesepe (590–900 Myr) [99, 100, 102, 106, 109–
112]. All these clusters are within 200 pc [113] and have metallicities close to solar
or slightly super-solar [114–116].

In the Pleiades, HII 2407 known as a single-lined EB was identified eclipsing
every 7.05 days [117]. The primary is well characterised with a spectral type of
K1-K3, an effective temperature of 4970±95 K, a mass of 0.81±0.08 M	, and
a radius of 0.77±0.13 R	. The secondary is a low-mass M dwarf, undetected in
high-resolution spectra shortwards of 800 nm, yielding mass and radius estimates
of 0.18 M	 and 0.21 R	, respectively. Another two EBs members of the Pleiades
have been characterised photometrically and spectroscopically: HCG 76 and MHO 9
[118]. Both systems have long orbital periods with masses and radii well determined
from the K2 light curve and multiple radial velocity epochs. Two other higher mass
EBs are presented in [118] as well as a possible member but not discussed in this
review focusing on low-mass dwarfs. Finally, we highlight the possibility of MHO 9
being a hierarchical triple system due to its position above the Pleiades sequence in
the H-R diagram (Fig. 2).

A pair of M dwarfs (2MASS J04463285+1901432) with a short period (∼0.62
days) was reported by Hebb et al. [119] with masses of 0.47±0.05 and 0.19±0.02
M	 in the 150 Myr-old cluster NGC 1647 [120] located at 540 pc from the Sun
[121]. The system is confirmed as a photometric and spectroscopic member with
a radial velocity consistent with the mean value of the cluster. This new low-mass
system represent an important link between the Pleiades and older clusters discussed
below.

Four low-mass EBs have been revealed in the Praesepe cluster. PTFEB132.707+
19.810 was announced by Kraus et al. [122] as a pair of 0.38+0.20 M	 going
around each other every 6 days and independently announced by Gillen et al.
[123] as AD 3814. Another three EBs were included in the sample of low-mass
EBs discussed in [123]. Two of these cluster candidates were classified as Praesepe
members by four of six surveys [124–129], while the fourth one (AD 1508) is only
labelled as member in two of these surveys. AD 2615 is a pair of almost equal-mass
M dwarfs (0.21+0.25 M	) with a period of 11.6 days and no eccentricity. The most
special system, AD 3116, is composed of a M dwarf (∼0.28 M	) and a brown dwarf
with an estimated mass of 0.052 M	. The period of this system is quite short, around
2 days, and this is the only system with an significant eccentricity of 0.142. The last
system, with a doubtful membership, is composed of two low-mass dwarfs close to
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Fig. 2 Mass-radius relation for low-mass and sub-stellar eclipsing binaries in star-forming
regions, open clusters, and globular clusters. The primaries and secondaries are plotted as dots
and squares, respectively. Colour scheme as follows: 1–5 Myr (cyan), 5–10 Myr (blue); 125 Myr
(orange); 600 Myr (red); globular clusters (yellow). The primaries and secondaries of EBs from the
DEBcat database whose accuracies are better than 2% on their masses and radii are displayed as
black and grey symbols. Overplotted with green lines are the BT-Settl isochrones for ages of 1 Myr,
5 Myr, 10 Myr, 120 Myr, 625 Myr, 1 Gyr, and 10 Gyr. We added the 5 Gyr-old low-metallicity
tracks at [M/H] = −2.0 and −1.0 dex as orange and red lines, respectively

the 0.5 M	, limit set in this review, revolving every 1.55 days. For a complete census
of eclipsing systems in the Beehive cluster, we should highlight the seven transiting
exoplanets, including three orbiting members with masses equal or below 0.5 M	
[130]. These four system are unambiguously confirmed as astrometric members of
the Praesepe cluster from the 3D kinematic selection using the second release of
Gaia [100].

In the Hyades, no low-mass EB was disclosed in the K2 light curves. However,
one transiting system member of the Hyades [131, 132] was announced indepen-
dently by David et al. [118] and Mann et al. [133]. The primary, vA 50, has a
Neptune-size planet with an upper limit on its mass of 1.1 Jupiter mass based on
high-resolution spectroscopic radial velocity with an accuracy of around 0.3 km s−1.
This planet is orbiting a M dwarf member of the Hyades with a mass of 0.26 M	 and
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a radius of 0.32 R	 every ∼3.5 days. This object is confirmed as a Gaia astrometric
member located at 4.63 pc from the center of the Hyades cluster in 3D space [134].

4 Review of EBs in Globular Clusters

The globular clusters of our Milky Way are the oldest objects we know of. They are
very massive containing up to a million of individual stars. There are two distinct
populations of globular clusters, namely the classical population in the Galactic
Halo [135] and the one in the Galactic Bulge [136]. The latter is younger (ages
about 10 Gyr) and more metal-rich (−0.7< [Fe/H] <+0.5 dex) than the one in the
Galactic Bulge [137]. The H-R diagram for a typical globular cluster looks very
different than that of an open cluster. There are no main-sequence stars of spectral
types earlier than F, but there are many red giants and other objects of the late
evolutionary phase (for example the horizontal branch) of low-mass stars.

Since the first discovery of different internal populations (of the main-sequence
as well as the giant branches) of stars in globular clusters [138] using the Hubble
Space Telescope, this characteristic was found for almost all known aggregates.
However, there are no unique pattern or correlation with other astrophysical
parameters known so far. The only possible explanation of the observations is a
different (enriched) helium abundance of these internal populations [139]. However,
the evolutionary mechanism behind this enrichment of helium is still unknown.

From an observational point of view, globular clusters are difficult to observe
because they are very dense (up to 100 stars per arcsec2), typically far away (several
kpc) from the Sun, and the low-mass members have apparent magnitudes fainter
than 20th magnitude. In order to resolve most of the cluster areas, large ground-
based telescope and good seeing conditions or satellite measurements are needed.
Especially time-series of radial velocity measurements are almost not available.

In a series of papers, the Clusters Ages Experiment (CASE; [140, 141]) inves-
tigated photometrically and spectroscopically several eclipsing binary systems in
different globular clusters. Most of these systems are so-called blue stragglers which
are more luminous and bluer than stars at the main-sequence turnoff point for their
host cluster [142]. Therefore, these objects are the brightest main-sequence stars
in the cluster and easier to observe. However, these eclipsing binary systems are
peculiar in the sense that normally a significant interaction between the components
took place. For example, there is a scenario in which the primary component is
reborn from a former white dwarf that accreted a new envelope through mass
transfer from its companion. The secondary star has lost most of its envelope while
starting its ascent onto the sub-giant branch. It failed to ignite helium in its core
and is currently powered by an hydrogen-burning shell [140]. The time scales of
the different stages of all these processes are not known. Analysing the individual
components in the mass versus radius diagram (Fig. 1) might help putting further
constraints on the models.
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The estimation of the binary fraction of globular cluster members is severely
influenced by the above described observational constraints. Sollima et al. [143]
investigated the fraction of binary systems in a sample of 13 low-density Galactic
globular clusters using Hubble Space Telescope observations. They analysed the
colour distribution of main-sequence stars to derive the minimum fraction of
binary systems required to reproduce the observed colour-magnitude diagram
morphologies. They found that all the analysed globular clusters contain a minimum
binary fraction larger than 6% within the core radius. However, the estimated
global fractions of binary systems range from 10 to 50% depending on the cluster.
More recently, [144] determined the binary fractions for 35 globular clusters using
different models including a star superposition effect. They derived a binary fraction
of 6.8–10.8% depending on the assumed shape to the binary mass-ratio distribution,
with the best fit occurring for a binary distribution that favours low mass ratios
(and higher binary fractions). Later on, [145] presented a long-time observational
campaign using FLAMES spectra of 968 red giant branch stars located around the
half-light radii in a sample of ten Galactic globular clusters. From these only 21
radial velocity variables were identified as bona-fide binary stars, yielding a binary
fraction of 2.2 ± 0.5%. Finally, [146] found a binary fraction between 3 and 38%
depending on the regions of eight globular clusters. This short overview shows
already the wide range of derived values and the need for a new homogeneous
analysis of all available photometric and spectroscopic data.

The newest version (November 2017) of the variable stars in Galactic globular
clusters catalogue [147] was used to estimate the percentage of eclipsing binary
systems in respect to all known variables. Here, we want to recall that in these
old aggregates, we find mainly pulsating variables, such as Cepheids, Giants,
SX Phoenicis, RR Lyrae, and RV Tauri stars. The pulsational characteristics (i.e.
periods as well as amplitudes) and astrophysical driving mechanism are widely
different [148]. Nevertheless, the amplitudes of these stars are comparable to those
of eclipsing binaries which should not introduce a significant bias in the detection
rate. The mentioned catalogue includes 5604 stars in 151 globular clusters. In
total, 399 eclipsing binaries of all types (excluding field stars) are listed. The
distribution of the apparent magnitudes ranges from 12 to 24 with a peak at 17.5
mag, respectively. To put this number in a broader context, we need an estimate of
the total number of investigated stars per cluster and thus the overall variability ratio.
This number crucially depends on the telescope used, time series characteristics,
and the methods applied to analyse time series. To get a rough estimate of this
number, we use five recent publications. In the following, we list the total number
of observed stars, the included variable stars (known, new, and suspected), and
the eclipsing binaries: 7630/40/1 [149]; 4274/59/0 [150]; 132457/359/30 [151],
31762/47/1 [152]; and 11358/13/1 [153]. The number of detected variables in
globular clusters is only a few percent from which only a maximum of 10% are
eclipsing binaries. Therefore, also in the future the number of known eclipsing
binary systems will not significantly increase. To identify possible eclipsing binary
systems with low-mass companions, available light curves have to be analysed and
the best candidates for spectroscopic follow-up observations selected.



Low-Mass and Sub-stellar Eclipsing Binaries in Stellar Clusters 223

5 Discussion

5.1 Frequency of EBs

Most of the low-mass EBs identified so far in star-forming regions and open clusters
come from the CoRoT and Kepler space missions, except for those members of
Orion. Here in this section we provide a tentative estimate of the frequency of low-
mass EBs in the regions investigated so far to spot any potential trend with age or
environment.

Several studies looked at the fraction of spectroscopic binaries in the M dwarf
regime. The first study f detected variables in globular clusters is only a few percent
from which only a maximum of 10% are eclipsing binaries. Therefore, also in the
future the number of known eclipsing binary systems will not significantly increase.
To identify possible eclipsing binary systems with low-mass companions, available
light curves have to be analysed and the best candidates for spectroscopic follow-up
observations selected.

of M dwarf multiples revealed about 1.8±1.8% of spectroscopic binaries
(0.04−0.4 au) for a small sample of a few tens of low-mass stars [154]. The
CARMENES team identified nine double-line spectroscopic binaries with periods
in the 1.13−8000 days interval among their sample of 342 M dwarfs, yielding
a multiplicity of 2.6% [155]. The search for spectroscopic binaries in the Sloan
database returned 3−4% of multiple systems with separations less than 0.4 au with
a possible towards the hottest M dwarfs [156]. At later spectral types, the frequency
of spectroscopic binaries among late-M dwarf (M5−M8) binaries is around 11%
for separations in the 0−6 au range [157], while an independent survey of 58
M8−L6 dwarfs yielded a 0.9−11.1% multiplicity at separations closer than 1 au
[158]. Lastly, we should mention the statistical occurrence of M dwarf systems in
the Kepler field of view of 7−13% based on the fractional incidence of low-mass
eclipsing binaries [159].

While the Kepler mission monitored a single field towards the Cygnus constella-
tion, the K2 mission targeted star-forming regions and open clusters in the ecliptic
for periods of approximately consecutive 80 days, corresponding to semi-major axis
less than a = 0.36 au. However, if we assume that a minimum of two transits are
necessary to identify any eclipsing binaries with high confidence, searches in K2
would be sensitive to periods less than about 50 days, i.e. a ≤ 0.25 au (Fig. 3).

The census of low-mass EBs in Upper Scorpius, the Pleiades, Praesepe,
NGC 2264, and Ruprecht 147 is 6, 2, 5, 1, and 2, respectively. These numbers
represent lower limits for several reasons intrinsic to the search for eclipsing
systems: incompleteness of the samples, inhomogeneous quality of the light-curves
depending on the brightness of the targets, lack of sensitivity to large mass ratios,
etc. The rotation properties of M dwarf members of Upper Scorpius, the Pleiades,
and Praesepe have been investigated in great details [160–163] thanks to K2. Using
a crude selection of potential M dwarfs with effective temperature below 3800 K
and V − Ks colours redder than 3.8 mag, we identified 867, 566, 619 low-mass
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Fig. 3 The mass-period and radius-period diagrams of low-mass EBs: the primaries and secon-
daries are plotted as dots and squares, respectively. Colour scheme as follows: 1–5 Myr (cyan),
5–10 Myr (blue); 125 Myr (orange); 600 Myr (red), globular clusters (yellow), field EBs from the
DEBcat database (black+grey)



Low-Mass and Sub-stellar Eclipsing Binaries in Stellar Clusters 225

members in Upper Scorpius, the Pleiades, Praesepe, respectively. We derived a
frequency of EBs with semi-major axis less than ∼0.25 au of 0.64%, 0.35%, and
0.8% in these three regions. We estimate uncertainties up to 50% because of the
low number statistics of published EBs, the rough photometric selection of M dwarf
members, and the level of contamination of ground-based surveys before the advent
of Gaia. Overall, we can argue that the frequency of EBs in clusters is below 1% for
separations less than 0.25 au with no significant variation with age or environment.
We also show the mass-semi-major axis and mass-eccentricity diagrams for cluster
EBs in Fig. 4.

Finally, we should mention that only one brown dwarf pair is known eclipsing
[66, 164], making any estimate of the frequency of sub-stellar EBs in young regions
unreliable statistically. However, these types of systems should be rare although we
cannot discard observational biases due to their intrinsic faintness and the lack of
long-term monitoring sensitive to the sub-stellar population in star-forming regions
and open clusters.

5.2 The Impact of Age on Mass and Radius

Figure 2 clearly shows that age has a strong impact on the radius of M dwarfs
younger than ∼500 Myr: the younger the M dwarf, the larger is its radius, as
predicted by evolutionary models [165–167]. At a given mass, the radius of a
Pleiades M dwarf at 120 Myr is about 10% larger than the radius of a Praesepe or a
Hyades member (600−700 Myr), which is comparable to the ones of older field stars
(ages > 1 Gyr). We do not see any difference at ages older than 500 Myr for low-
mass M dwarfs in the H-R diagram. Models do predict differences in the sub-stellar
regime but only one brown dwarf with an age larger than 500 Myr has been reported
in Praesepe. The difference is small going from 600 to 120 Myr but significant
moving towards much younger ages: the radius of a 0.25 M	 is approximately 3
and 5 times larger at 5−10 and ∼3 Myr, respectively. We observe a clear difference
in radii of M dwarf members of Upper Scorpius (5−10 Myr; blue symbols) with
those in Orion (<3 Myr; cyan) compared to those of the Pleiades (125 Myr; orange
symbols). We note that one EB system identified in NGC2264 [168] confirms that
the age of the cluster lies between the age of Orion and Upper Scorpius based on
its location in the H-R diagram displayed in Fig. 2. We also remark that the system
found in NGC 1647 [119] whose age is constrained to 150±10 Myr lies slightly
above the evolutionary model at 120 Myr (Pleiades-like age), suggesting that a
revision of the age of NGC 1647 (and possibly its distance checking the parallaxes
of Gaia DR2) might be needed.

We also investigated the dispersion of the 11 eclipsing brown dwarfs (purple dots
in Fig. 2) revealed by several missions and ground-based surveys. This dispersion
might be the consequence of tides from the primary star yielding engulfment of
the companions, magnetic activity, presence of cold spots on the surface of the
brown dwarf, irradiation from the host star, and/or metallicity. The puzzle remains,
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Fig. 4 The mass-semi-major axis and mass-eccentricity diagrams of low-mass EBs in star-
forming regions and clusters. The primaries and secondaries are plotted as dots and squares,
respectively. Colour scheme as follows: 1–5 Myr (cyan), 5–10 Myr (blue); 125 Myr (orange);
600 Myr (red), globular clusters (yellow), field EBs from the DEBcat database (black+grey)
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however, under debate. Because of the improved knowledge on the impact of the age
on the radius of M dwarfs and brown dwarfs gathered over the past years mainly
thanks to Kepler K2, we collected information on the ages of the primary stars
from the discovery papers to compare the values with the inferred from the latest
BT-Settl isochrones [167]. We considered the effect of age in this review keeping in
mind current uncertainties on the mass determinations of the sub-stellar companions
arising from the uncertainties on the mass of the primary and the grazing transits of
some of the examples.

First of all, we note that two of these brown dwarfs orbit a M dwarf primary.
Based on the above discussion, we can argue that the ages of these M dwarfs are
older than 100 Myr although any older age is possible when taking into account the
uncertainties on their masses and radii. Comparing the positions of the eclipsing
brown dwarfs to the latest BT-Settl isochrones, we divided the sample into several
groups. Two systems (KOI-415 and LHS 6343) appear very old, older than the
others due to their small radii, consistent with the analysis of the discovery papers.
We note again the low metallicity of KOI-415 ([Fe/H] = −0.24 dex) suggesting
an old age. Another three systems (WASP-30, KOI-189, KOI-205) appear old,
with ages around 1 Gyr or older [169–171]. The positions of CoRoT-15b and
CoRoT-33b in the H-R diagram fit well the 300 Myr-old isochrone. However,
we caution this point because the masses of the secondaries are ill-defined due
to the intrinsic faintness of CoRoT-15 (V ∼ 16 mag) and the grazing eclipse of
CoRoT-33b [172, 173]. Nonetheless, those two systems appear as intermediate
age-wise between the aforementioned systems and the (possibly) youngest ones
described below. The last group of brown dwarfs exhibit inflated radii with respect
to their siblings, the most extreme one being Kepler-39b [174]. Its age remains
controversial depending on the method used for its determination: fit to the spectrum
of the solar-type primary suggests 1.0−2.9 Gyr while the gyrochronology age infers
0.4−1.6 Gyr [175]. The brown dwarf is best fit by isochrones with ages between
50 and 120 Myr. The masses and radii of the brown dwarfs in the other systems
(NLTT 41135, KELT-1b, and CoRoT-3b) are best fit by isochrones with ages
bracketed by the Pleiades and Hyades isochrones [174, 176, 177]. We emphasise that
three of the solar-type primaries appear over-luminous compared to the others and
the BT-Settl isochrones. Overall, in spite of the current uncertainties on the masses
and radii of the sub-stellar secondaries, we cannot discard age to have a significant
effect on their radii due to the dependence of physical properties of brown dwarfs
with gravity [178–182]. The revision of the distances of the host stars with the Gaia

parallaxes should revise some of these discrepancies and decrease current error bars.

5.3 The Impact of Metallicity on Mass and Radius

It is widely established that the fraction of stars hosting planets is larger with higher
metallicity. The average metallicity of a volume-limited sample of stars with planets
that have been specifically searched for planets peaks at [Fe/H] ∼+0.1 [183, 184].
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The frequency of metal-poor stars with planets is of the order of 5% or less,
while more than 30% of metal-rich stars (≥+0.25 dex) host planets. Moreover,
there might be a trend towards low-mass planets with short periods orbiting low
metallicity stars [185, 186].

We should compare the different frequencies and see whether metallicity has an
impact [187].

The spectra of M dwarfs start to be affected by the dearth of metals at optical
and near-infrared wavelengths for metallicities below [Fe/H] ∼−0.5 dex [188–191],
trend extending towards at temperatures below 2500 K [192, 193]. The impact of
metallicity on the sample of low-mass EBs in star-forming regions and open clusters
is hard to disentangle from the effect of age because all regions have a metallicity
equal or close to solar within 0.2 dex.

We also looked at the possible impact of metallicity on the dispersion of eclipsing
brown dwarfs in the H-R diagram (Fig. 2). Among this sample, only two stars stand
out due to their metallicity: CoRoT-33 a G9V with [Fe/H] = +0.44±0.10 dex [173]
and KOI-415 a G0IV metal-poor solar-type analogue with [Fe/H] = −0.24±0.10 dex
[194]. The latter is not so different from the bulk of stars with eclipsing sub-stellar
companions because the difference in metallicity is less 0.2 dex but we note that its
orbit is eccentric and its radius among the two lowest. CoRoT-33 is classified as a
old star with an age greater than 4.6 Gyr based on a serie of indicators [173]. The
radius of the brown dwarf is 40% larger than KOI-415 for an almost identical mass
(59 MJup vs. 62 MJup). Based on this comparison, we conclude that metallicity may
indeed play a role in the properties of sub-stellar objects, in line with the spectral
differences seen in L and T subdwarfs [192, 193].

5.4 The Role of Stellar Activity and Activity Cycles

The 11 year-long activity cycle on the Sun is known for a long time. The first long-
term brightness changes which were interpreted as starspot cycles for M-type stars
were reported by Phillips and Hartmann [195]. Chromospheric activity of F- to M-
type stars can be studied using long-term Ca H&K data, for example from the Mount
Wilson survey [196]. Those observations show cyclic variations yielding relations
between the rotational period, the length of the activity cycle, and other stellar
properties. Most important, faster rotating stars have shorter activity cycles [197],
which can be explained by the classical dynamo theory. The square of the ratio of
the cycle length and the rotational period can be used as a quantity to parametrise
activity cycles.

In many active stars the starspots are so large that they cause brightness variations
which can be few tens of percent from the mean light level [198], thus making
them easily observable. The observed cycle lengths seem to converge with stellar
age from a maximum dispersion around the Pleiades’ age towards the solar cycle
value at the Sun’s age [199], and that the overall short- and long-term photometric
variability increases with inverse Rossby number. The cycles of active stars are often
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not as regular and cyclic as their more quiet counterparts. Many active stars exhibit
multiple cycle lengths simultaneously and cycle lengths in active stars are also often
variable [200]. Most intriguing is the so-called flip-flop phenomenon where the
activity concentrates on two permanent active longitudes, and flips between the two
every few years [201].

The phenomenon are also important for the interpretation of light curves for
eclipsing binary systems. The chromospherically active components of 180 low-
mass pre-main sequence stars and chromospherically active binary systems have
been looked at by Parihar et al. [202] and Eker et al. [203], respectively. The light
curves of such systems are complicated to interpret if one or even two components
show spots on different time scales and with different intensities. The effects of
starspots on the light curves of eclipsing binaries, and, in particular, how they
may affect the accurate measurement of eclipse timings have been investigated
by Watson and Dhillon [204]. For systems containing a low-mass main-sequence
star and a white dwarf, the times of primary eclipse ingress and egress can be
altered by several seconds (larger effect for lower inclinations) for typical binary
parameters and star-spot depressions. These effects cause a jitter in the residuals
of O−C diagrams, which can also result in the false detection of spurious orbital
period changes.

A nice example of how to model a light curve taking account of all the above
mentioned effects is presented by Czesla et al. [205], who investigated the short-
period (2.17 d) eclipsing binary CoRoT 105895502. They found a starspot with a
period of about 40 days which remains quasi-stationary in the binary frame, and one
starspot showing prograde motion at a rate of 2.3 degree per day, whose lifetime
exceeds the duration of the observation (145 days). Only with eclipsing binary
systems it is possible to study the complex correlations between chromospheric
activity, spot cycles, and the astrophysical parameters in more details.

5.5 Flares in M Dwarfs

Flares are mostly rapid transients lasting of the order of minutes or dozens of
minutes, which are observable in different regions of the electromagnetic spectrum,
from the ultra-violet to the X-ray domains. They are often observed on M dwarfs
because they ideally fulfill the necessary conditions. Firstly, they are low mass stars
with magnetic fields that remain active for a substantial part of their lives, and,
secondly, the large difference between hot flaring regions and the cool photosphere
give a higher chance of magnetic field generation. The energy of flares on M dwarfs
can reach 1028–1029 W. For example, on 2014 April 23, the SWIFT satellite detected
a super-flare from the nearby young M-type binary DG CVn with the radiated energy
about 4–9×1028 W of energy in the 0.3–10 keV X-ray bandpass. This is about
10,000 times stronger than the most powerful solar flare on record [206]. The current
available large surveys like ASAS-SN, Next Generation Transient Survey (NGTS),
Kepler/K2, and TESS provide excellent photometric data to study the occurrence and
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Fig. 5 Mass-radius diagram for low-mass stars, including all measurements for double-lined
eclipsing binaries (SB2; filled symbols) as well as determinations for single-lined eclipsing systems
(SB1) and single stars (open symbols). Solar-metallicity Dartmouth isochrones are shown for
comparison, for ages ranging from 1 to 13 Gyr (grey band) [219]

frequency of flares on M dwarfs (e.g. [207–213]). Furthermore, selected M dwarfs
with observed flares were also monitored spectroscopically [214] to determine their
ages and study the influence of the flare on the presence of possible exoplanets
orbiting M dwarfs.

It was proposed that flares together with dark magnetic spots are responsible for
the difference between the observed radii of M dwarfs and predicted theoretical
values from evolutionary models. This discrepancy could be 5–10% or even more,
depending on the model. Up to the beginning of the twenty-first century, only a
few low-mass binary systems with M dwarf companions had measured radii with
sufficient accuracy for modelling: CM Dra [215], YY Gem [216], CU Cnc [217],
and GU Boo [218]. The situation in 2013 is reviewed in [219], see citations therein
and Fig. 5). New solutions using more accurate photometric and spectroscopic
observations as well as improved models decreased the discrepancy up to 2–3%
for CM Dra [220]. The remaining difference could be caused by uncertain He
abundance, for example. The calculation made for CM Dra showed that increasing
the He abundance by 7% solves the remaining discrepancy in radii [220].
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6 Future Prospects for EBs in Clusters

The numbers of photometric light curves and transiting systems available in star-
forming regions and open clusters has been overwhelming thanks to the CoRoT
mission and the (unexpected) advent of the K2 mission focusing on the ecliptic. The
future looks very bright too, with the 2-year Transiting Exoplanet Survey Satellite
(TESS) mission [221]14 currently in space that will fully cover both the southern
and northern hemispheres with a cadence of 30 min. The PLAnetary Transits and
Oscillations of stars (PLATO) mission [222]15 is planned for a launch in 2026
aiming at targeting one million stars with two major objectives: the discovery of
transiting Earth-like planets in the habitable zone of their host star and the study of
stellar oscillations. However, TESS and PLATO might not contribute too much to
the study of low-mass M dwarf members of star-forming regions and open clusters
because they tend to avoid the ecliptic due to confusion issues and will focus on
stars brighter than K2. We encourage the PLATO community to design a specific
program focusing on a few clusters bracketing a large age range for several days to
further constrain planetary and stellar evolutionary models.

The Young Exoplanet Transit Initiative (YETI) is an independent large ground-
based involving multi-site telescopes and instruments designed to focus on nearby
young regions to look for planetary transits [25]. Only one transiting planetary
candidate (CVSO 30) has been identified but not yet unambiguously confirmed so
far [223]. As a spin-off result, a few EBs have been discovered in several clusters,
including the NGC 7243 (∼250 Myr; ∼700 pc) and Trumpler 37 (4 Myr; 840 pc)
clusters [224, 225]. The main difficulties of ground-based photometric surveys lies
in the length of the nights (8 h vs. 24 h for space missions) with weather dependent
conditions, the limited numbers of dedicated nights (a few per week/month vs. 27/80
days for TESS/K2), and the low precision of single measurements (at best a few
mmag vs. less than 1 mmag from space for the same brightness). As a consequence,
transiting exoplanets are tough to identify in active young stars but low-mass EBs
should be easier to spot even for masses below 0.6 M	.

In Fig. 2, we can clearly see a gap in age between 10 and 120 Myr. We highlight
some dedicated programs to fill up that gap to investigate the evolution of masses
and radii with age and constrain state-of-the-art isochrones.

• First, we should focus on the nearest (<200 pc) open clusters in this age range.
The options are limited, resulting only a few regions: IC 2391 [96], IC 2602
[226], IC 4665 [227], α Persei [228] and NGC 2451 [229] for which Gaia will
provide soon revised membership lists with accurate kinematics. One of the
main issue though is the extension of these clusters in the sky, typically larger
than most optical and infrared detectors. To reach the low-mass M dwarfs in
those regions, the infrared camera VIRCAM on the VISTA telescope [230, 231]

14https://heasarc.gsfc.nasa.gov/docs/tess/.
15http://sci.esa.int/plato/.

https://heasarc.gsfc.nasa.gov/docs/tess/
http://sci.esa.int/plato/


232 N. Lodieu et al.

might be the best option is the photometric accuracy can be guaranteed over
several nights or weeks to look for dipping events of a few tens of magnitudes
in the lowest mass members. Another alternative consists in dedicated a month
of observing time with the most sensitive cameras of planet-hunter surveys
with a preference to the ones most sensitive to far-red (≥ 750 nm) and infrared
wavelengths (1−2µm) like the Next-Generation Transit Survey (NGTS; [232]),
the TRAnsiting Planets and PlanetesImals Small Telescope (TRAPPIST; [233]),
or the Search for habitable Planets EClipsing ULtra-cOOl Stars (SPECULOOS;
[234]) rather than in the visible such as Trans-atlantic Exoplanet Survey (Tr-ES;
[235]), Hungarian Automated Telescope Network (HATNet; [236]), the Wide
Angle Search for Planets (WASP) North and South [237], the XO telescope
[238], the Kilodegree Extremely Little Telescope (KELT; [239]).

• Secondly, members of young nearby moving groups younger than the Pleiades
might represent ideal targets to look for exoplanets and EBs because they share
the same age and metallicity[84, 179, 240–242]. Several moving groups and
associations have been identified in the Solar neighbourhood (Ursa Major, TW
Hya, β Pic, AB Doradus, η Chamaeleon, ε Chamaeleon, Tucana-Horologium)
and hundreds of their members confirmed spectroscopically [241]. The main
advantage is the closest distances of these members whose kinematics will be
refined soon thanks to the releases of the Gaia astrometric datasets. One of the
main drawback, as for all young stars, is the unknown levels of activity that might
mimic the presence of planets. However, the large amplitude and RV modulation
of low-mass EBs should be less affected to the intrinsic stellar activity.

• A third option is to search for low-mass companions of B- and A-type stars using
X-ray data [243]. Known EBs can be located in a colour-magnitude diagram
using Gaia data. Systems close to the zero-age-main-sequence can be easily
identified because the contribution of a possible low-mass companion to the
combined colour and absolute magnitude is negligible. The next steps consists in
identifying those systems in the public X-ray catalogues such as Chandra [244],
ROSAT [245], and XMM-Newton [246]. Normally, more massive stars have only
weak X-ray fluxes compared to their low-mass counterparts [247]. From their
spectrum and the amount of flux in X-rays, a first estimation of the astrophysical
parameters of the companions can be done [248] to select systems for further
spectroscopic studies.
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J.F. Kielkopf, J.L. Marshall, R. Pogge, K.Z. Stanek, R.P. Stefanik, A.H. Szentgyorgyi,
M. Trueblood, P. Trueblood, A.M. Stutz, J.L. van Saders, Astrophys. J. 761, 123 (2012).
https://doi.org/10.1088/0004-637X/761/2/123

175. E.E. Mamajek, L.A. Hillenbrand, Astrophys. J. 687, 1264 (2008). https://doi.org/10.1086/
591785

176. J. Irwin, L. Buchhave, Z.K. Berta, D. Charbonneau, D.W. Latham, C.J. Burke, G.A. Esquerdo,
M.E. Everett, M.J. Holman, P. Nutzman, P. Berlind, M.L. Calkins, E.E. Falco, J.N. Winn, J.A.
Johnson, J.Z. Gazak, Astrophys. J. 718, 1353 (2010). https://doi.org/10.1088/0004-637X/718/
2/1353

177. M. Deleuil, H.J. Deeg, R. Alonso, F. Bouchy, D. Rouan, M. Auvergne, A. Baglin, S. Aigrain,
J.M. Almenara, M. Barbieri, P. Barge, H. Bruntt, P. Bordé, A. Collier Cameron, S. Csizmadia,
R. de La Reza, R. Dvorak, A. Erikson, M. Fridlund, D. Gandolfi, M. Gillon, E. Guenther,
T. Guillot, A. Hatzes, G. Hébrard, L. Jorda, H. Lammer, A. Léger, A. Llebaria, B. Loeillet,
M. Mayor, T. Mazeh, C. Moutou, M. Ollivier, M. Pätzold, F. Pont, D. Queloz, H. Rauer,
J. Schneider, A. Shporer, G. Wuchterl, S. Zucker, Astron. Astrophys. 491, 889 (2008). https://
doi.org/10.1051/0004-6361:200810625

178. N.I. Gorlova, M.R. Meyer, G.H. Rieke, J. Liebert, Astrophys. J. 593, 1074 (2003)
179. J. Gagné, D. Lafrenière, R. Doyon, L. Malo, É. Artigau, Astrophys. J. 783, 121 (2014). https://

doi.org/10.1088/0004-637X/783/2/121
180. J.C. Filippazzo, E.L. Rice, J. Faherty, K.L. Cruz, M.M. Van Gordon, D.L. Looper, Astrophys.

J. 810, 158 (2015). https://doi.org/10.1088/0004-637X/810/2/158
181. E.C. Martin, G.N. Mace, I.S. McLean, S.E. Logsdon, E.L. Rice, J.D. Kirkpatrick, A.J.

Burgasser, M.R. McGovern, L. Prato, Surface Gravities for 228 M, L, and T Dwarfs in the
NIRSPEC Brown Dwarf Spectroscopic Survey. Astrophys. J. 838(1), 73 (2017). https://doi.
org/10.3847/1538-4357/aa6338

182. N. Lodieu, M.R. Zapatero Osorio, V.J.S. Béjar, K. Peña Ramírez, Mon. Not. R. Astron. Soc.
473, 2020 (2018). https://doi.org/10.1093/MonthlyNoticesoftheRoyalAstronomicalSociety/
stx2279

183. N.C. Santos, G. Israelian, M. Mayor, J.P. Bento, P.C. Almeida, S.G. Sousa, A. Ecuvillon,
Astron. Astrophys. 437, 1127 (2005). https://doi.org/10.1051/0004-6361:20052895

184. J.C. Bond, C.G. Tinney, R.P. Butler, H.R.A. Jones, G.W. Marcy, A.J. Penny, B.D. Carter,
Mon. Not. R. Astron. Soc. 370, 163 (2006). https://doi.org/10.1111/j.1365-2966.2006.10459.
x

185. N.C. Santos, G. Israelian, M. Mayor, R. Rebolo, S. Udry, Astron. Astrophys. 398, 363 (2003).
https://doi.org/10.1051/0004-6361:20021637

186. R. Pinotti, L. Arany-Prado, W. Lyra, G.F. Porto de Mello, Mon. Not. R. Astron. Soc. 364, 29
(2005). https://doi.org/10.1111/j.1365-2966.2005.09491.x

187. K. El-Badry, H.W. Rix, Mon. Not. R. Astron. Soc. 482, L139 (2019). https://doi.org/10.1093/
MonthlyNoticesoftheRoyalAstronomicalSocietyl/sly206

188. J.E. Gizis, I.N. Reid, Astron. J. 117, 508 (1999)
189. S. Lépine, R.M. Rich, M.M. Shara, Astrophys. J. 669, 1235 (2007). https://doi.org/10.1086/

521614

https://doi.org/10.1051/0004-6361/201015276
https://doi.org/10.1051/0004-6361/201526763
https://doi.org/10.1088/0004-637X/761/2/123
https://doi.org/10.1086/591785
https://doi.org/10.1086/591785
https://doi.org/10.1088/0004-637X/718/2/1353
https://doi.org/10.1088/0004-637X/718/2/1353
https://doi.org/10.1051/0004-6361:200810625
https://doi.org/10.1051/0004-6361:200810625
https://doi.org/10.1088/0004-637X/783/2/121
https://doi.org/10.1088/0004-637X/783/2/121
https://doi.org/10.1088/0004-637X/810/2/158
https://doi.org/10.3847/1538-4357/aa6338
https://doi.org/10.3847/1538-4357/aa6338
https://doi.org/10.1093/{Monthly Notices of the Royal Astronomical Society}/stx2279
https://doi.org/10.1093/{Monthly Notices of the Royal Astronomical Society}/stx2279
https://doi.org/10.1051/0004-6361:20052895
https://doi.org/10.1111/j.1365-2966.2006.10459.x
https://doi.org/10.1111/j.1365-2966.2006.10459.x
https://doi.org/10.1051/0004-6361:20021637
https://doi.org/10.1111/j.1365-2966.2005.09491.x
https://doi.org/10.1093/{Monthly Notices of the Royal Astronomical Society}l/sly206
https://doi.org/10.1093/{Monthly Notices of the Royal Astronomical Society}l/sly206
https://doi.org/10.1086/521614
https://doi.org/10.1086/521614


Low-Mass and Sub-stellar Eclipsing Binaries in Stellar Clusters 241

190. A.J. Burgasser, K.L. Cruz, J.D. Kirkpatrick, Astrophys. J. 657, 494 (2007). https://doi.org/10.
1086/510148

191. W.C. Jao, T.J. Henry, T.D. Beaulieu, J.P. Subasavage, Astron. J. 136, 840 (2008). https://doi.
org/10.1088/0004-6256/136/2/840

192. J.D. Kirkpatrick, K. Kellogg, A.C. Schneider, S. Fajardo-Acosta, M.C. Cushing, J. Greco,
G.N. Mace, C.R. Gelino, E.L. Wright, P.R.M. Eisenhardt, D. Stern, J.K. Faherty, S.S.
Sheppard, G.B. Lansbury, S.E. Logsdon, E.C. Martin, I.S. McLean, S.D. Schurr, R.M. Cutri,
T. Conrow, Astrophys. J. Suppl. Ser. 224, 36 (2016). https://doi.org/10.3847/0067-0049/224/
2/36

193. Z.H. Zhang, D.J. Pinfield, M.C. Gálvez-Ortiz, B. Burningham, N. Lodieu, F. Marocco,
A.J. Burgasser, A.C. Day-Jones, F. Allard, H.R.A. Jones, D. Homeier, J. Gomes,
R.L. Smart, Mon. Not. R. Astron. Soc. 464, 3040 (2017). https://doi.org/10.1093/
MonthlyNoticesoftheRoyalAstronomicalSociety/stw2438

194. C. Moutou, A.S. Bonomo, G. Bruno, G. Montagnier, F. Bouchy, J.M. Almenara, S.C.C.
Barros, M. Deleuil, R.F. Díaz, G. Hébrard, A. Santerne, Astron. Astrophys. 558, L6 (2013).
https://doi.org/10.1051/0004-6361/201322201

195. M.J. Phillips, L. Hartmann, Astrophys. J. 224, 182 (1978). https://doi.org/10.1086/156363
196. O.C. Wilson, Astrophys. J. 226, 379 (1978). https://doi.org/10.1086/156618
197. S.L. Baliunas, E. Nesme-Ribes, D. Sokoloff, W.H. Soon, Astrophys. J. 460, 848 (1996).

https://doi.org/10.1086/177014
198. G.W. Lockwood, B.A. Skiff, G.W. Henry, S. Henry, R.R. Radick, S.L. Baliunas, R.A.

Donahue, W. Soon, Astrophys. J. Suppl. Ser. 171, 260 (2007). https://doi.org/10.1086/516752
199. S. Messina, E.F. Guinan, Astron. Astrophys. 393, 225 (2002). https://doi.org/10.1051/0004-

6361:20021000
200. K. Oláh, Z. Kolláth, T. Granzer, K.G. Strassmeier, A.F. Lanza, S. Järvinen, H. Korhonen, S.L.

Baliunas, W. Soon, S. Messina, G. Cutispoto, Astron. Astrophys. 501, 703 (2009). https://doi.
org/10.1051/0004-6361/200811304

201. L. Jetsu, J. Pelt, I. Tuominen, Astron. Astrophys. 278, 449 (1993)
202. P. Parihar, S. Messina, P. Bama, B.J. Medhi, S. Muneer, C. Velu, A. Ahmad, Mon. Not. R.

Astron. Soc. 395, 593 (2009). https://doi.org/10.1111/j.1365-2966.2009.14422.x
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Abstract Globular clusters (GCs) are compact, gravitationally bound systems of
up to ∼1 million stars. The GCs in the Milky Way contain some of the oldest
stars known, and provide important clues to the early formation and continuing
evolution of our Galaxy. More generally, GCs are associated with galaxies of all
types and masses, from low-mass dwarf galaxies to the most massive early-type
galaxies which lie in the centres of massive galaxy clusters. GC systems show
several properties which connect tightly with properties of their host galaxies. For
example, the total mass of GCs in a system scales linearly with the dark matter
halo mass of its host galaxy. Numerical simulations are at the point of being able
to resolve globular cluster formation within a cosmological framework. Therefore,
GCs link a range of scales, from the physics of star formation in turbulent gas clouds,
to the large-scale properties of galaxies and their dark matter. In this chapter we
review some of the basic observational approaches for GC systems, some of their
key observational properties, and describe how GCs provide important clues to the
formation of their parent galaxies.

1 Introduction

Understanding how galaxies form and evolve are major challenges in astrophysics.
We presently do not have a definitive model for how nearby galaxies attain
the morphologies we see, or understand fully how galaxies evolve as we look
back in redshift. However, astronomers have a reasonable picture of some of the
fundamental aspects of these processes. A large part of the observational and
theoretical effort in understanding galaxy formation has focused on the stellar
and gas content of the main components of galaxies.1 In the case of early-type
galaxies (e.g., elliptical galaxies; hereafter “ETGs”) this corresponds primarily to
the smoothly distributed stellar body. In the case of late-type galaxies, such as the
Milky Way, these components may include a stellar and gaseous disk, and perhaps
a stellar bar and bulge. However, an important additional component of galaxies is
their globular cluster (GC) systems. While they may only account for <0.1% of
the total stars in a galaxy [1], GCs play an out-sized role in tackling several key
problems in galaxy formation.

In this chapter, some of the key properties of GC systems will be discussed, with
a particular focus on their link to the formation and evolution of their host galaxies.
A number of excellent reviews on GCs and GC systems exist in the literature. For
the specific case of the chemical properties of Milky Way GCs see [2] and [3].
For a review on extragalactic GC systems see [4] and [1]. Forbes et al. [5] discuss
some outstanding issues in GC formation and evolution. The literature focusing
specifically on galaxy formation is vast and it is not possible to go into details

1This is often called the “baryonic” component, since stars and gas are composed of protons
and neutrons which are baryons (three quarks). The poor old electrons—which are leptons—are
ignored in this terminology!
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here. Silk et al. [6] discuss some of the general issues in galaxy formation, while
[7] focuses on the kinematics of galaxies. See [8] for details on star formation
in galaxies along the Hubble sequence. Renzini [9] discusses the formation and
evolution of massive ETGs. Bland-Hawthorn and Gerhard [10] go into details for
the specific case of the Milky Way, while [11] discuss outstanding issues in galaxy
formation from a theoretical point of view. A review of dwarf galaxies can be found
in [12], and of “ultra-faint” dwarf systems here [13]. The above works are good
starting points for research into GC systems and galaxy formation.

2 What Globular Clusters Are and Are Not

GCs are compact, centrally concentrated, gravitationally bound systems of stars.
The mean mass of a GC in the Milky Way is ∼2 × 105 M	, and this is typical
for GC systems in general. Three parameters are used to describe their physical
sizes. The core radius (rc), is the radius at which the central surface brightness of
the cluster drops by half; the half-light radius (rh), is the radius that contains half
the light of the cluster, and the tidal radius (rt), is the radius at which the density
of the GC reaches zero [14]. Median values for these radii in the Milky Way are
rc ∼ 1.5 pc, rh ∼ 10 pc and rt ∼ 50 pc [15, 16].

From the above numbers we see that GCs are also very dense stellar systems.
GCs have average stellar densities of ∼0.2 M	 pc−3 and central densities of up to ∼
104 M	 pc−3. These high densities and their small sizes make GCs very interesting
laboratories for studies of stellar evolution and dynamics (see [17] for a review).
However, more importantly—from the point of view of this chapter at least—this
also means that they are relatively luminous (mean V -band absolute magnitudes,
MV ∼ −7.5), concentrated stellar sources, which makes them readily observable
out to large distances. Their high densities also mean that they are quite resistant to
external tidal forces; the GCs in the Milky Way have survived some ten billion years
of galaxy evolution (although many of the low- and high-mass clusters may well
have been destroyed; [18, 19]. Within our ability to measure, all the stars in a GC are
coeval (uniform age) and generally old. In addition, they are largely mono-metallic
(same heavy-element abundance) to a high degree of uniformity. This makes GCs
important laboratories for stellar evolution since the key parameter which dictates
the evolutionary stage of any star in a cluster becomes its mass.

Extensive observational evidence suggests that galaxies are embedded in halos of
“dark matter”. The rotation curves of the gas in galaxies [20, 21], the motions of the
stellar component (stellar velocity dispersion) [7], the hot X-ray emitting gas that
surrounds massive galaxies [22, 23], gravitational lensing of background sources
[24, 25] and the kinematics of GC systems [26, 27], all indicate the existence of a
gravitational potential in excess of that observed for the mass of gas and stars alone.
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As far as we know, GCs at the present epoch2 do not have dark matter (e.g.,
[17, 28]). That is, they may contain dark stellar remnants from stellar evolution
(e.g., brown dwarfs, black holes), but do not seem to possess any further invisible
component comprising hypothetical exotic particles. This observation is important
for a couple of reasons. Firstly, galaxies do have dark matter, so one can conclude
that GCs are not galaxies! This conclusion is more profound than it first appears; a
comprehensive definition of a galaxy is not so straightforward, and definitions based
on size, stellar populations or stellar density can often end up including GCs (see
[29]).3 Whether or not a system has dark matter does discriminate between galaxies
and stellar clusters (globular, open or young massive clusters).

Secondly, models for GC formation may be broken down into two very broad
classes; “dark matter” formation models and “baryonic” formation models. In dark
matter models, GCs are required to have (at least, initially) their own dark matter
halo in which to form. Initial ideas included the early collapse of gas into low-mass
dark halos to form GCs [30]. Alternatively, collisions of dark matter haloes may
lead to GC formation at high redshift [31]. If GCs do indeed form in their own
dark matter haloes, then GCs unassociated with galaxies residing in low-density
environments may exist. However, so far such “free-floating” GCs have not been
observed [32], although “unbound” GCs are seen to be present in galaxy clusters
which are believed stripped from their parent galaxies (e.g., [33]).

The second class of models, baryonic models, make GC formation less special.
They generally posit that GC formation is a natural extension of any clustered star
formation, and that the main difference between other types of star cluster and GCs
is one of mass, rather than formation mechanism [34, 35]. In this picture, GCs can
also form in a dark matter halo, but these haloes are associated with the host galaxy,
rather than individual GCs. These models also make predictions; for example in
many cases they predict that GCs will obey an age–metallicity relation such that
more metal-rich clusters formed in a single system may be younger than their metal-
poor counterparts. Models for the formation of GC systems are further discussed in
Sect. 7.

3 Observational Techniques

The observational techniques used to study GCs can be separated into two cat-
egories. One category is in the spatially resolved case. This generally (but not
exclusively) applies to “nearby” clusters (d < 1.0 Mpc), for example, GCs found

2This qualifier is important to remember. Although GCs seem to have no dark matter now, this
does not necessarily imply that they never had dark matter. Tidal processes could remove the vast
majority of dark matter from a GC orbiting in a Milky Way-like potential over a Hubble time.
3Stellar systems of masses at, or below that of GCs are observed, and they typically have very
high mass-to-light ratios (M/LV > 100) implying high dark matter fractions. However, these are
generally low-concentration, low-surface brightness objects which are typically larger (rh > 50 pc)
than GCs and are referred to as “ultra-faint dwarf” galaxies (UFDs; [13]).
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in the Milky Way and other galaxies in the Local Group. In this case, individual
cluster stars can be resolved and studied, and their properties measured either via
photometry or spectroscopy. The second category is the spatially unresolved case.
By this it is meant that individual stars are not resolved, although there may still be
spatially varying information. Here, the integrated light of the cluster is studied as a
sum of all the stars in the cluster. Again, the both photometry and spectroscopy can
be used to obtain useful information, although the analysis techniques differ from
those of spatially resolved studies.

3.1 Spatially Resolved Methods

Spatially resolved photometry and spectroscopy are primary observational methods
to obtain detailed information about the ages and chemistry of GCs. In addition, due
to the proximity of Milky Way GCs, their proper motions can be measured.

3.1.1 Colour-Magnitude Diagrams

A primary tool used to study GCs (and resolved stellar populations in general) is
the colour magnitude diagram (CMD). To construct a CMD, images of a GC are
obtained in two filters (to construct a colour), and photometry is performed on these
images.4 The CMD for the Milky Way GC M13 is shown in Fig. 1. The different
evolutionary phases from the tip of the asymptotic giant branch to the lower main-
sequence are shown. A CMD analysis can be used to determine both the cluster
age and its metallicity ([Fe/H]). Some age information is present at a number of
locations in the CMD, although the key age-sensitive feature is the main-sequence
turn-off (MSTO) which indicates the termination of core H-burning in stars.

The apparent magnitude of the MSTO depends on distance, so if the distance
to the cluster is not well-known, distance-independent measures are generally
employed, such as the difference between the position of the MSTO and the
horizontal branch [36, 37]. In contrast, metallicity information comes from the
horizontal location of the CMD and also from the shape of the red giant branch.
Increasing metallicity makes the CMD locus shift to the red since more metals in
a stellar atmosphere increases stellar atmospheric opacities, which results in lower
effective temperatures (and redder colours).

To determine ages and metallicities from CMDs isochrones are used. These
are theoretical stellar evolutionary tracks which predict stellar temperatures and
luminosities (or observationally, magnitudes and colours) for a given age and
chemical composition (see Sect. 3.2.1).

4The subject of photometry is a chapter in itself. Suffice to say that the standard techniques are
reasonably straightforward, although a number of careful steps are required to achieve precise
measurements.
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Fig. 1 V, I colour-magnitude diagram (CMD) for the Milky Way globular cluster M13. The
main features of the CMD are indicated: main-sequence (MS), main-sequence turn-off (MSTO),
subgiant branch (SGB), red giant branch (RGB), asymptotic giant branch (AGB), red-side
horizontal branch (RHB), RR Lyrae variables (RR), blue horizontal branch (BHB), extreme blue
horizontal branch (EBHB), blue stragglers (BS) and white dwarfs (WDs)

3.1.2 Stellar Spectroscopy

The standard technique to study the detailed chemical abundances of stars is high
resolution spectroscopy. The definition of “high resolution” is a bit vague, but
resolving powers of R > 20,000 are typical. In order to interpret the spectra
of stars, stellar atmosphere models are required. These are theoretical models
which predict the strengths of individual atomic and molecular lines for a given
effective temperature (Teff), gravity (log g) and metallicity. Other factors must also
be considered such as “microturbulence”, which can also affect the measured line-
strengths. In practice, there is a range of stellar atmosphere models which are
suitable for different regimes of temperature and chemical abundance. In addition,
models may assume “local thermodynamic equilibrium” (LTE) or non-LTE, which
can affect the profile of some lines depending upon where they formed in the stellar
atmosphere.
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The most basic chemical composition measurement for a star is its metallicity.
This generally refers to the ratio of iron to hydrogen ([Fe/H]), since there are many
Fe lines in the optical spectra of stars and they are easily measured. However, many
other chemical abundance ratios of individual elements can also be determined, and
the stars in GCs show some surprises (this is discussed further in Sect. 4).

3.1.3 Space Motions of Globular Clusters

Stellar spectroscopy provides precise measurements of radial velocities for the stars
in GCs. A radial velocity is the component of the velocity of a GC along our
line of sight. However, to know the true space velocities of GCs—that is their
true motions through 3-dimensional space—requires a knowledge of the cluster
proper motion5 and distance. The Hubble Space Telescope (HST) and the GAIA
satellite have revolutionised the data available for Galactic GCs by providing proper
motions and some parallaxes6 for the Milky Way GC system [38]. The “true space
velocities” for 150 GCs are now known, giving important insights into the orbits
of the GCs. For example, a recent analysis for total mass of the Milky Way,
based on Milky Way proper motions from the second data release of GAIA gives
Mtot = 1.28+0.97

−0.48 × 1012 M	 [39].

3.2 Spatially Unresolved Methods: Integrated Light

The observational techniques used to study spatially unresolved GCs are not too
different from resolved stellar studies. However, the analysis of integrated-light
information requires different approaches to that of resolved stellar studies. The
integrated colours or spectra obtained for GCs generally captures the light from the
entire stellar population, and the interpretation of these observations usually requires
simple stellar population modelling.

3.2.1 Stellar Population Models

Simple stellar population (SSP) models require three primary ingredients: a set
of isochrones, a stellar library and an assumption about the stellar initial mass
function (IMF). The isochrones—which are invariably theoretical—predict effective
temperatures, surface gravities and luminosities for a star of a given age and
chemical composition. This isochrone is then populated with stars based on the
adopted IMF. The stellar libraries may be empirical or theoretical and both have their

5The apparent movement on the sky of an object compared to a fixed background.
6Parallax is the apparent change of position on the sky of an object when viewed from two different
positions along a given baseline. If the length of the baseline is known, by measuring the parallax
angle (i.e., how much the star appears to move), the distance to the star can be determined.
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advantages and disadvantages. Models made with empirical libraries are generally
more successful in reproducing the colours and spectra of GCs and galaxies since
they incorporate real stars present in the Milky Way or in GCs. However, this is also
a disadvantage. Empirical libraries are limited to those stars observable in the Milky
Way, which limits the range of metallicities available (particularly at the metal-
rich end) and also imposes a fixed abundance pattern (e.g. [Mg/Fe], [Ca/Fe]) onto
the stellar library. For empirical libraries, the parameter space (Teff, log g, [Fe/H],
[Mg/Fe]. . . ) is generally sampled in a non-uniform manner and special interpolation
techniques are implemented (e.g., [40]).

Theoretical libraries, made from stellar atmosphere models, have no such
restrictions. In principle they can be constructed for a wide range of Teff, log g,
[Fe/H] and with arbitrary abundance patterns. However, they also suffer from several
serious drawbacks. For example, no single set of stellar atmosphere models covers
the full range of effective temperatures required to model a wide range of ages
and metallicities in SSPs. In addition, the “linelists” which go into the stellar
models are often incomplete and vary between workers. Any missing lines in the
models can result in important differences between the modelled and observed
stellar population. For more information on SSP modelling and its applications see
[40–44].

3.2.2 Integrated Colours

The resulting SSPs predict colours and spectra for a simple stellar population for a
given age, metallicity and chemical composition. Broad-band, optical colours (e.g.,
B, V , g, i. . . ) can give useful information on ages and metallicities, but they suffer
from an age–metallicity degeneracy; more metallic populations look redder, but so
do older stellar populations. Disentangling the effects of age and metallicity in the
optical can be aided by the use of infrared and near-UV bands for GCs. The colour
distributions of GC systems is discussed in Sect. 5.1.1.

3.2.3 Integrated Spectra

Integrated spectra are a useful way of breaking the age–metallicity degeneracy.
Spectra also provide velocity measurements for GCs, as well as potentially pro-
viding information on individual chemical abundance ratios such as the [Mg/Fe]7

ratio. Individual line-strength indices can be measured and compared to model grids,
or an observed spectrum can be compared pixel-by-pixel via “full spectral fitting”

7Magnesium and iron are produced in short-lived, massive stars which explode as type-II
supernovae, whereas iron is produced in longer-lived, lower mass stars which is released in type Ia
supernova explosions. Therefore [Mg/Fe] can be used as a chemical clock—generally the higher
the ratio [Mg/Fe], the shorter the timescale of star formation since low-mass stars have not had
time to pollute the interstellar medium.
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Fig. 2 Balmer-line versus metal-line from the integrated spectra of globular clusters in the ETG
NGC 1407 compared to stellar population models. Near-vertical numbers 1–15 indicate age in Gyr,
while the near-horizontal numbers (−2.25 to +0.67) indicate metallicities. The figure shows that
the globular clusters are very old (∼14 Gyr), and have a wide range of metallicities. Figure taken
from [45]

techniques. Metallicities derived in this way, from high quality spectra, provide
accuracies of 0.2–0.3 dex (decades in logarithmic spacing).

Ages can also be determined, in principle, for GCs from integrated spectra.
The key age-sensitive lines in the optical integrated spectra of GCs are the Balmer
hydrogen series in absorption (Hα, Hβ, Hγ , Hδ etc.) which arise from the electron
transitions to the n = 2 quantum energy level in the hydrogen atom. The Balmer
lines are sensitive to temperature and vary in strength with the location (temperature)
of the main sequence turn-off. Unfortunately, there are other hot stars in GCs which
are not well modeled and also contribute to the Balmer lines. Horizontal branch stars
and blue stragglers are particularly problematic. These can lead to ambiguous age
determinations, especially for metal-poor clusters. High-quality integrated spectra
for GCs in the ETG NGC 1407 [45] are compared to SSP model “grids” in Fig. 2.

An outstanding problem with the SSP models is the “zeropoint” problem in GCs
[46, 47]. When plotted in a Balmer-line, metal-line diagram, GCs tend to drop
off the bottom of the grids below the oldest ages (see right-hand panel of Fig. 2).
Interestingly, this is generally not seen in spectra for even the oldest galaxies! The
origin of this problem is not understood, but it is possible that a combination of
the peculiar abundance ratios in GCs (compared to field stars), and also atomic
diffusion8 [48] in stars near the turn-off may be responsible [47].

8Atomic diffusion is the collective term for processes that change the mixture of atmospheric
abundances in stars due to gravity or radiation pressure. For example, heavier elements (e.g., Fe)
tend to sink over long time-scales thereby lowering the observed surface abundance of the star.
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4 The Milky Way Globular Cluster System

Since the Milky Way GC system is the closest to us, it is also the best studied.
A catalogue containing the basic parameters of these GCs is maintained by W.E.
Harris [4] and can be found here.9 There are presently 158 GCs thought to be
associated with the Milky Way. The true number may be closer to ∼180 clusters,
since a number are probably obscured by the plane of the Galaxy [49]. The nearest
GC, M4 (NGC 6121), lies just 2.2 kpc from us. The most distant—Laevens 1 (also
known as Crater)—is some 145 kpc away, which puts it nearly three times as far
as the Small Magellanic Cloud from which it is thought to originate. A number
of GCs are visible to the naked eye. For example, M13 is a fine summer target in
dark northern skies and lies just to the west from the center of the constellation of
Hercules.

4.1 The Origin of the Milky Way Globular Clusters

Based on their metallicities, the Milky Way GCs separate into two main populations,
a metal-poor population (〈[Fe/H]〉 ∼ −1.5) which comprises ∼2/3 of the total
system, and a metal-rich population (〈[Fe/H]〉 ∼ −0.5). A plot of the metallicity
distribution function (a histogram of metallicities) looks “bimodal”. Spatially, the
metal-poor clusters are distributed roughly spherically throughout the Milky Way,
reaching out to 145 kpc into the Galactic halo. The velocities of the metal-poor
clusters generally show no ordered motions. However, there are some notable
exceptions which might be related to the infall of dwarf galaxies bringing in their
own GC populations [38, 50]. The metal-poor GC system is often referred to as the
halo GC population. By contrast, most of the metal-rich clusters lie within 10 kpc of
the Galactic centre. These clusters show a somewhat flattened spatial distribution,
and exhibit net rotation of order 50–80 km s−1. The general view is that the metal-
rich population is associated with the old “thick” disc or bulge of the Milky Way.

CMD studies of GCs in the Milky Way indicate that the majority of clusters are
older than ∼10 Gyr [37, 51]. That is, the stars in GCs are, in general, at least twice as
old as our Sun. In terms of redshift (z), this suggests that most Milky Way globulars
were formed at z > 2 whereas our Solar System started formation in the disc of the
Milky Way somewhere in the region of z ∼ 0.45. There are, however, a number of
clusters which are a somewhat younger than the majority. Examples of these clusters
are Palomar 12 and Terzan 7 which have ages ∼8 Gyr.

With increasingly precise ages for Galactic globulars, some very interesting
results emerge. When combined with metallicity information, we can plot the age–
metallicity relation (AMR) for GCs. This is shown in Fig. 3 and is taken from

9https://physwww.mcmaster.ca/~harris/mwgc.dat.

https://physwww.mcmaster.ca/~harris/mwgc.dat
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Fig. 3 Age–metallicity relations (AMRs) for Milky Way GCs (taken from [52]). The relations
split into several sequences which resemble the AMRs of dwarf galaxies (WLM, SMC, LMC) and
also that of the Milky Way bulge (green dashed box). The AMRs suggest that the metal-poor Milky
Way clusters may have been accreted from dwarf galaxies

[52]. The figure shows that there are at least two AMRs, and that more metal-rich
clusters tend to be younger in any given relation. This is a natural consequence
of chemical enrichment during star formation; stars form and the resulting energy,
stellar winds and supernovae (stellar “feedback”) return metals into the interstellar
medium thereby enriching the subsequent generation of stars. However, what is
really interesting is that the GCs split into distinct sequences. I.e., they present a
bifurcated AMR. Overplotted are the expected AMRs for several dwarf galaxies
(WLM, the Small Magellanic Cloud and the Large Magellanic Cloud). Also shown
is the AMR for the Milky Way bulge. The figure shows that the metal-rich clusters
([Fe/H]> −1.0) are consistent with having formed along with the bulge of the
Milky Way. The bulge is a central, old component of the Galaxy and therefore these
clusters were probably formed along with the main part of the Milky Way. In the
context of galaxy formation, this can be referred to as an in situ10 GC population.

In contrast, the metal-poor clusters follow sequences that are consistent with
dwarf galaxy AMRs.11 So why do these GCs look like they formed in dwarf galaxies

10Formed “in-place”. Astronomers like resorting to latin on occasion.
11This is consistent with what we know about galaxy metallicities. Galaxies follow a stellar
mass–metallicity relation in that more massive galaxies are, on average, more metal-rich. This
is a consequence of the fact that more massive galaxies have more stars to form metals via
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when they are now in the Milky Way halo? The general conclusion is that these
metal-poor “halo” clusters formed in dwarf galaxies and that these dwarf galaxies
merged with the Milky Way bringing in their GCs during this process. So, we can
regard many of these halo GCs as an accreted or ex-situ population. The idea that the
metal-rich, central Galactic stars and GCs form in situ, while (at least an important
fraction of) metal-poor halo populations (stars and GCs) are accreted and represent
ex-situ populations is presently the generally accepted picture for the formation of
massive galaxies and their GC systems.

4.2 Metallicity and Abundances

4.2.1 Metallicity Spreads

In the Introduction, it was mentioned that GCs are mono-metallic. This is significant
because galaxies have spreads in [Fe/H]. Indeed, the presence or absence of
measurable spreads in Fe is one proposed way to distinguish galaxies from GCs,
similiar to the case for the presence or absence of dark matter (Sect. 2). Fe is
produced in the cores of stars during nucleosynthesis, and can only be released
to the interstellar medium via supernova explosions. Therefore, a lack of spread in
[Fe/H] implies only one generation of star formation has occurred in most GCs, as
opposed to galaxies which may undergo multiple cycles of star formation.

However, it turns out that not all GCs are mono-metallic. A famous example is
Omega Centauri (NGC 5139), which turns out to be the most massive GC in the
Milky Way with M ∼ 4 × 106 M	. Spectroscopic studies show that the cluster
has a spread in metallicity of up to ∼1.0 dex and a complex metalicity distribution
function (MDF) (e.g., [53, 54]). It is now believed that, rather than being a “true”
GC, Omega Centauri is actually the nucleus of a dwarf galaxy that accreted into the
Galactic halo at some point in the past [55–57]. Other GCs with spreads in [Fe/H]
include M22 [58] and M54 [59].

4.2.2 Light Element Abundances

One of the key results to emerge in the past decade has been that GC stars show
unusual patterns in some “light” elements (see [3] for a review). These elements
include He, C, N, Al, Mg, Na and Ca. The picture that is emerging is that there
are at least two chemically distinct populations of stars in Milky Way GCs. The
first population (P1) shows a pattern of light elements which, for a given [Fe/H],

nucleosynthesis, and are also better able to hold onto their gas “recycled” from star formation
due to their deeper potential wells.
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look very similar to field12 stars in our Galaxy. The second population (P2) of
stars shows a pattern which appears unique to massive star clusters. Specifically,
the abundances of the elements He, N, Na and Al are elevated, at a fixed [Fe/H],
compared to those seen in P1 and field stars, while C, O and Mg are generally
depressed compared to P1 and the field. The origin of these abundance variations is
presently unknown, although candidates include winds from rotating massive stars,
or material ejected from asymptotic giant branch stars from P1, which somehow
may contaminate the (assumed to be) later P2 generation. A hard requirement here
is that supernovae from high- or low-mass stars cannot contribute since this would
result in a spread in [Fe/H] among the cluster stars which is only seen for a few
special cases (Sect. 4.2.1).

The fact that these unusual light-element patterns are peculiar to GCs might raise
the question of why this is interesting in the context of galaxy formation. It turns
out the abundance pattern of the P2 generation is sufficiently different from that of
Milky Way field stars that it can be used as a chemical “fingerprint” for a number
of interesting processes. For example, Galactic stellar surveys suggest that, based
on the fraction of “GC-like” P2 stars seen in the Galaxy, somewhere between 10–
50% of Milky Way halo stars may actually come from disrupted GCs. [60, 61]. In
addition, it is possible that the abundance variations seen in Milky Way GCs are also
responsible for the peculiarities seen in the integrated colours of extragalactic GCs,
something that must be understood in order to use the colours of extragalactic GCs
to probe galaxy formation (Sect. 5.1.1).

5 Extragalactic Globular Cluster Systems

For all the detailed information available for the Milky Way GCs, it is only one
galaxy. By studying extragalactic systems we can study a wide range of galaxy
morphological types and masses in very different environments. This work has lead
to important insights into the formation and co-evolution of galaxies and their GC
systems.

5.1 Early-Type Galaxies

The GC systems of ETGs have received most attention. This has been in part due
to observational convenience. ETGs have smooth light profiles which makes GCs
easily detected. ETGs also tend to have rich GC systems which also helps in their
analysis. Beyond observational considerations, ETGs are of great scientific interest.
They presently contain more than half of all the stars in the nearby Universe [62],
and they also represent the most massive galaxies known. Analysis of the stellar

12Here the term “field” refers to stars not in star clusters.
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populations of ETGs indicates that the stars are generally ancient (∼10 Gyr), metal-
rich (equal or higher than the solar value), and have an IMF dominated by low-mass
stars (a “bottom-heavy” IMF) in their centres [9, 63, 64].

5.1.1 Colours and Metallicities

Early ground-based work indicated that the colour distributions of massive ETGs are
quite complex and not readily fit by a single gaussian distribution [65, 66]. This lead
to a major result of “bimodal” colour distributions in such galaxies, with “blue” and
“red” populations. Later works, in particular with HST, confirmed that the colour
distributions of most massive galaxies look bi- or multi-model in optical colours
[67, 68]. The colour distributions for the most massive galaxies in the centres of
clusters can be extremely complex and rather than showing clear bimodality, they
appear broad with hints of multiple substructures [69]. Empirical colour-metallicity
relations based on Milky Way GCs, or theoretical relations from SSP models that
use standard horizontal-branch recipes, generally predict that such multi-modality
in colours maps to multi-modality in metallicity. Detailed spectroscopic studies for
a few ETGs with large sample sizes and high-quality spectra generally support the
picture of metallicity multi-modality [70–73].

This result of bi-modality was both appealing, since it seems to correspond to the
bi-modal metallicity distribution in the Milky Way GC system, but also problematic
since producing multi-model metallicity distributions from a modelling point of
view proved quite challenging (Sect. 7). Recent investigations have questioned
the validity of “one-size fits all” colour-metallicity relations, and the metallicity
distributions inferred from broad-band colours. It has been argued [74] that the
colour-metallicity relations for GCs are non-linear in such a way that intrinsicially
unimodal metallicity distributions can be multimodal in colour. This picture is
in some disagreement with studies of spectroscopic metallicities (see above) and
kinematics (Sect. 5.4) and is an area of ongoing research.

Recent studies have also shown that the colour-colour relations for GCs may
vary in individual galaxies, and as a function of environment [75]. This is a major
puzzle, since SSP models predict that for a given age and abundance ratio, any given
combination of two colours should trace unique locii as a function of metallicity.
Again, this puts into question whether one can use colours as proxies for metallicity
for GC systems. The cause of these variations in colour are unknown, but may
possibly be related to abundance variations in the GCs, perhaps similar to that seen
in the Milky Way GCs (Sect. 4.2.2).

5.2 Late-Type Galaxies

The GCs systems of spiral galaxies have traditionally received less observational
attention than the ETGs. This mainly stems from the problems of identifying GCs
in imaging with a spatially varying background (spiral arms etc.). In addition,
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late-type galaxies tend to have less GCs than ETGs for a given mass, and also do not
reach the very high masses of the most massive ETGs. A notable exception is that
of the Andromeda galaxy (M31)—the best-studied GC system of a spiral galaxy
with the exception of the Milky Way. M31 has ∼500 known GCs, roughly three
times the size of the known Milky Way population. Most of these clusters have
spectroscopic metallicity estimates, and the metallicity distribution of the clusters
looks quite broad, but does not show clear sub-populations in metallicity [76]. The
distance of M31 (d = 780 kpc) makes secure age determinations from deep CMDs
impractical, but the presence of evolved stars (giant branch, horizontal branch) and
spectroscopic ages suggest that the majority are old clusters. Wide-area surveys of
M31 show numerous structures such as shells and tidal streams which are suggestive
of past accretion events (e.g. [77]). A number of the GCs seem to be spatially and
kinematically associated with some of these structures offering evidence for the
accretion of GCs onto the halo of this galaxy.

Beyond the Local Group, several studies have identified what appear to be
clusters associated with the discs rather than the halos of their parent spirals [78, 79].
Evidence comes both the spatial distributions of the cluster systems and also signs
of ordered rotation whose rotation axis appear aligned with that of the galaxy gas or
stellar disc. Since it is unlikely that merging or accretion events can give rise to such
disc-like properties, the implication is that GCs can form in the discs of late-type
galaxies. Similar conclusions have been reached for the GC system of the Large
Magellanic Cloud (see Sect. 5.3). If the discs of spiral galaxies do contain GCs with
ages comparable to Milky Way GCs, then these discs must have been formed at high
redshift (z > 2).

5.3 Dwarf Galaxies

It is important to characterise the properties of the GC systems of dwarf galaxies for
a number of reasons, not least being that the progenitors of dwarf galaxies (and their
GCs) are thought to build up the halos of more massive galaxies. Most of the more
massive dwarf galaxies in the Local Group have GCs and have been studied with
both the resolved and unresolved methods mentioned above. There are 14 Local
Group dwarfs known with GCs; and the census of these systems continues to grow
with increasingly wider-field, high-resolution imaging surveys (see e.g., [80]).

The most massive Local Group dwarf with GCs is the Large Magellanic Cloud
(LMC) which has 16 known clusters. CMD and spectroscopic analysis indicates
that they are old and metal-poor [81, 82]—a general property of GCs in dwarfs.
Interestingly, the kinematics of these clusters suggest that they might be part of a
disc system which, if correct, would have formed at z > 1 based on the cluster ages
[82]. This bears similarities to suggestions of “discy” GC systems seen in some
spiral galaxies (Sect. 5.2). At the other end of the mass scale, the Pegasus dwarf has
a sole GC located very close to the galaxy centre [83]. For low-mass dwarfs the
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properties of their GCs become particularly interesting since they offer the potential
of gaining insight into the shape of the dark matter halos of these systems [84, 85].

Beyond the Local Group, GCs have been pivotal in understanding some of the
properties of low surface brightness galaxies (the precise definition varies, but
these are galaxies typically fainter than the night sky brightness at a dark sight
of μ(V ) ∼ 22 mag arcsec−2). Recently, there has been a focus on “ultra-diffuse”
galaxies (UDGs),13 which are a class of low surface brightness galaxy with dwarf-
like stellar masses 107−8 M	, but large radii (>1.5 kpc) [86]. UDGs can have rich
GC systems, and velocity measurements of the GCs provided the first dynamical
mass measurements for these systems [87] (see also Sect. 6).

The dwarf galaxy populations in galaxy clusters are numerically dominated by
dwarf elliptical galaxies (dEs). These are spheroidal systems that look superficially
like scaled-down versions of ETGs. The origin of these systems is unknown, but
is thought to be related to their environment since they are rare in the field. One
prominent model is that they are transformed from late-type, gas-rich dwarfs (dwarf
irregulars; dIrrs) via tidal processes [88, 89]. However, studies of the properties of
the GCs in late-type dwarfs and dEs suggest that this model is problematic; dEs
tend to have richer GC systems that dIrrs. To solve the problem, new clusters must
be formed during the transformation process and these young clusters are generally
not seen in dEs [90].

5.4 Kinematics

Spectra, and therefore radial velocities, of GCs can be obtained for distances out
∼20 Mpc. This includes a number of important clusters and groups such as the
Virgo and Fornax clusters, the Leo group and the Centaurus group. Early work on
GC kinematics focused on confirming the association of extragalactic GCs with
their parent galaxies with radial velocities. It was then quickly recognised that GCs
are useful tracers of the mass distributions of galaxies since they extend beyond the
observable galaxy light. Studies of the velocities of GCs in ETGs, spirals and UDGs
invariably show the need for dark matter to explain the observations. Typically, the
observed random motions of the GCs (their velocity dispersions) is higher than
would be expected if only the observed stars and gas contribute to the mass of the
galaxy. Along with X-ray studies and gravitational lensing, GCs provide some of
the strongest evidence for the presence of dark matter at large radii in ETGs (e.g.,
[26, 91–94]).

GC kinematics also brings useful insights into their connection with their host
galaxies. The kinematics of the metal-rich GCs generally looks very similar to
that of the central stars in galaxies [26, 53, 95–97]. On a galaxy-by-galaxy basis,

13Not to be confused with “ultra-faint” galaxies which have smaller sizes and significantly lower
stellar masses.
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the metal-rich GCs and stars have similar velocity dispersions and rotational
properties. This suggests a close relation between the formation processes of the
two components. The metal-poor GCs tend to show important differences from
the galaxy stars, including differing velocity dispersions, rotation magnitudes (and
directions) and also orbital properties. These differences reinforce the picture that
the red and blue GCs—at least in part—comprise distinct populations, and that their
formation pathways are also distinct.

5.5 Scaling Relations Between Globular Cluster Systems
and Galaxies

GC systems exhibit a number of properties that scale with those of their host
galaxies. These relations not only support the idea that galaxy formation and
GC formation are intimately connected, but also bring useful insight into these
formation mechanisms. Some of these relations are described below.

5.5.1 The Total Numbers of Globular Clusters in a Galaxy

One of the most basic measures of a GC system is the total number of GCs (NGC) in
the galaxy. Traditionally, the total number of GCs has been estimated by counting
GCs up to the peak of the GC luminosity function (GCLF), and then doubling this
number [98]. With this procedure, a symmetrical luminosity function (e.g., a normal
distribution) is assumed. It turns out that this is a reasonable approximation, but in
detail the GCLF shows more of a tailed distribution known as an evolved Schechter
function [99] (although not directly relevant to the present discussion, it is also worth
noting that the peak GCLF can be used as a “standard candle” to measure distances
with an accuracy of about ∼10%).

Plotting NGC versus the stellar mass (M∗) of the host galaxy shows that NGC
correlates positively with M∗. By assuming a mass-to-light ratio for the clusters, we
can also plot the total GC system mass (MGC) versus M∗ which is useful since it
compares two masses, rather than a number and a mass. This is shown in the left-
hand panel of Fig. 4 taken from [100]. A positive correlation in MGC–M∗ may not
seem so surprising; the more stars in a galaxy then the more GCs you might have
(which are made of stars). However, this result is interesting since it suggests a link
between the GC system (total number, or mass) and that of the host galaxy (stellar
mass). Further inspection of the figure also reveals that MGC–M∗ is not linear. This
implies that there is no one-to-one correlation between the two observables. Or,
another way to look at it is that the ratio MGC/M∗ is not constant as a function of
mass. It seems that low-mass galaxies (dwarfs) and some very massive galaxies are
better at making GCs than stars than is the case for galaxies of intermediate masses.
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Fig. 4 Plots of the total mass of globular cluster systems versus parent galaxy stellar mass (left
panel) and dark matter halo mass (right-hand panel). The figure (taken from [100]) shows that
globular cluster systems are connected to the properties of their host galaxies, and show a direct
(linear) relation with the dark matter halo of their parent galaxy

The situation changes when one plots MGC versus the dark matter halo mass
(Mhalo) of the host galaxy. Measuring Mhalo is not straightforward—we only see the
gravitational effects of dark matter not the dark matter itself—however techniques
such as weak lensing can provide meaningful constraints on this quantity (e.g.,
[100]). The right-hand panel of Fig. 4 shows MGC plotted against Mhalo. Unlike
the case for M∗, this does indicate that there is a linear relation between the two
quantities which seems to hold down to at least Mhalo ∼ 1011 M	. This implies that
there is a constant ratio between the GC system mass and the host galaxy halo mass.
At first sight, a linear relation between GC system stellar mass and host galaxy
dark matter mass might be hard to understand. This result has been used to argue
that there might exist a fundamental GC—dark matter connection. Somehow the GC
system of a galaxy “knows” about what sort of dark matter halo it will end up in. The
origin of this relation is not fully understood, but a relatively simple explanation may
be found in [101]. Essentially, these authors argue that a linear MGC–Mhalo relation
emerges as a result of the central limit theorem and galaxy merging; the merging of
low- and high-mass haloes and their galaxies leads to “average” halo properties and
GC systems which produce a constant GC to halo mass ratio.

These results above indicate that GCs can be used to trace the properties of
the dark matter of their host galaxies. One interesting application is to infer dark
matter halo masses for galaxies by measuring NGC. This has been done for UDGs
(Sect. 5.3). The results of several studies show that typical halo masses for these
galaxies are inferred to be 1011 M	, as derived from NGC, which is consistent with
masses from GC dynamics and stellar velocity dispersions.
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5.5.2 Sizes of Globular Cluster Systems

Another GC system property that correlates with the mass of the host galaxy is the
size of the GC system [102, 103]. This is typically measured as the “half number
radius” (GC re), the radius that contains half of the GC system. GC re correlates
positively with both M∗ and Mhalo.

These correlations are similar to those seen for galaxies; galaxies obey a size–
mass relation in that more massive galaxies are, on average, larger. Interestingly,
galaxies at a fixed stellar mass are more compact at higher redshift. For example,
at z = 2, galaxies with M ∼ 1011 M	 are approximately 3–4 times smaller than
nearby galaxies (e.g., [104]). The origin of the “size evolution” of massive galaxies
from high redshift to today is not fully understood, but it is believed that mergers
play a major role by “puffing-up” compact galaxies, or by adding additional material
to their outskirts to make them grow in physical size. It is possible that merging
and accretion also give rise to the GC size—galaxy mass relations reported in the
literature.

5.5.3 The Colours of Globular Cluster Systems

Studies of ETGs with a range of masses shows that the mean colour (metallicity) of
the whole GC system correlates positively with mass of the host galaxy [68, 105].
More massive ETGs generally have redder GC systems. In addition, the colours of
both the red and blue subpopulations scale with galaxy stellar mass. In terms of
colour, the relations look a bit different, with the relation for the red clusters being
about ∼5 times steeper than that for the blue clusters. However, when converted into
metallicity, the relations for the both the blue and red clusters appear quite similar
[68].

The standard interpretation of these observations is that GCs are, on average,
able to achieve higher levels of metal enrichment in more massive galaxies. This is
similar to the case for the stars in galaxies themselves, which also follow a mass-
metallicity relation [106, 107].

5.6 Extreme Globular Cluster Metallicities?

The maximum and minimum metallicities that a GC achieves offers interesting
information on the nature of the interstellar medium (ISM) and star cluster formation
early in the history of a galaxy. The most metal-poor globular in the Milky Way is
M15 with [Fe/H]∼ −2.5 dex. This is less than 1/300 of the solar value. Based on
current data, it seems that a few, if any, extragalactic GCs form with metallicities
much lower than this (see [108] for a recent data compilation). This “metallicity
floor” of GCs is some 5 orders of magnitude higher than the metallicity of the
most metal-poor stars known in the Milky Way [109]. There are a number of
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interpretations for these observations. Perhaps a low-metallicity ISM is unable to
form massive, long-lived clusters due to different fragmentation properties of the gas
at these metallicities. Alternatively, it is possible that the sites of GC formation at
high-redshift are too low mass at this metallicity to be able to form massive clusters.
This latter idea has been developed by Kruijssen [110]. Understanding the origin of
this metallicity floor will bring useful insights into the earliest phases of star and
cluster formation.

On the other end of the metallicity scale, the most metal-rich GCs in the
Milky Way lie at or near solar metallicities (e.g., NGC 6528 and Pal 10) [16].
There is no strong evidence that there are significant numbers of GCs in other
galaxies with [Fe/H]> 0.0. This is perhaps surprising for the case of giant elliptical
galaxies whose central regions tend to be dominated by super-solar metallicity stars
[63, 111, 112]. This result might provide a hint that these GCs form relatively early
in the star formation process in these galaxies, whose star formation timescales are
inferred to be <1 Gyr.

6 Oddball Galaxies and Their Globular Clusters

In many cases in astronomy, it is the differences from the “normal” population that
can give useful insights into underlying astrophysical processes. This is also the
case in the study of galaxies and their GC systems. Below a few notable “oddball”
systems are highlighted.

6.1 NGC 4365: A Trimodal Globular Cluster System

NGC 4365 is a luminous ETG which lies about 6 Mpc behind the Virgo cluster of
galaxies. Superficially it looks like a normal ETG, although it has a “kinematically
decoupled core” (the galaxy centre of the galaxy rotates in the opposite sense to
the main galaxy) sometimes taken to be indicative of past merger events [113]. The
galaxy itself, however, appears very old [114].

It turns out that the GC system of NGC 4365 is quite unusual. NGC 4365 has
been identified as a galaxy with a “trimodal” colour distribution for its GC system;
it has blue, “green” and red GC subpopulations [115–118]. The origin of the central
green peak has been the subject of some debate in literature, and is still uncertain.
One possibility is that the green GCs may result from a gaseous galaxy merger
resulting in the formation of new GCs some ∼4 Gyr ago. Alternatively, they may
have been stripped (physically removed via gravitational interactions) from the
nearby galaxy NGC 4342 [119].
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6.2 NGC 1277: A Relic Galaxy with Only Red Globular
Clusters

NGC 1277 is a particularly interesting case of an unusual GC system. NGC 1277
is an extremely old, compact and massive galaxy near the centre of the Perseus
galaxy cluster. The galaxy has been identified as a candidate “relic galaxy” which
is to say the remnant of the early in situ phase in massive galaxy formation without
significant subsequent merging or accretion [120]. In this view, NGC 1277 is
regarded as a near-pristine “core” of a normal massive ETG. Beasley et al. [121]
explored the GC system with HST imaging and found that NGC 1277 has few, if
any, blue GCs. Since the metal-poor GCs in massive galaxies are generally regarded
(at least in part) as a population brought in by the accretion of lower-mass satellites
(Sect. 4.1), an interpretation of the NGC 1277 observations is that the galaxy has
undergone very little mass accretion since its formation at high redshift. Somehow
NGC 1277 managed to avoid accreting smaller satellite galaxies during its lifetime,
possibly due to the fact it is itself a satellite of the more massive galaxy NGC 1275
which may act to swallow all the material in its vicinity.

6.3 NGC 1052-DF2: A Galaxy with No Dark Matter?

“Dragonfly 2” (hereafter DF2; also known as [KKS2000]04) is a low surface
brightness dwarf galaxy thought to lie some 20 Mpc distant in the direction of the
massive ETG NGC 1052 [122]. A study of the kinematics of DF2’s GCs suggests
that it may have a very low dark matter fraction, compatible with no dark matter
at all. This result is intriguing since galaxies generally do have dark matter, and
indeed this is one of the definitions of a galaxy (see Sect. 2). More important than
the definition, in modern galaxy formation theory dark matter is generally required
in order to produce the galaxies we see around us so DF2 might pose a problem
for cosmological models. In addition to an apparent lack of dark matter, the galaxy
appears to have an unusual system of GCs in that they are extremely luminous, with
a GCLF that is about a magnitude brighter than the usual value (MV ∼ −7.5) (GCs
are generally regarded as a standard candle—see Sect. 5.5.1).

If DF2 is truly a dark matter deficient galaxy, with a rather peculiar GC system,
then it challenges some of our ideas of how galaxies and their GCs can form.
However, the galaxy is not without controversy. Trujillo et al. [123] have argued
that DF2 is about twice as close to us as the distance reported by van Dokkum et
al. [122]. This, with additional, different assumptions in their analysis, lead [123]
to conclude that DF2 is an ordinary dwarf galaxy with what looks light an ordinary
GC system. At the time of writing this chapter, the jury is out on this one.
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7 Simulating Globular Cluster Systems

The improved understanding of star formation and feedback processes, and increas-
ing computing power have allowed for increasingly sophisticated models of GC
formation. “Semi-analytic” models and numerical, hydrodynamical simulations
have been used to understand the connection between GCs and their host galaxies.

7.1 Early Models

Some of the earliest works to make explicit connections between GC system
formation and galaxy formation were largely phenomenological14 in nature. Searle
and Zinn [124] used the mono-metallicity of Milky Way GCs and the lack of a trend
in this metallicity with Galactocentric radius (the lack of a metallicity gradient)
to argue that the Milky Way halo and its GCs were built-up from “proto-Galactic
fragments”. This work contrasted quite strongly with an extremely influential paper
by Eggen et al. [125] who considered a smooth, rapid collapse of an early proto-
Galactic gas cloud as the precursor to the formation of the Milky Way. It turns out
that to some extent these apparently contrasting models have been absorbed in the
current picture of galaxy formation. The picture presented by Eggen et al. [125]
looks a lot like in situ formation, while [124] has much in common with ex-situ
accretion.

More specific to the formation of GC systems, [126] developed a “major merger”
model whereby disk galaxies merge to form elliptical galaxies, and in the process
produce new, metal-rich GCs. These newly formed metal-rich GCs comprise
the “red” population, while the “blue” population is brought in as the original
GC populations of the merging spirals. This model predicted multi-model colour
distributions in elliptical galaxies which were subsequently observed. However, in
detail the model had problems. For example it does not explain the sometimes multi-
modal colour distributions of spiral galaxies, nor offers an explanation for the origin
of the original blue GC populations.

Growing recognition that the galactic halo is composed (at least in part) by
accreted dwarfs lead to the analytic accretion model of GC formation [127]. This
modelled the build up of cluster systems in massive galaxies via the accretion of
lower-mass dwarf satellites. In this model the red population is an in situ population
of clusters, formed with the galaxy stars, and the blue population is brought in by
the accreted satellites. Although the details of GC formation are not described in

14I.e., a model that describes relationships between observations, but does not stem directly from
physical theory.
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the model, in spirit this model is consistent with the presently favoured formation
pathway for massive ETGs and their GC systems.

7.2 Semi-analytical Models

The first attempt to place GC formation in a cold dark-matter galaxy formation
model was that of [128] using so-called “semi-analytic” models (SAMs). SAMs
are analytical galaxy formation models that have some of their “free parameters”
calibrated based on observations.15 They model the growth and merger history of
dark matter haloes as a function of redshift, following the evolution of gas, stars
and galaxy formation in these haloes. Beasley et al. [128] assumed that GCs formed
wherever stars formed, both in gas discs and also during gas-rich major mergers.
The model had several observational successes, but in order to produce the colour
bimodality a halt to star formation (a “truncation”) had to be imposed in the gas discs
at high redshift. Possible explanations for this truncation were the re-ionisation of
the Universe, or due to the specific pressure conditions in these discs.

More recently, SAMs have been implemented which trace the merger histories
of dark matter halos, galaxies and their GCs, but do not always explicitly implement
GC formation [101, 129, 130]. A “merger tree”, showing the growth of galaxy mass
via mergers from the SAM of [101] is shown in Fig. 5. These works have had success
in reproducing some of the GC–galaxy scaling relations such as the MGC–Mhalo
relation discussed in Sect. 5.5. An important advantage of SAMs is that they are
computationally fast. Many “virtual” galaxies can be produced in a few minutes on
a desktop computer. A potential limitation of SAMs is that they use approximations
to calculate various physical processes such as gravitation and merging, gas cooling
and star formation.

7.3 Numerical Simulations

An alternative, complementary approach to SAMs is to use hydrodynamical
simulations. These are numerical simulations that follow the evolution of gas and
star formation via direct simulation rather than analytic approximations. If the
hydrodynamical simulations are “cosmological”, then they also follow the evolution
of the dark matter component of galaxies based on our understanding of the current

15In the case of the SAM used by Beasley et al. [128], the main calibrations were to match the
galaxy luminosity function and Tully-Fisher relations.
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Fig. 5 Example of a “merger tree” from the semi-analytic models of [101]. The black lines
indicate the evolution of individual haloes as a function of redshift merging to become a single
galaxy at z = 0. The blue and red stars indicate globular cluster formation events. The figure was
adopted from [101]

cosmological model. For example, [131] simulated a high-redshift, disc-like galaxy
and found that gaseous discs at z ∼ 3 are plausible sites for the formation of compact
objects that may go on to become present-day GCs.

Hydrodynamical simulations of galaxy and cluster formation are computation-
ally more expensive than SAMs; a simulation may take weeks, months or even
years to run on a supercomputer, depending upon the volume and sophistication of
the simulation. However, they have the important advantage of being able to trace
the detailed physics of gas cooling, star formation and feedback which is crucial
to understanding GC formation. Unfortunately, cosmological, hydrodynamical
simulations presently lack the combined spatial (sub-pc scales) and mass resolution
(∼ 105 M	) to directly model GC formation and evolution down to the present day
(i.e., z = 0). Because of these computational limitations, “subgrid” recipes (analytic
approximations similar in nature to those used in SAMs) are implemented to capture
the necessary physics of cluster formation. An example of this is the E-MOSAICS
project which use the EAGLE cosmological simulations with specific recipes for
GC formation [132].

This said, several teams have had recent successes in directly resolving GC
formation in simulations that have been limited to high redshifts [133–135]. Figure 6
shows some “virtual GCs” created in the cosmological simulations from [135].

The general picture from these and other works is that GC formation may occur
anywhere that is gas-rich and turbulent, such that high pressure regions can form.
These regions may be in gas discs, mergers of galaxies, in the very centres of the
potential wells of massive proto-galaxies, or perhaps in cold filamentary accretion
[133]. The precise conditions for cluster formation are not well understood, but
high gas pressures and densities are probably a key requirement in order to create a
compact, bound stellar system [34]. The above works point to a favoured epoch of
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Fig. 6 Cosmological simulations of globular cluster formation at z = 5 (taken from [135]). The
colours indicate the density of stars, with lighter colours corresponding to higher densities. Small,
point-like objects of high density are star clusters—possibly young globular clusters

GC system formation, which lies somewhere above z > 2. This is consistent with
the ages of the vast majority of the Milky Way GCs (Sect. 4).

8 Globular Clusters at High Redshift

The Milky Way GCs are ancient stellar systems (Sect. 4), and cosmological
simulations place the principal formation epoch of GCs at z > 2 (Sect. 7). Ideally,
to test these models one wants to be able to directly observe the formation of GCs
at high redshift, and trace this evolution across different environments and across
cosmic time. The greatest challenge to identifying and studying GCs at the highest
redshifts is that they are extremely compact. Using special (“PSF-deconvolution”)
techniques, objects with sizes ∼100 pc can be resolved with HST at z ∼ 6 (e.g.,
[136]. A typical, young GC might have rh < 20 pc and so will be unresolved using
standard techniques. Being able to measure the cluster size is crucial, since only
a detection in itself will not distinguish a young cluster from (for example) a star
forming region in a galaxy, or a compact galaxy in formation.
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An additional problem is one of sensitivity. At z = 6, a 107 M	, 10 Myr old
proto-GC will have rest-frame MUV ∼ 31 (MV ∼ 29). This is beyond the limits of
detectability of HST, but should be within the potential capabilities of the upcoming
James Webb Space Telescope (JWST) [137, 138].

However, high redshift work studying compact objects has shown that gravi-
tational lensing already has the potential to characterise “GC precursors” (GCPs;
[136]. In gravitational lensing, the gravitational field of a foreground object (such
as a galaxy) acts as a lense which can magnify the apparent size and increase the
brightness of a background source (in this case, a GCP). In strong lensing, the
background source may be stretched or show multiple images. Magnification factors
may be x10–100, depending upon the precise configuration of the source and lense.
In the case of HST, this allows for effective spatial resolutions of ∼10 pc at z = 6,
well within the expected size range of GCPs.

Several studies have now claimed the possible identification GCPs at high
redshift [136, 139, 140] which can be compared to the properties of GCPs in
simulations (Sect. 7). This new area of research opens up the possibility of directly
tracing the formation of GC systems when the Universe was a fraction of its present
age. Equally as exciting is the prospect of better understanding the process of re-
ionization. At some point early in the lifetime of the Universe (perhaps at redshifts,
z ∼ 6 − 20), neutral hydrogen distributed throughout the Universe was ionized
to a plasma by source(s) of energetic (UV) photons. This process ended the so-
called “dark ages”, the period when no sources of light existed [141]. Candidates
for the sources of energetic photons include dwarf galaxies in formation, the first
“population III” stars and massive black holes in the centres of galaxies in the
form of active galactic nuclei. However, it turns out that GCs, given their short star
formation timescales, high redshifts of formation and sheer numbers (about 2 GCs
Mpc−3) [142] may be important re-ionization sources. In fact, they may even turn
out be the dominant contributors to the UV ionizing background [142, 143].

9 Globular Clusters and Galaxy Formation

The observational and theoretical works on GC systems, a fraction of which has
been mentioned in this chapter, have allowed researchers to build a general picture
of the co-evolution of galaxies and their GC systems. Many of the details still need
to be worked out, but a general scenario may be described within the framework of
a two-phase model of galaxy formation [144]. In this framework, an in situ phase
builds the centres of galaxies as gas cools and forms stars in dark matter halos at z >

2. Subsequently, an ex-situ phase occurs whereby lower mass galaxies are accreted
over time to build massive galaxy halos. This accretion phase is still occurring at the
present day.
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In this context, the formation of GC systems may proceed as follows: The
first generations of stars begin to form and then explode, enriching the interstellar
medium to metallicities of [Fe/H]∼ −2.5, which is the approximate minimum
metallicity seen in GCs. During the in situ phase of galaxy formation, in the densest
regions of ongoing star formation, the progenitors of today’s GCs proceed to form
from metal-rich gas. This formation may proceed in gaseous discs or merging gas-
rich systems, but preferentially occurs near the centres of what will become massive
galaxies. This produces the red, metal-rich sub-populations of GC systems seen in
massive galaxies. In contrast, low metallicity GCs are preferentially formed in low-
mass galaxies (dwarf galaxies) which, if accreted onto a more massive galaxy, will
go on to form part of the halo (blue, metal-poor) GC population of the galaxy. This
represents the ex-situ phase of GC system formation. In all cases, the formation
of individual GCs must occur rapidly (in a few Myr) so as to prevent a second
generation of stars creating significant age or metallicity spreads in the majority of
GCs, and preferentially occurs at z > 2.

10 Summary and Outlook

In this chapter, we have tried to give a taste of some of the research on GC systems
and their connection to galaxy formation. In the case of the Milky Way, detailed
ages and abundances of its GCs are increasingly revealing unique information
on the formation of our Galaxy and the formation processes of GCs themselves.
Further afield, extragalactic GC systems provide information on a range of topics,
from the dark matter distributions of galaxies to the mass accretion histories of
galaxies inhabiting a range of extreme environments not represented by the Local
Group. Going to high redshift, astronomers are at the point where GC formation
can be directly observed, and compared to increasingly sophisticated cosmological
simulations. The next generation of telescopes such as JWST and up-coming 30-
m class ground-based facilities (E-ELT, TMT, GMT) will accelerate this rapidly
developing, exciting field.

So go and have a look at M13, just to the west from the center of the constellation
of Hercules, and have a think about that.
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Abstract Most of the ordinary matter in the local Universe has not been converted
into stars but resides in a largely unexplored diffuse, hot, X-ray emitting plasma.
It pervades the gravitational potentials of massive galaxies, groups and clusters of
galaxies, as well as the filaments of the cosmic web. The physics of this hot medium,
such as its dynamics, thermodynamics and chemical composition can be studied
using X-ray spectroscopy in great detail. Here, we present an overview of the basic
properties and discuss the self similarity of the hot “atmospheres” permeating the
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gravitational halos from the scale of galaxies, through groups, to massive clusters.
Hot atmospheres are stabilised by the activity of supermassive black holes and, in
many ways, they are of key importance for the evolution of their host galaxies.
The hot plasma has been significantly enriched in heavy elements by supernovae
during the period of maximum star formation activity, probably more than 10 billion
years ago. High resolution X-ray spectroscopy just started to be able to probe the
dynamics of atmospheric gas and future space observatories will determine the
properties of the currently unseen hot diffuse medium throughout the cosmic web.

1 Introduction

Most of the matter in the Universe remains unseen. The invisible dark matter
consists of particles that we have not yet been able to detect. Most of the ordinary
matter, which we call baryons, has not been converted into stars and resides in a hot
diffuse medium permeating the extended halos of galaxies, groups, and clusters of
galaxies, as well as the filaments of the cosmic web.

In the innermost parts of galaxies the hot, strongly ionised, X-ray emitting plasma
is often referred to as interstellar medium (ISM) and at large radii, well beyond
the stellar component, as circumgalactic medium (CGM), in groups of galaxies as
intragroup medium (IGrM), in clusters of galaxies as intracluster medium (ICM),
and in the filaments of the cosmic web as intergalactic medium (IGM) or warm-
hot intergalactic medium (WHIM). Since, the hot phases of all these media share
crucial similarities—e.g. they can be well described by equations of ideal gas in a
gravitational potential—we will refer to them at all scales as hot atmospheres.

The hot atmospheres permeating massive objects can be probed using X-ray
space observatories (see the composite optical/X-ray images of a galaxy cluster and
a giant elliptical galaxy in Fig. 1). They have been studied in detail in clusters of
galaxies, which are particularly bright and can be observed out to redshifts z = 1.5–
2, which corresponds to a look back time of around 10 billion years. However, the
crucial role of atmospheres for the formation and evolution of individual massive
galaxies is just beginning to be appreciated. They have been discovered using the
Einstein satellite [1] and today, they are studied mainly using Chandra and XMM-
Newton, which are equipped with CCD-type detectors sensitive in the approximately
0.3–10 keV band, have an energy resolution in the range of 50–150 eV, and a spatial
resolution of about 1 and 15 arcsec, respectively.

However, outside the dense central regions of massive dark matter halos the
atmospheric density becomes too low to be probed by current instruments. Yet,
the properties of this mostly unseen diffuse medium are set by large scale shocks
and cosmic feedback, therefore its observations with X-ray space telescopes could,
in principle, provide key information about the physics of structure and galaxy
formation. We therefore expect that the study of hot atmospheres will remain on
the frontiers of astrophysics for the decades to come.
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Fig. 1 These composite optical and X-ray images show the hot, X-ray emitting atmospheres
pervading the massive galaxy cluster Abell 1689 (left) and the massive elliptical galaxy NGC 5813
in the centre of a group (right). Courtesy: NASA/CXC/SAO

1.1 The Simple State of Hot Atmospheres

Hot X-ray emitting atmospheres have densities in the range from ∼10−1 cm−3 in the
centres of massive galaxies to ∼10−4 cm−3 in the outskirts. Their temperatures span
from a few 106 K in galaxies to 108 K in the most massive clusters of galaxies. These
high temperatures lead to strong ionization. The tenuous hot medium thus consists
of fully ionized hydrogen and helium, enriched with highly ionized heavier elements
to about a third of their Solar abundances, increasing to around Solar at the centres.
This strongly ionized medium has frozen in magnetic fields with strengths of a few
μG. The giroradii of thermal electrons and protons of ∼108 cm and ∼1010 cm (of
the order of the size of the Earth), respectively, are many orders of magnitude
smaller than the particle collisional mean free paths of 1021–1023 cm (about 1–
100 kpc, comparable to the size of the Galaxy). The ratio of thermal to magnetic
pressure β = p/pB � 1, which means that the magnetic pressure contribution
is negligible for the hydrostatic mass determination discussed in Sect. 1.4. More
generally, even though the hot atmospheres consist of weakly magnetised plasma,
equations of ideal gas often provide useful approximations for their properties and
in this review, we will for convenience also use the term “hot gas”.

At the densities and temperatures of hot atmospheres the ionisation equilibration
time scale is short and therefore they are in a state of collisional ionisation
equilibrium (CIE). This means that the ionisation rate is equal to the recombination
rate, it is determined only by collisions and outside radiation fields do not affect
the ionisation state of the plasma. The time scale of the electron-ion equilibration
via Coulomb collisions is mostly shorter than ∼1 Gyr, therefore we can generally
assume that the free electrons are in thermal equilibrium with ions. Hot atmospheres
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are mostly optically thin, which means that the density of the gas is so low that
the emitted photons will never interact with other ions or electrons within the
atmosphere and will thus leave the system in “straight lines” (the exception is
resonant scattering at the energies of some of the strong emission lines in the dense
central regions, as discussed in Sect. 5; see [2]). This, combined with the fact that the
X-ray emissivity is proportional to the square of the gas density (Sect. 1.2), implies
that X-ray images of hot atmospheres give us a direct view on the projected gas
distribution, considerably facilitating the modelling of spectra and the interpretation
of the observations.

1.2 X-ray Emission Processes

As discussed above, the atmospheric gas is almost entirely ionized, made of ions
and free electrons. Under these conditions, a free electron sometimes flies close to
an ion and the electrostatic interaction between the two deflects the trajectory of
the much less massive electron. The loss of energy due to the deceleration of the
electron is then converted into a bremsstrahlung photon that can be detected at
X-ray wavelengths. The emissivity ε of this process scales as

ε ∝ ḡn2
e(kTe)

−1/2e−E/kTe, (1)

where ḡ is the Gaunt-factor, which is a quantum mechanical correction factor
that depends weakly on energy, k is the Boltzmann constant, Te is the electron
temperature,1 and ne is the electron density2 of the gas. Since such interactions
can happen at a range of angles and velocities, the energy of the emitted photons
can span a range of values. Bremsstrahlung thus contributes to the continuum of the
X-ray emission. This process is dominant in rich, massive clusters permeated by gas
with temperatures �107.5 K (i.e. kT � 3 keV).

In addition to hydrogen and helium, hot atmospheres contain traces of highly
ionized heavier elements. Like protons, these heavy ions also interact with free
electrons, either by capturing them (radiative recombination, which also contributes
to the continuum emission) or by colliding with them, which often boosts the energy
of the bound electrons. These excited electrons eventually return to their lower,
initial energy level (de-excitation) and, to conserve energy, emit an X-ray photon
of an energy corresponding to the difference between the two energy levels in the
ion. This produces metal emission lines, each of which corresponds to a specific
ion of a specific chemical element.

1By convention, the temperature is often expressed in units of energy, as kTe, in kiloelectronvolts
(keV).
2The ion density, ni, of the plasma with Solar metallicity can be obtained by assuming ne/ni 
1.18.
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Fig. 2 XMM-Newton/EPIC MOS spectra of the giant elliptical galaxy NGC 5846 (top) and the
galaxy cluster Abell 2029 (bottom), both extracted within 0.1r500. When visible, metal emission
lines (from their K-shell transitions, unless otherwise stated) are labeled. The MOS 1 and MOS 2
spectra have been stacked for clarity

In cooler gas pervading groups and massive ellipticals (∼106.5–107.5 K, i.e. kT ∼
0.3–3 keV), the plasma is less ionized and more of these atomic transitions can
occur, giving rise to a large number of emission lines. In fact, in lower-mass systems,
line emission often dominates over bremsstrahlung. Figure 2 shows a typical X-ray
spectrum produced by a giant elliptical galaxy (NGC 5846, top panel) and by a
massive, hot galaxy cluster (Abell 2029, bottom panel). While Abell 2029 is largely
dominated by the bremsstrahlung continuum emission with only two visible Fe and
Ni line complexes, most of the emission from NGC 5846 in the “bump” between
∼0.6 and ∼1.2 keV comes from a blend of Fe-L lines that are unresolved by CCD-
type detectors.
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1.3 Quantities Derived from X-ray Spectroscopy

X-ray spectroscopy is a powerful tool to study the physics of hot atmospheres.
Typically, the observed X-ray spectra are fitted with spectral models of plasma
emission with several free parameters. Below, we list the most important quantities
determined from X-ray spectra.

• The electron density of the hot gas is directly proportional to the square root
of the X-ray luminosity. From spectral fitting, one can determine the emission
measure Y = ∫

nenHdV , where nH is the number density of protons and V is
the emitting volume of the source. By using reasonable assumptions about the
emitting volume and assuming a smooth gas distribution within this volume, one
can easily work out the gas density.

• Equation (1) shows that the bremsstrahlung spectrum will exponentially decrease
at energies larger than kTe. This can be seen clearly in Fig. 2, where the emission
of the cooler NGC 5846 group falls below the background beyond ∼3 keV, while
the much hotter Abell 2029 cluster emits photons even at 10 keV. From the
observed shape of the continuum, we can thus work out the gas temperature.
The relative intensities of emission lines provide an additional constraint on
the gas temperature, which is particularly useful in the cooler, line dominated
systems.

• As mentioned above, each emission line corresponds to an ion of a particular
element. Intuitively, the more abundant a given element is, the stronger its
associated lines will appear. The abundance of a given element is measured
from the equivalent width of its emission line, i.e. the ratio between the flux of
the line and that of the continuum at the position of the line. Note, however,
that, at a given abundance, the equivalent width of the line is sensitive to the gas
temperature. In the relatively cool NGC 5846 shown in Fig. 2, the unresolved
Fe XVII lines (i.e. with 10 bound electrons) are prominent at around ∼0.7–
0.9 keV. These lines do not appear in the massive hot Abell 2029, because its
Fe is much more ionized and its spectrum is dominated by Fe XXV and Fe XXVI

lines (with 2 and 1 bound electron, respectively).

From the temperature and density, one can determine the pressure and the entropy
of the gas. Since the hot atmospheres are very tenuous and behave almost like an
ideal gas, the gas pressure P is simply defined as

P = ρkT

μmp
= nkT ∝ nekT , (2)

where ρ is the gas density, mp is the proton mass and μ  0.6 is the mean molecular
weight given in units of the proton mass.
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Another quantity of interest is the gas entropy, K . In hot atmospheres, it is
defined as3

K = kT

n
2/3
e

. (3)

In the case of a relaxed cluster in hydrostatic equilibrium, the gas with low entropy
naturally sinks to the center while the gas with higher entropy floats toward higher
altitudes. If a parcel of gas is moved to a different altitude (e.g. by the activity of
a supermassive black hole or by a merger) its temperature and density will change
due to adiabatic expansion or compression (assuming that thermal conduction is
negligible in the hot plasma), but its entropy will remain unchanged. In this sense, it
is a very useful quantity because it keeps memory of the thermodynamic history
of the gas. The gas entropy can only be changed by shocks, radiative cooling,
conduction, or mixing.

1.4 Hydrostatic Equilibrium

The time that it takes for a sound wave to cross an atmosphere provides the timescale
on which deviations from hydrostatic equilibrium are evened out. Therefore, if the
atmosphere is undisturbed by mergers or violent active galactic nucleus (AGN)
outbursts, after several sound crossing times (of order 109 year for galaxy clusters)
hot atmospheres should come to hydrostatic equilibrium with the underlying
gravitational potential �, meaning that the gravity will be balanced by gas pressure:

1

ρ

dP

dr
= −d�

dr
= −GMtot

r2 , (4)

where G is the gravitational constant and Mtot is the total (dark matter + stars + gas)
mass of the system. This assumption allows us to derive the total mass distribution
of the object simply by measuring the basic properties of its X-ray emitting gas.
More specifically, one can write:

Mtot(< r) = −kT (r)r

Gμmp

(
d ln T

d ln r
+ d ln ρ

d ln r

)
. (5)

As long as the data are good enough to derive the spatial distribution of the gas
density and temperature, the total mass encircled within a certain radius, Mtot(< r),
can be readily obtained.

3This “entropy” is not exactly the same as the classical thermodynamical entropy s. Formally, the
two quantities are related as s = k lnK3/2 + constant.
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The departure from hydrostatic equilibrium may be significant in clusters
undergoing major mergers, where the gas is heavily disturbed. However, even in
systems with prominent gas sloshing and ongoing AGN feedback, like the well
known Perseus cluster, the contribution of gas motions to the total pressure support
appears to be small (see Sect. 5).

2 Self Similarity

In the �CDM (cosmological constant and cold dark matter) model—favoured by
cosmologists today—clusters and groups of galaxies formed at the density peaks
that were born out of quantum density fluctuations in the very early Universe, which
later collapsed under their own gravity. These systems grew further in a hierarchical
way, i.e. larger structures formed from smaller ones, mainly via steady accretion and
mergers.

This paradigm is particularly interesting in the context of the so-called “self-
similarity”. As shown by Kaiser [3], the assumption that the Universe has the critical
density (� = 1) implies that the wave-number (i.e. the inverse of the typical spatial
scales) of the density fluctuations is distributed as a power-law. The consequence
of this prediction is that, on sufficiently large scales, the Universe is expected to
be self-similar. In other words, smaller dark-matter structures—containing massive
galaxies or galaxy groups—appear as scaled-down versions of the largest haloes
associated with massive galaxy clusters.

As shown by numerical simulations (e.g. [4]), self-similarity is expected to
hold not only for the dark-matter component, but also for the hot, X-ray emitting
atmospheres pervading these large scale structures. The gas falling into dark matter
halos is expected to be heated by shocks. The more massive a halo is, the more
shock-heated, and thus the hotter, the gas becomes. Combining the self-similar
assumption with the approximation of hydrostatic equilibrium discussed earlier, one
can easily show (see [5]) that, within a given overdensity limit4 r
, the total mass
M
 of a system scales with its gas temperature T
 as

M
 ∝ T
3/2

 . (6)

This simple relation shows that, in the absence of other mechanisms than gravity
and shock heating, the temperature of a system reflects its gravitational potential.

4r
 (with 
 = 200 or 
 = 500 as commonly found in the literature) corresponds to a radius
within which the total matter density reaches 
 times the critical density of the Universe at the
redshift of the system. Defined this way, r
 can be associated with a “normalized” astrophysical
radius common to each system, which takes self-similarity into account.
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Another important prediction of the self-similar paradigm is that the dimension-
less properties of massive galaxies, groups, and clusters are expected to be invariant.
In particular, the “gas mass fraction”, i.e. the fraction of hot, X-ray emitting gas mass
over the total (mostly dark matter) mass is expected to be the same in all massive
systems. Combining this prediction with the assumption that the total emissivity
of the plasma is dominated by thermal bremsstrahlung5 (see Sect. 1), one can also
easily demonstrate that the X-ray luminosity LX,
 of a system scales with its gas
temperature as

LX, 
 ∝ T 2

. (7)

Since LX, 
 and T
 can be obtained independently from X-ray data (Sect. 1.3),
Eq. (7) is extremely useful to directly test the self-similar assumption via X-ray
observations of clusters, groups, and ellipticals. An example of such a study is
shown in Fig. 3 (from [6]), however, we stress that many other studies are available
in the literature (e.g. [7–11]).

The general conclusion of these results is that, despite a strong correlation
between temperature and luminosity, the slope of the power-law is closer to 3
than to 2, which suggests a deviation from self-similarity. Moreover, as seen in
Fig. 3, the relation for groups is steeper than that for clusters. In other words,
groups lay on average below the expected scaling relation, which means that they
must be either hotter or less luminous (or both) than initially expected. Since self-
similarity assumes that gravity and shock heating are the only processes that shape
the atmospheres of massive systems, the most likely cause for such deviations
are additional non-gravitational processes, such as energy input by AGN and
supernovae.

Following its definition, the entropy (Eq. (3)) scales linearly with the gas temper-
ature. It has also been shown, using hydrodynamic simulations of gravitationally
collapsed gas in hydrostatic equilibrium [14, 15], that the radial distribution of
entropy is expected to increase with radius following a power-law distribution of

K(r) ∝ r1.1. (8)

This prediction has been tested using X-ray observations of clusters, groups, and
ellipticals, as shown in Fig. 4. Compared to the self-similar expectations, it appears
that the radial distribution shows an excess of entropy in cluster cores (Fig. 4), which
is on average stronger in low-mass systems.

5This assumption holds relatively well in the case of hot, massive clusters. However, as we have
seen earlier, metal lines usually dominate the emissivity of cooler atmospheres pervading groups
and ellipticals, which adds further complications to testing the predictions of self-similarity.
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Fig. 3 X-ray luminosity vs. temperature relation for a sample of clusters and groups [6]. The solid
line and dash-dotted line show the best-fit relations for the sub-samples of groups and clusters,
respectively, after corrections for biases due to selection effects. Groups appear to have a steeper
relation than clusters

This entropy excess can be explained by a centrally increased temperature
and/or by a central gas density drop (see Eq. (3)). In other words, there must be
a mechanism at the center of these hot atmospheres that heats the gas and/or moves
a significant fraction of the gas up to larger altitudes. The most likely mechanism
is the feedback from the central supermassive black hole, which has more impact
in the lower mass groups than in massive clusters. It has also been suggested that
the entropy excess may be a signature of “pre-heating”, i.e. a heating of the gas, by
AGNs or stellar activity, before the formation of clusters and groups [16].

The idea that a significant fraction of gas has been lifted from the central regions
of lower mass systems also agrees with the finding that, at scaled radii of r2500 or
even at r500, the gas mass fraction is an increasing function of cluster mass up to
massive clusters with virial temperatures of kT ∼ 5 keV [8, 17–19]. In dynamically
relaxed high mass clusters with kT � 5 keV the gas mass fraction at r2500 appears
to be invariant [20].
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Fig. 4 Measured radial entropy profiles for elliptical galaxies (blue data points) and for more
massive systems (red and black data points). The red dashed line indicates a power-law distribution
with index 1.1 predicted by gravitational collapse models and the black doted line indicates a
power-law model with index 0.67 found at r � 50 kpc by [12]. The data and the best-fit broken
power-law model (green solid line) show that the central entropy significantly flattens in the cores
of these systems ([13], and references therein)

3 Hot Atmospheres of Galaxies and the Circumgalactic
Medium

At least a part of the hot atmospheric gas of galaxies more massive than Mcrit ≈
1012 M	 (e.g. [21]) was accreted externally and shock heated during the process
of galaxy assembly. The atmospheres were augmented significantly by stellar mass
loss [22]. The contribution of stellar mass loss material increases and might actually
dominate in the lower mass systems. Such atmospheric gas contains a large fraction
of baryons in the local Universe (see Fig. 5). It turns out that about half of the warm-
hot diffuse baryons at low redshifts may lie in galactic atmospheres (e.g. [24–26]).

Historically, the extended, volume-filling, hot atmosphere of our Milky Way was
revealed by its soft X-ray emission [27–29] and further probed by X-ray absorption
studies along sightliness to bright AGN [30, 31]. These studies show that it contains
2.5±1×1010 M	 of gas, which is less than its stellar mass [32]. The baryonic mass
fraction within the virial radius of our Galaxy is only 6 ± 1%, which falls well short
of the Universal cosmic value of 16%. Studies of other spiral galaxies with Chandra
and XMM-Newton find similar conclusions. When the observed density profiles are
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Fig. 5 These plots show the distribution of highly ionized oxygen, which is an excellent tracer of
the warm-hot diffuse gas, in the Illustris TNG100 simulations at z = 0. The bulk of the oxygen in
the circumgalactic medium is expected to reside in O VII and O VIII ions, which have strong X-ray
emission lines. The upper panel shows the column density of O VII over a depth of 15 Mpc. O VII

traces the large scale filaments of the cosmic web and galaxy sized collapsed halos. The white
circles show the 50 most massive halos. The lower right panel zooms in on a galaxy cluster with
a halo mass of 1013.8 M	, showing its O VIII column in a box with a length of 3.5 rvir. The large
circle shows the virial radius and the small circles indicate the 50 most massive halos in the panel.
The lower left panel zooms in further on a system with a halo mass of 1012.5 M	, showing the
column density of O VI. From [23]

extrapolated to the virial radii of these galaxies, more than 60–70% of the baryons
appear to be missing [33–35]. Stacked Sunyaev-Zeldovich (SZ) measurements of
massive galaxies by the Planck satellite indicates that most of their baryons reside
in hot diffuse atmospheres and extend beyond their virial radii [36, 37]. Bregman
et al. [38] show that the atmospheric density profiles of massive spirals need to
be extrapolated to 1.9–3R200 for their baryon to dark matter ratio to approach the
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cosmic value. Some kind of violent activity likely caused these galaxies to expel a
large part of their hot atmospheres.

Our estimates of the baryon fractions also depend strongly on the metallicity of
the gas, which was previously often assumed low. Contrary to such earlier results
(e.g. [39–42]), the hot galactic atmospheres of early type galaxies are likely metal
rich, with metallicities approaching the Solar value in the central regions [43]
and flattening out at ≈0.2–0.3 Solar at larger radii (see [44] and Sect. 6). Detailed
spatially resolved measurements of metallicities in the hot atmospheres of late type
galaxies have not yet been performed. Such measurements are challenging due to
the low number of photons.

Current measurements of the properties of galactic atmospheres are mostly lim-
ited to early type galaxies, where the presence of hot atmospheric gas in combination
with radio mode AGN feedback is believed to have played a crucial role in the
quenching of star formation (see Sect. 4). However, the detailed knowledge of the
atmospheric gas is in many ways essential also for our understanding of the stellar
components of late type, discy galaxies.

As an example, the hot atmospheric gas might also be of key importance for
the evolution of spiral galaxies, feeding their discs with the fuel necessary for star
formation. Milky Way mass spiral galaxies, that are forming stars at a rate similar to
that of our Galaxy (≈2 M	 year−1) would consume the available molecular gas in
their discs in about 109 years. To maintain the star forming galactic discs, they have
to be fed continuously by molecular gas from outside [45]. Thermal instabilities
in the hot atmospheres, leading to a “rain” onto the galactic disc (see Sect. 4),
would be able to provide plenty of fuel to maintain the star formation in spirals
for ≈1010 years. The cooling of the galactic atmospheres onto star forming discs
could be stimulated by stellar feedback via powering of a galactic fountain, which
produces mixing between the disc material and the atmospheric gas. The mixing
reduces the cooling time of the atmosphere, making it condense and accrete onto
the disc [46]. In this fountain driven accretion scenario, the key ingredient is the
presence of a star-forming disc of cold gas, which helps to cool the atmosphere.
If the disc gets for some reason destroyed (e.g. due to ram pressure stripping after
falling into a galaxy cluster) it may not reform again and the galaxy will become red
and dead.

Most X-ray observations only target the bright central parts of galaxies, groups
and clusters of galaxies. Most of their hot atmospheres, which contains the
dominant fraction of their baryons are still unobserved. Few systems have reliable
observations all the way to their virial radii and we will have to wait for future
observatories to really address the baryon content, dynamics, thermodynamics, and
the chemical composition of the full extent of their atmospheres (see Sect. 5). The
existing observations indicate that the gas in the cluster outskirts is clumpy and it is
not entirely virialized [47]. The same might be true for the outskirts of individual
galaxies, where most of the ordinary matter resides.

Even fewer observations probe the properties of the warm-hot intergalactic
medium (WHIM) outside of galaxies, groups, and clusters of galaxies, which
is believed to be permeating the filaments of the cosmic web. A few tentative
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detections in emission are likely probing the densest and hottest parts of the
intergalactic medium, where only a small fraction of the WHIM resides (e.g. [48–
50]). On the other hand absorption studies provided line detections only in extremely
long observations toward a few bright quasars (e.g. [51, 52]). A systematic study
probing the bulk of the diffuse medium in the outskirts of galaxies and permeating
the cosmic web will need a substantial improvement in our observing capabilities
(see Sect. 7).

4 Supermassive Black Hole Feedback

It is now well established that central supermassive black holes play a vital role
in the evolution of their host systems. Accreting black holes are the most efficient
engines in the Universe at converting rest-mass into energy, releasing ∼1020 erg g−1

of accreted gas. This energy may be released in either radiative or mechanical form,
depending on the accretion rate and structure of the accretion flow: in the radiative
(quasar mode) AGN feedback, the radiation from vigorously accreting black holes
couples with the cold gas in the host galaxy; in the so-called radio-mechanical
(maintenance mode) feedback, the jets from AGN accreting at a modest rate heat
or push the hot gas out. Radiatively efficient accretion and rapid black hole growth
are taking place mostly early in the evolution of galaxies.

In massive galaxies, groups and clusters of galaxies hosting hot atmospheric gas,
the quasar phase is followed by radiatively inefficient radio-mechanical feedback,
when despite a much lower accretion rate the mechanical energy output of the jets
couples efficiently to the atmospheric gas (e.g. [53]). In the absence of heating,
the hot X-ray emitting gas in many clusters, groups and elliptical galaxies would
cool and form stars, building much larger galaxies than are seen. However, the
radio-mechanical feedback appears to be preventing the cooling of the hot gaseous
atmospheres (see [54]).

In the centres of clusters of galaxies, radio-mechanical feedback is relatively
well explored. X-ray studies with Chandra and XMM-Newton have shown that the
expanding, AGN jet inflated radio lobes displace the hot gas, creating ‘cavities’ in
the X-ray emitting plasma (e.g. [55] and drive weak shocks that heat the surrounding
medium isotropically [56–60], preventing it from cooling (see Figs. 6 and 7).
Furthermore, in their wakes, the rising bubbles filled by relativistic plasma uplift low
entropy gas from the innermost regions of their host galaxies [61–66]. Current X-
ray observations thus show that jets emanating from black holes accreting at modest
rates are sufficiently powerful to balance the radiative cooling of hot atmospheres
and limit further star-formation. The feedback is gentle and the heating rate appears
to be very well tuned to the atmospheric cooling (see Fig. 7). However, no consensus
has been achieved on the dominant mechanism responsible for energy transport
from jets, to X-ray bubbles, and eventually into the hot plasma at large (see [67]).

There is also little consensus on how cooled or cooling gas fuels the AGN. To
create a feedback loop, the thermal state of the hot atmosphere must influence the
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Fig. 6 An illustration showing a chemically enriched (by SNIa, SNcc, and AGB stars), hot, X-ray
emitting atmosphere, stabilized by AGN feedback. Within a radius where the cooling time of the
atmospheric gas is shorter than ∼1 Gyr the thermally unstable atmospheric gas “precipitates” by
condensing into cooler clouds that may fall towards the centre, increasing the accretion rate onto the
central supermassive black hole and driving the formation of jets. The jets inflate lobes, displacing
the hot atmospheric gas and creating X-ray dark cavities. Initially, the lobes/cavities expand
supersonically, driving weak shocks into the surrounding medium and increasing its entropy. After
detaching from the jets, the lobes/cavities rise buoyantly in the hot atmosphere, driving turbulence
and uplifting low entropy gas in their updraft. The uplifted low entropy gas may cool and fall
back towards the centre. As the relativistic plasma filling the bubbles looses energy it stops shining
in the radio band and the cavities become “ghost” cavities. By mechanically perturbing the gas,
e.g. driving shocks, uplifting the lowest entropy gas from the centre, driving turbulence, the AGN
heats the atmosphere preventing its radiative cooling. AGN driven turbulent motions cause Doppler
broadening of spectral lines, which can be observed by high-resolution X-ray spectrometers

power output of the AGN. A particularly important question, which still remains
unanswered is: How does AGN feedback operate across spatial scales of over 8
orders of magnitude—from the immediate vicinity of the black hole to a scale of
several hundreds of kpc in clusters of galaxies?

The most popular attempts to solve this question rely on the idea of “precipi-
tation” [69–71]. If the ambient medium “precipitates” (cools) by condensing into
cooler clouds that rain toward the centre, the accretion rate will rise by orders of
magnitude and trigger a feedback response.
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~2 kpc

~200 kpc

Fig. 7 Radio-mechanical AGN feedback observed on a cluster scale (left panel) and in a galaxy
(right panel). Left panel: Composite image of the galaxy cluster MS 0735.6+7421 [55]. Right
panel: Composite image of M84, a massive elliptical galaxy in the Virgo cluster [68]. The Chandra
image of the hot X-ray emitting gas is shown in blue and the VLA radio image of the jet injected
relativistic plasma is shown in red on both images. A background image from the Sloan Digital Sky
Survey is shown in yellow and white. The jet inflated bubbles displace the X-ray emitting plasma,
forming cavities in the hot atmospheres. While the average jet power required to form the observed
cavities in MS 0735.6+7421 is 1.7×1046 erg s−1 (typical for quasar luminosity but mostly released
as mechanical energy), comparable to the X-ray luminosity of this massive cluster, the jet power
of M84 is five orders of magnitude smaller, apparently tuned to balance the radiative cooling of its
much smaller X-ray atmosphere. Courtesy: NASA/CXC/SAO

Supermassive black hole masses correlate with the luminosities and velocity
dispersions of the stellar bulge components of their host galaxies indicating that they
evolved together [72–76]. Recently, Lakhchaura et al. [77] found a tight correlation
between the central supermassive black hole mass and the atmospheric temperatures
of the brightest cluster/group galaxies (BCGs). The atmospheric temperatures are
determined by the total mass of the system, implying an underlying correlation
between the black hole mass and the total mass of the host galaxy. The hydrostatic
analysis of BCGs confirms the existence of the underlying correlation, which turns
out to be approximately linear. These results imply that the black hole masses
correlate not only with the stellar components of the galaxies but also with their
dark matter halos (see also the earlier results of [78, 79]). The supermassive black
hole mass could be determined by the binding energy of the halo through radiative
feedback during the rapid black hole growth by accretion [80, 81]. However, for the
most massive galaxies, such as the BCGs, mergers are the chief channel of growth
[82]. Thus the initial correlation established through quasar mode feedback could
have been subsequently strengthened via numerous gas-free mergers with galaxies
hosting central supermassive black holes (a natural consequence of the central limit
theorem; [83]).
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5 Atmospheric Gas Dynamics

Next to the standard X-ray observables, such as the density, temperature, and
metallicity discussed above, X-ray detectors with high spectral resolution also
enable direct measurements of the hot gas dynamics. While the broadening of
spectral lines provides information about small scale or turbulent motions, line shifts
reveal bulk, coherent, “streaming” motions on larger scales. Infall of groups and
galaxies as well as accretion of surrounding matter, and the interaction of the intra-
cluster medium (ICM) with the relativistic radio emitting plasma injected by the
AGN are all expected to drive turbulent and bulk gas motions. Actual measurements
of gas motions, however, remain sparse. The knowledge of the dynamical pressure
support is also very important for the total mass measurements performed under the
assumption of hydrostatic equilibrium and for cluster cosmology, which relies on
accurate masses.

The first non-dispersive imaging detector with a high enough spectral resolution
to determine the velocity broadening and shifts of ICM emission lines was the Soft
X-ray Spectrometer (SXS) on the Hitomi satellite (see Fig. 8). The Hitomi SXS
observation of the Perseus cluster revealed a 1D line-of-sight velocity dispersion
reaching approximately 200 km s−1 toward the central AGN and toward the jet
inflated “ghost” bubble north of the cluster core [84, 85]. Elsewhere in the centre

Fig. 8 The Hitomi SXS spectrum of Fe XXV Heα. The black line indicates the instrumental
broadening, the blue line indicates the instrumental plus thermal broadening. All the additional
broadening—the difference between the blue line and the data fitted by the red model—is due to
velocity broadening. The strongest resonance (‘w’), intercombination (‘x’, ‘y’) and forbidden (‘z’)
lines are indicated [84]
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of the Perseus cluster probed by the Hitomi observations, the velocity dispersion
of the ICM appears constant at around 100 km s−1. The observations also revealed
a velocity gradient with a 100 km s−1 amplitude across the cluster core, consistent
with a large-scale sloshing of the core gas. It turns out that if the observed gas
motions are isotropic, the kinetic pressure support is less than 10% of the thermal
pressure support in the cluster core. The assumption of hydrostatic equilibrium in
cluster mass measurements is thus likely not violated even in the dynamically active
AGN hosting cluster cores.

Based on the analysis of surface brightness fluctuations measured with Chandra,
[86] performed indirect estimates of gas motions in the Perseus cluster even before
the Hitomi observations. These estimates turned out to be broadly consistent with
the SXS measurements. Zhuravleva et al. [86] showed that the heating rate from
the dissipation of gas motions might actually be capable of balancing the radiative
cooling at each radius in the Perseus cluster.

Prior to the Hitomi observation of the Perseus cluster, the velocity broadening
of emission lines has only been observed in giant ellipticals, groups, and clusters
with strongly centrally peaked surface brightness distributions, using the reflection
grating spectrometers (RGS) on board XMM-Newton [87–89]. For more than half
of the systems, the measurements of line widths provide a 68% upper limit of
200 km s−1. Because RGS is a slit-less dispersive spectrometer, the spectral lines
observed by this instrument are also broadened by the spatial extent of the source,
significantly limiting the velocity broadening measurements, plaguing them by a
large systematic uncertainty.

However, for the low temperature X-ray atmospheres of groups and giant
ellipticals with kT � 0.9 keV, the grating spectrometers on XMM-Newton enable
indirect velocity measurements using the effect of resonance scattering [2, 90].
While the hot atmospheres are mostly optically thin, at the energies of certain
transitions resonance scattering may make the gas optically thick. The most
affected by resonance scattering is the Fe XVII line at 15.01 Å. The optical depth
(the expected suppression of the line) decreases with the increasing small scale
turbulence. Conveniently, the neighbouring unresolved blend of the same ion at
17.05 and 17.10 Å is optically thin and virtually unaffected by resonance scattering.
Therefore, the comparison of their intensities allows us to measure the magnitude
of resonant scattering and estimate the characteristic velocities of small scale
turbulence. Werner et al. [91] and de Plaa et al. [92] measured the suppression of
the 15.01 Å Fe XVII line in a sample of X-ray bright nearby galaxies and found
that the turbulent pressure support could span from less than ∼5% to over 40% of
the thermal pressure in these systems. Ogorzalek et al. [93] combined the XMM-
Newton RGS measurements of both line broadening (based on [89]) and resonant
scattering for 13 galaxies and found a mean non-thermal pressure support of ∼6%.
This non-thermal pressure support is consistent with the Hitomi SXS measurements
of the Perseus cluster and supports the picture of a quasi-continuous gentle AGN
feedback.
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The velocities of the cold and warm gas phases within the hot galactic, group
and cluster atmospheres might also reflect the velocities in the hot ICM (e.g. [94]).
Sub-mm, infrared, and optical spectra of the line emitting nebulae might thus also
provide indirect estimates on the velocities in hot galactic atmospheres.

Most of these velocity measurements were performed in relaxed systems, which
are currently not undergoing major mergers. Mergers produce large bulk motions as
well as in strong turbulence. They also result in weak shocks and cold fronts which
are discussed in detail in [95].

6 The Chemical Composition of Hot Atmospheres

The first X-ray spectra of clusters of galaxies, obtained in the late 1970s [96, 97],
revealed the presence of K-shell Fe line emission. Few years later, emission lines
of other metals were also detected by the Einstein satellite [98]. These observations
provided the very first evidence that the ICM has been significantly enriched with
metals.6 X-ray spectroscopy is a particularly powerful tool for studying the chemical
enrichment, because all important products of AGB stars (C and N) and supernovae
(O, Ne, Mg, Si, S, Ar, Ca, Cr, Mn, Fe, and Ni) have their K-shell lines in the X-
ray band (as well as the L-shell lines of Si, S, Ar, Ca, Fe, and Ni, with the Fe-L
lines being particularly prominent). Compared to the abundances measured in other
objects at longer wavelengths (e.g. stellar abundances or the chemical composition
of optical emission line nebulae), the X-ray measurements of the abundances in the
hot ICM are remarkably accurate. Unlike the convention in the field, the abundances
measured via X-ray spectroscopy can easily be published on a linear scale and the
accuracy is often mainly limited by our knowledge of the atomic data (see e.g.,
[99]).

The most important questions addressed by the studies of the chemical composi-
tion of atmospheric gas include:

1. How does the chemical composition of the atmospheric gas compare with the
chemical composition of stars?

2. What are the astrophysical sources of the enrichment? What is the fraction of
Type Ia (SNIa; i.e. a thermonuclear explosion of a white dwarf after it reached
the Chandrasekhar limit of 1.4 M	 following a mass transfer from a stellar
companion or a collision with another white dwarf) to core-collapse supernovae
(SNcc; i.e. a gravitational collapse of a massive star at the end of its life leading
to a supernova explosion) contributing to the enrichment of the intergalactic
medium?

3. What can we learn about supernova nucleosynthesis from the chemical abun-
dance studies of hot atmospheres?

6All elements heavier than H and He are usually called “metals” in astrophysics.



298 N. Werner and F. Mernier

Fig. 9 The Hitomi SXS spectrum of the Perseus cluster resolves the emission lines of eight
different elements produced by Type Ia and core-collapse supernovae. Its analysis revealed that the
relative abundances of elements produced by supernovae are very similar to the relative abundances
of the same metals in the Sun [102]

4. At which cosmic epoch were the metals ejected from the stars and galaxies? Was
it before or after the epoch of cluster formation?

5. What are the main transport mechanisms that drive the metals out of galaxies and
spread them across the intergalactic medium?

Addressing the first three questions requires the knowledge of the detailed
chemical composition of the atmospheric gas, which means measurements of the
abundances of as many supernova products as possible. The unique capabilities
of XMM-Newton and, more recently Hitomi (see Fig. 9), revealed that the relative
abundances of the observed metals are consistent with those in the Sun [100–104].
This means that, similarly to the chemical enrichment models of our own Galaxy
(for a review, see [105]), the enrichment of hot atmospheres has been dominated
by only two types of supernovae: SNIa and SNcc. It seems that the contribution
of population III stars (i.e. the very first stars in the Universe, made entirely of
primordial hydrogen and helium) was negligible (see e.g., [106]).

Finding similar abundance ratios in our Solar neighbourhood and in the hot
atmospheres of the largest objects in the Universe is surprising. The chemical
composition of cluster atmospheres, which have been enriched by billions of
supernovae exploding in thousands of galaxies should reflect the average chemical
composition of the Universe. The result that the relative metal abundances of our
Sun are so similar to those in clusters could be due to the fact that our Sun is an
average star in a kind of galaxy, where most of the stars and metals in the Universe
were formed. This result also indicates that the material from which our Sun formed
has been a well mixed product of many supernovae.



Hot Atmospheres of Galaxies, Groups, and Clusters of Galaxies 299

The fourth question, about the epoch of the metal ejection from galaxies into the
intergalactic gas, can be addressed in two different ways. The most direct approach
is X-ray spectroscopy of galaxy clusters at various redshifts in order to look for an
evolution of their chemical abundances with cosmic time. Although many studies
have attempted to use this approach (e.g. [107–112]), the very large uncertainties
due to the low signal-to-noise at high redshifts makes it difficult to draw firm
conclusions. Moreover, for the same reason this exercise is restricted to the brightest
(i.e. most massive) clusters. Despite these limitations, most studies report essentially
little or no cosmic evolution in the metallicity of hot atmospheres out to z  1–1.5,
when the Universe was about half of its current age.

The spatial distribution of metals in nearby systems also provides valuable
information about the period when the bulk of the ICM enrichment took place
(Fig. 10). In particular, the Suzaku X-ray satellite revealed that, instead of decreasing
monotonically with radius, the Fe abundance in clusters outskirts remains remark-
ably uniform at ZFe ∼ 0.3 Solar out to at least r200 [113–115]. According to
simulations (e.g. [116, 117]), this flat distribution is the key signature of metals
having escaped their galaxy hosts at z  2–3 (more than 10 billion years ago), i.e.
before these galaxies were incorporated into clusters. These results led to the so-
called “early enrichment scenario”, in which the bulk of metals has been ejected
into the IGM before clusters started to form and grow.

As shown in Fig. 10, relaxed cool-core clusters exhibit a central increase of
Fe. Because these clusters host BCGs in their centres, this Fe peak was initially

Fig. 10 Average radial Fe abundance profiles for cool-core clusters from various measurements
in the literature [123]
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attributed to the stellar populations of these galaxies [118, 119]. While BCGs lack
significant star formation and SNcc explosions, SNIa, due to their long delay times,
may still keep enriching the BCGs with heavy metals, such as Fe and Ni. Lighter
elements like O, Mg, and Si are mainly produced by SNcc and were thus not
expected to be seen in large amounts within the central region. It was later found,
however, that all elements, including O, Mg, and Si, exhibit a central abundance
peak that follows that of Fe [44, 59, 120, 121]. This surprising discovery indicates
that stars that are seen today in BCGs have little to do with the enrichment of
the hot gas pervading them. In other words, the bulk of the gas enrichment must
have occurred early on, before the hot medium ended up in the BCG, during or
perhaps even before the formation of the cluster. This conclusion is also supported
by the observation that while the stellar populations of BCGs have super-Solar
α/Fe abundance ratios (ratios of SNcc products over iron, which is produced
mainly by SNIa; [122]), their hot atmospheres have Solar α/Fe ratios. The different
composition points to a different origin of metals.

Interestingly, the spatial distribution of metals in hot atmospheres also provides
crucial clues to answer our last question. Simulations which reproduce the observed
flat metal distribution in clusters outskirts (e.g. [116, 117]) indicate that the activity
of supermassive black holes was necessary to eject the metals from their galactic
potential before the formation of clusters. In some cases, a gentle uplift of metals by
AGN feedback can be seen directly around the central dominant galaxies of nearby
clusters, where metal-rich gas is observed along the radio jets of the central AGN
and around their cavities [65]. The clearest observational evidence of uplift has been
obtained for M87 ([61], Fig. 11 left) and for the Hydra A ([59, 124], Fig. 11 right).
In these cases, however, the deep potential well of such mature systems prevents

Fig. 11 Projected Fe abundance maps for the hot atmospheres of M87 (left panel; [61]) and the
Hydra A cluster (right panel; [124]). The 330 MHz and 1400 MHz radio contours, over-plotted in
white and black, respectively, trace the jets from the central supermassive black hole
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metals to effectively diffuse out and to enrich their surroundings at very large scales.
Ejection of metals by galaxies in proto-cluster environments (i.e. at z � 2) via their
central supermassive black holes is yet to be observed directly.

In addition to AGN feedback, other processes may play a significant role in
redistributing metals within hot atmospheres (for a review, see [125]). These are:
(1) ram-pressure stripping (i.e. when a metal-rich galaxy falls into a galaxy cluster,
the pressure of the pervading ICM strips its local interstellar medium and a tail of
metal-rich gas forms behind the galaxy), (2) sloshing (i.e. when the ICM is slightly
displaced from its potential well, circular motions start to take place and may gently
transport metals on large scales), and (3) galaxy-galaxy interactions. In addition,
clusters of galaxies contain a significant fraction of intracluster stars, which do not
belong to any galaxy. For this reason, they can, in principle, release metals into the
hot atmosphere more efficiently than stars that reside in a strong galactic potential.
Currently, the exact contribution of all these mechanisms is not well known, and
future dedicated observations and simulations will be needed to clarify the relative
contribution of these processes.

7 Future Studies of Hot Atmospheres

The current generation of X-ray satellites (Chandra, XMM-Newton, and Suzaku)
revolutionized our understanding of hot atmospheres pervading massive galaxies,
groups and clusters. These missions greatly benefited from the all sky survey
performed by the ROSAT satellite launched in 1990. The ROSAT survey was crucial
for the mapping of the X-ray sky and discovering new systems, yet it still remains
unsurpassed.

Before the launch of the major next generation X-ray observatories it will
be critically important to perform a new, more sensitive sky survey. That is the
objective of the eROSITA instrument onboard the recently launched Russian–
German Spectrum-Roentgen-Gamma (SRG) mission, which is currently mapping
the X-ray sky with a much improved spatial resolution and sensitivity [126]. This
will allow the discovery of approximately 50,000–100,000 new galaxy clusters and
about three millions new AGN.

Perhaps the most significant improvements in the capabilities of the future major
X-ray observatories are expected in spectral resolution. They will allow us to probe
directly small-scale turbulence together with large-scale gas motions. The high
spectral resolution also allows us to access more metal lines, providing increasingly
accurate elemental abundance measurements. Micro-calorimeters, which convert a
tiny change of temperature due to the incoming X-ray photon into photon energy,
have demonstrated their potential by the spectacular results from the Hitomi SXS
observation of the Perseus cluster. A re-flight of this Japanese mission called XRISM
(X-Ray Imaging and Spectroscopy Mission; [127]), is planned for the year 2022 and
its key micro-calorimeter instrument Resolve will routinely provide X-ray spectra
with an energy resolution of 5 eV.
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Fig. 12 A simulated Athena X-IFU spectrum of a kT = 3 keV galaxy cluster at a redshift of
z = 1 obtained assuming a deep 250,000 s (about 3 days) long observation. For comparison,
simulated observations, assuming equally long exposure times, are shown for XMM-Newton
EPIC/pn, Chandra ACIS-I, and XRISM Resolve

Later on around 2031, ESA’s next generation X-ray observatory Athena
(Advanced Telescope for High-ENergy Astrophysics) is expected to push our
knowledge of hot atmospheres to yet another level. Athena will be equipped with
a cryogenic X-ray spectrometer, based on a large array of Transition Edge Sensors
(TES), offering 2.5 eV spectral resolution, with 5 arcsec per pixels, over a field of
view of 5 arcmin in diameter (the X-IFU instrument; [128]). Moreover, its effective
area is expected to be an order of magnitude larger than that of XRISM (see Fig. 12).
This unprecedented sensitivity will be of vital importance as it will allow to probe
high-redshift systems and provide unprecedented measurements to constrain the
evolution of the thermodynamic properties and metallicities of hot atmospheres.
Athena will be able to detect groups at early epochs (out to look-back times of
∼10 Gyr), which will be essential for understanding the formation of large scale
structures.

The high spectral resolution is also necessary to survey the distribution and
properties of the faint circumgalactic and intergalactic medium permeating the
filaments of the cosmic web. This will be the primary aim of the future Chinese
HUBS (Hot Universe Baryon Surveyor) mission.7 HUBS will combine a large field-
of-view with an excellent spectral resolution in order to map the emission and
absorption in the O VII and O VIII lines. These measurements will be crucial to

7http://hubs.phys.tsinghua.edu.cn/en/index.html.

http://hubs.phys.tsinghua.edu.cn/en/index.html
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detect and “map” the bulk of the ordinary matter in our nearby Universe. The yet
to be approved Japanese SuperDIOS mission [129] will extend the capabilities of
HUBS. Its 10 arcsec spatial resolution will allow a robust filtering of contaminating
X-ray point sources and thus a more reliable census of diffuse warm-hot baryons.

The Athena X-ray observatory is expected to achieve a 5 arcsec spatial resolution,
which is significantly better than that of XMM-Newton, but still worse than that
of Chandra. In particular the studies of galaxy scale atmospheres would strongly
benefit from a high spatial resolution, which would allow us to resolve out the bright
point sources in these systems. But also the studies of subtle features in nearby
galaxy clusters (e.g. shocks, cold fronts, ripples, etc.) or substructures in high-
redshift systems (cavities, signatures of sloshing, merging sub-clusters, etc.) will
benefit from combining the unprecedented spectral resolution, large effective area,
and excellent spatial resolution. This is the ambitious goal of the proposed NASA
mission Lynx, which aims to combine the capabilities of Athena with a Chandra-like
spatial resolution and add a high resolution grating spectrometer.

The post-Athena (-Lynx) future of X-ray observatories remains far and not clear.
It depends strongly on the future science questions uncovered by the upcoming
facilities and on future technology that is yet to be demonstrated. However, it is
never too early to “think further” and propose a very long term view on astrophysical
observations (e.g. see the Voyage 2050 call by ESA). Even though the currently
planned missions are expected to reveal much more about the diffuse medium
outside of the gravitational potential wells of massive clusters, groups and galaxies,
they will still only probe the tip of the iceberg. The physical properties of the
majority of ordinary matter in the local Universe will remain unexplored even after
Athena, Lynx, HUBS, and Super-DIOS. This task awaits for a dedicated mission with
a large effective area, field-of-view, as well as high spatial and spectral resolution.
Within about two decades, megapixel size TES detector arrays with sub-eV spectral
resolution in the soft X-ray band are expected to be available. Our ambition and hope
is, that such sizable high-resolution X-ray spectrometer arrays combined with large
X-ray mirrors, that are currently under development, will finally enable us to build
the Cosmic Web Explorer mission [130], which will survey the physical properties
of most of the medium permeating the cosmic ocean.
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Abstract Over the last decades, observations with increasing quality have revo-
lutionized our understanding of the general properties of the Universe. Questions
posed for millenia by mankind about the origin, evolution and structure of the
cosmos have found an answer. This has been possible mainly thanks to observations
of the Cosmic Microwave Background, of the large-scale distribution of matter
structure in the local Universe, and of type Ia supernovae that have revealed the
accelerated expansion of the Universe. All these observations have successfully
converged into the so-called “concordance model”. In spite of all these observational
successes, there are still some important open problems, the most obvious of which
are what generated the initial matter inhomogeneities that led to the structure
observable in today’s Universe, and what is the nature of dark matter, and of the
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dark energy that drives the accelerated expansion. In this chapter I will expand on the
previous aspects. I will present a general description of the Standard Cosmological
Model of the Universe, with special emphasis on the most recent observations
that have allowed to establish this model. I will also discuss the shortfalls of this
model, its most pressing open questions, and will briefly describe the observational
programmes that are being planned to tackle these issues.

1 Cosmological Models

1.1 First Cosmological Views and Models

Since its beginnings, mankind has questioned about the origin, history and evolution
of the Cosmos. During the fifth century B.C. classical philosophers and thinkers
like Anaxagoras, Leucippus of Mileto or Democritus hypothesised about the main
constituents of the Universe. After that, the first models attempting to describe
the closest observable Universe (the orbits of the Solar System planets) appeared.
Aristotle (fourth century B.C.) proposed the geocentric model and a finite and static
Universe built up of fire, air, water and earth. In the second century B.C. Ptolemy
further developed this model by introducing the concept of epicycles. Regrettably
this was the prevalent model during more than 17 centuries, and throughout the
full Middle Ages. In 1543 Nicolaus Copernicus caused a big breakthrough with the
publication of his book De revolutionibus orbium coelestium, where he suggested
that the Sun, rather than the Earth, was the centre of the Solar System. This idea
had initially been put forward by Aristarchus of Samos in the third century B.C.,
although it had been totally ignored. Copernicus theory marked a major event in
the history of science, triggered the Copernican Revolution, and made a pioneering
contribution to the so-called Scientific Revolution, which together with other events
and developments in other fields in turn marked the emergence of the modern
science during the early modern period. Later in 1584 Giordano Bruno went further
and dared to suggest that not even the Solar System was the centre of the Universe,
with the Sun being just one more star amongst many others. This had well-known
terribly bad consequences for him. In 1605 Johannes Kepler introduced refinements
on the Copernican model, such as proposing elliptical instead of circular planet
orbits, based on observations carried out by Galileo Galilei. We can probably say
that these developments marked the transition of Cosmology from a philosophical
and speculative to a more scientific discipline, which involved an attempt to perform
the first mathematical description of the Cosmos based on the observations.

It is often considered that the Scientific Revolution that started with the ideas of
Copernicus was culminated with the publication by Isaac Newton of his “Mathe-
matical Principles of Natural Philosophy” in 1687, where he formulated the laws of
motion and universal gravitation, thence lying the foundation of classical mechanics.
Newton proposed a finite and static Universe, in which matter is uniformly
distributed. He thought that gravitational forces between planets should lead to an
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unstable Solar System and, sticking to his religious beliefs, he stated that God’s
intervention made it an stable system. This idea was challenged 100 years later by
Pierre-Simon Laplace, who thought that mathematics should be able to explain the
motion of planets without the need of God. In the same way as Newton did, Albert
Einstein naturally attempted to apply his theory to cosmology, this time the theory
of General Relativity, published in 1915. Einstein also embraced the prevailing idea
at that time of a dynamically static Universe. Instead of resorting to God, in this
case he modified his original field equations by the introduction of the cosmological
constant, �, which he viewed as a repulsive form of gravity that kept the Universe
stable. This changed dramatically with the discovery of the Universe expansion by
Edwin Hubble in 1929, which led Einstein to recognise as his biggest blunder the
assumption of a static universe and the introduction of the cosmological constant.

1.2 Big Bang Cosmology

Although confirmed observationally in 1929 by Edwin Hubble, the idea of an
expanding universe had been proposed in 1922 by Alexander Friedmann, based on
Einstein’s fundamental equations. In 1927 Georges Lemaître, backed by the first
observations of Edwin Hubble, concluded that the Universe was in fact expanding,
and this naturally drove him to propose for the first time the idea of a Big Bang
(he initially coined his idea “primeval atom”). Later in 1946 George Gamow [1]
proposed a hot Big Bang model to explain the primeval build-up of atoms heavier
than hydrogen. He realised that reaching the binding energies of those atoms
required temperatures of the order of ∼109–1010 K. According to this model the
Universe was sufficiently hot and dense in its beginnings, and later expanded out
and cooled down, in such a way that now it should have an average non-zero
temperature. This remnant temperature should show up as a background radiation
with a temperature of ∼5 K, the so-called “Cosmic Microwave Background”
(CMB), according to the prediction by Ralph A. Alpher and Robert Herman [2].

At that time, a competing alternative was the “Steady State Model”, which
was proposed by three prominent physicists: Hermann Bondi, Thomas Gold and
Fred Hoyle. This model proposed that the observed expansion of the Universe was
associated with a spontaneous and continuous creation of matter, which led to a
Universe with a fixed average density [3]. The existence of the Cosmic Microwave
Background could not fit by any means in this theory, and therefore its discovery in
1964 by Arno Penzias and Robert Wilson1 [5] led to the refutal of this model, and to
the final recognition of the Big Bang Model. Ever since this has been the prevailing
model to explain the beginning and later expansion of our Universe. The three main,

1Note that, even before this, the CMB had been indirectly detected by Adams [4] through the
local excitation of CN molecules in our Galaxy. This excitation was attributed to some kind of
“unknown” radiation with temperature ∼2.3 K.
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and independent, pillars supporting nowadays this theory are: (1) the expansion of
the Universe; (2) the abundance of light elements; and (3) the CMB.

1.3 The Standard Model of Cosmology

All the previous developments and discoveries led to the establishment of the what
we nowadays call the “Standard Model of Cosmology” (SMC). This model is sup-
ported mainly on General Relativity and by the validity of the “Cosmological Prin-
ciple”, which states that the Universe is homogeneous and isotropic on large scales
(�100 Mpc). The geometry of a homogeneous and isotropic Universe in a four-
dimensional (space and time) system is described by the Robertson-Walker metric,

ds2 = c2dt2 − a2(t)

[
dr2

1 − kr2 + r2
(
dθ2 + sin2θdφ2

)]
, (1)

where a(t) is the scale factor and k = −1, 0,+1 respectively for an open, flat or
closed Universe. Alexander Friedmann used this metric to solve the Einstein’s field
equations of General Relativity, leading to the so-called Friedmann equations:

(
ȧ
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3
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= −4πG

3

(
ρ + 3p

c2

)
+ �

3
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where p and ρ are respectively pressure and density, G is the gravitational constant,
c the speed of light and � is the “cosmological constant”. Equation (2) gives the
expansion rate, whereas Eq. (3) gives the acceleration of the expansion. By defining
the following dimensionless mass, curvature and dark-energy (or vacuum energy)
density parameters:

�m = 8πG

3H 2
0

ρ0, �k = − kc2

a2
0H

2
0

y �� = �c2

3H 2
0

, (4)

where H0 = (ȧ0/a0) denotes the present value of the Hubble parameter, the first
Friedmann equation (2) can be written at t0 (current time) as2

�m + �k + �� = 1. (5)

2A more detailed explanation of the derivation of the Friedmann equations can be found in classical
references like [6].
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The total density of the Universe can be written as �tot = �m + �� = 1 − �k, and
the critical density is the value required for a flat geometry (�k = 0 ⇒ �tot = 1),
ρc = 3H 2

0 /(8πG) = 1.879 h2 × 10−29 g cm−3, in such a way that �m = ρ0/ρc.
This flat geometry is confirmed by observations, as we will see in Sect. 2.

We now have evidences for a non-zero dark energy component (see Sect. 2), with
�� ≈ 0.69. The other dark component of the Universe is coined “dark matter”,
the first evidences of which date from 1933 when Fritz Zwicky [7] encountered
a discrepancy on the total mass of the Coma cluster inferred through the velocity
dispersion of individual member galaxies and through its emitted light. Another
well-known evidence came later through the analysis of the rotation curves of
galaxies [8], while nowadays we have even further compelling evidences of this
component derived from gravitational lensing, the large-scale structure of the
Universe, or the CMB, as we will see in Sect. 2. These observations also agree on
that this component should be “cold”. Therefore, the matter density is decomposed
into a cold-dark-matter component and a baryonic component, �m = �b + �c, and
we know that �c ≈ 0.27 (see Sect. 2). Therefore �� + �c ≈ 0.95, and then we
can say that only 5% of the total matter-energy budget of the Universe is ordinary
matter, the rest being dark matter and dark energy. For this reason the current SMC
has been coined �CDM.

The first Friedmann equation (5) describes the composition and the geometry of
the Universe. Based on compelling observational evidences, in the �CDM model
the universe is considered to be flat, so �k = 0 is fixed. Then, given the existence of
the two matter components, we end up with two independent parameters, which are
usually considered to be �b and �m, while the density of dark energy is derived
from Eq. (5) as �� = 1 − �b − �c. A third important free parameter in the
model, which describes the evolution of the Universe, is the Hubble constant, H0.
Nowadays it is common practice to use as a free parameter the angular acoustic
scale at recombination, θMC, instead of H0, because it has less correlations with
other cosmological parameters.

The previous three parameters accounting for the composition and evolution of
the Universe must be complemented with three additional parameters. Two of them
describe the initial conditions of the primordial density perturbations, whose later
evolution leads to structure formation. More specifically these parameters are the
amplitude As and the spectral index ns of the primordial power spectrum of scalar
perturbations,

P(k) = As

(
k

k0

)ns−1

, (6)

where k0 is an arbitrary pivot scale.
Astrophysical parameters, related to different processes like radiation transfer,

ionisation or recombination, must also be considered. The most important of these,
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which becomes the sixth parameter in the �CDM model, is the optical depth of
Thomson scattering to recombination, τ , which is defined as

τ = σT

∫ zrec

0
ne(z

′) dz′, (7)

where σT is the Thomson cross section and ne(z) the electron density at redshift z.
We commented earlier that the geometry parameter, �k, is usually considered

as a fixed parameter in this parametrisation. Another important parameter that is
usually fixed is the CMB temperature (or equivalently the radiation density), thanks
to the outstanding precision with which this parameter can be measured by fitting
the CMB frequency spectrum, T0 = 2.7260 ± 0.0013 K [9].

To sum up, we have a 6-parameter model, {�b,�c, θMC, As, ns, τ }, which
describes the global properties of our Universe, and which provides an astonishingly
good description of the available data, as we will see in Sect. 2.

1.4 Extensions to the �CDM Model

As we have seen before in Sect. 1.3, the �CDM model has six independent
parameters, and provides an excellent fit to all kind of available data. Two other
parameters, curvature �k and the radiation density T0, are very well constrained
by observations and are left fixed. Different extensions to this model, involving
new parameters, can be considered. We will now briefly describe some of these
extensions.

1.4.1 Early-Universe Physics and Initial Conditions

A complete cosmological model must include an statistical description of the tiny
initial perturbations that gave rise to the structure we see in today’s Universe. The
physical framework that provides this is inflation [10, 11], according to which the
early Universe underwent a brief period of accelerated expansion during which
quantum fluctuations were stretched out to become the classical fluctuations that
we see today. Inflationary cosmology provides an elegant explanation of the key
features of our Universe: flat geometry (�k = 0), adiabatic, nearly scale-invariant
(ns � 1, very close to unity), and Gaussian perturbations in all scales. However,
some other phenomenological models of inflation (see [12] for a review), or even
alternatives to inflation, predict departures from these conditions, or distinctive
signatures that may be seen in the data.

Scale-Dependent Primordial Fluctuations In the base �CDM model primordial
fluctuations are modelled by a pure power-law with spectral index ns (Eq. (6)).
The simplest inflationary models predict a nearly scale-invariant spectrum, ns ≈ 1.
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However, there are inflationary models allowing for a running of the spectral index,
dns/dlnk:

P(k) = As

(
k

k0

)ns−1+(1/2)(dns/dlnk)ln(k/k0)

. (8)

Tensor Perturbations Although in the base �CDM model perturbations are
assumed to be purely scalar modes, primordial tensor perturbations (gravitational
waves) should also be originated during inflation. The tensor-mode spectrum is
usually described as

Pt(k) = At

(
k

k0

)nt

. (9)

The ratio between the amplitude of the tensor to the scalar modes, at the reference
scale k0, is denoted as r = At/As. This parameter is proportional to the fourth power
of the energy scale of inflation. Slow-roll inflation models satisfy the consistency
relation nt = −r/8. As it is shown in Fig. 1, tensor modes contribute to the
temperature anisotropies in the large scales (low multipoles, �), but are completely
overshadowed by the scalar modes. On the other hand, a confirmation of the
existence of tensor modes could be unambiguously achieved by detecting the so-
called B-mode anisotropy at large angular scales (see Sect. 2.1).
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Spatial Curvature The base �CDM model assumes Friedmann-Lemaître-
Robertson-Walker metric with a flat geometry. As we will see in Sect. 2 all current
observations are consistent with �k = 0 to very high accuracy. In fact, providing
an explanation for the flatness of our observed Universe was one of the main
motivations of the inflationary cosmology. However, there are specific inflationary
models that generate open [14] or closed [15] universes. The detection of a deviation
from �k = 0 would have profound implications both for inflationary models and
for fundamental physics.

Isocurvature Perturbations As it was said above, in �CDM the primordial
perturbations are considered to be adiabatic. This is what observations currently
show, and in fact it is a key prediction of single-field inflation. On the other hand,
isocurvature fluctuations (fluctuations in the relative energy densities of different
species at a fixed total density) could be produced by sub-dominant fields during the
inflation era. Detecting them could then yield important insights on physics at the
energy scale of inflation.

1.4.2 Dark Energy

The late-time accelerated expansion of the Universe is still considered one of the
most mysterious aspects of standard cosmology. In the base �CDM model the
acceleration is provided by a cosmological constant � that is introduced in Einstein
equations of General Relativity (see Sect. 1.3). However there are many other
alternatives, like a dynamical dark energy based in scalar fields or modifications of
general relativity on cosmological scales (see [16]). While a cosmological constant
has equation of state w = p/ρ = −1, scalar field models usually have a time
varying w with w ≥ −1, while other models have w < −1. It is then important to
try to constrain w to get insight on the nature of dark energy.

1.4.3 Neutrinos

In �CDM neutrinos are assumed to be massless. Nonetheless the flavour oscilla-
tions observed in solar and atmospheric neutrinos indicate that neutrinos should
be massive, implying striking evidences of physics beyond the standard model.
Constraining the value of the neutrino mass is therefore one of the key questions in
fundamental physics. In addition of assuming zero mass, �CDM fixes the number
of relativistic species to Neff = 3.046 (the reason of being slightly larger than
three is that the three standard model neutrinos were not completely decoupled at
electron-positron annihilation). Exploring different Neff values would be useful to
test extensions of the standard model that predict the existence of new light particles.
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1.4.4 Variation of Fundamental Constants

The �CDM model assumes the validity of General Relativity in cosmological
scales, and of the standard model of particle physics in small scales. One possible
extension to this model, which may have important implications in fundamental
physics, is to consider a possible variation of dimensionless constants. These
include the fine-structure constant, α, the electron-to-proton mass ratio, μ, and the
gravitational constant, αg = Gm2

p/h̄c. While a variation of G can affect Friedmann
equations, and also raise the issue of consistency in the overall theory of gravity,
variations of the non-gravitational constants such as α or μ could be produced for
instance if there exists a new interaction between light and atoms mediated by a
new massless scalar field [17]. Another important prediction of the �CDM scenario
is the redshift evolution of the CMB temperature (or radiation density) which,
under the assumption of adiabatic expansion of the Universe and photon-number
conservation, should be TCMB(z) = T0(1 + z). However, there are non-standard
scenarios like a non perfectly transparent Universe, decaying vacuum cosmologies
or modified gravity models, which lead to photon mixing and/or violation of photon
number conservation, and therefore to a deviation from the previous standard
redshift evolution.

2 Observational Probes

In the previous section we have described the basics of the �CDM model. Of
course, the establishment of this model is not only a product of human thinking,
but of the analysis and interpretation of huge amount of data coming from different
kind of observations. Over the last decades, technological improvements in the
design and development of astronomical instrumentation have led to data with
increasing quality and sensitivity, allowing to determine cosmological parameters
with unprecedented accuracy. This is why we usually say that we live in the era of
“precision cosmology”. As a result of the beautiful consensus between completely
different and independent kind of observations, the current �CDM model has been
coined the “concordance model”. We will now describe the three most important
cosmological probes.

2.1 The Cosmic Microwave Background

The CMB currently stands as the observational probe giving the tightest constraints
on cosmological parameters. Since the discovery by the COBE satellite of the tem-
perature anisotropies [18], different experiments (from the ground, balloon-borne
or space satellites) have been specifically designed to measure and characterise
these anisotropies with gradually finer angular resolution and sensitivity. These
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anisotropies (with amplitude ∼10−5 with respect to the mean CMB temperature)
are produced by fluctuations of the baryon-photon fluid at the last-scattering surface
(z ∼ 1100) in the gravitational potential wells produced during the inflationary
period. All the statistical information of these anisotropies can be neatly encoded in
the so-called “power spectrum”, which is defined in terms of a spherical harmonics
expansion:


T

T0
(θ, φ) =

∞∑
�=2

�∑
m=−�

a�mY�m(θ, φ), (10)

where 
T represents the CMB temperature spatial variations with respect to their
mean value T0. Given that under �CDM temperature fluctuations are Gaussian, the
a�m coefficients must be random and statistically independent variables. The value
of a�ma∗

�m averaged over the full sky gives an estimate of the power associated
with each multipole �, and for this reason we define the power spectrum of the
temperature variation as the variance of this quantity,

C� = 1

2� + 1

�∑
m=−�

a�ma∗
�m = 〈|a�m|2〉. (11)

It is common practice to plot the quantity D� = �(� + 1)C�/(2π).
The peaks in the power spectrum (see Fig. 3) are associated with the spatial

distribution of the CMB anisotropies, and reflect the acoustic oscillations in the
baryon-fluid plasma in the early Universe, which are frozen during the matter-
radiation decoupling. The relative positions and amplitudes of these peaks are
tightly sensitive to a number of cosmological parameters, in particular to the total
energy density and to the curvature of the Universe. This motivates the interest to
achieve an accurate characterisation of the CMB power spectrum.

The BOOMERanG experiment was the first that clearly delineated the first peak
of the CMB power spectrum [19], at � ≈ 200 (angular scales of ≈1◦ on the
sky), inferring the flatness of the Universe. These results were confirmed soon after
that by other balloons like MAXIMA [20] or ARCHEOPS [21]. In the following
∼5 years, ground-based experiments like VSA [22], CBI [23] or ACBAR [24] were
able to measure higher-order peaks out to � ≈ 1500. NASA’s WMAP satellite
observed the full sky with angular resolution of 15 arcmin [25], comparable to
previous ground-based experiments, resulting in a significant improvement in the
measurement of the first peak, and also covering the second and third peaks out
to � ≈ 1000. Slightly later on time, ACT [26] and SPT [27], a new generation of
ground-based experiments, reached angular resolutions of ∼1 arcmin on small sky
regions (∼200 deg2), allowing to measure the power spectrum out to � ∼ 4000 (see
Fig. 3).

The third generation of CMB space missions, after COBE and WMAP, was ESA’s
Planck satellite. Planck observed the full sky with an angular resolution of 5 arcmin
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Fig. 2 Full-sky CMB map derived from Planck multi-frequency data [28], projected into Galactic
coordinates. The grey lines indicate the masked regions (mostly encompassing the Galactic plane)
that have been excluded in the cosmological analyses. Figure taken from the Planck Legacy
Archive (https://www.cosmos.esa.int/web/planck/)

[28]. In addition to its improved angular resolution and sensitivity, another important
improvement of Planck was its wide frequency coverage, with nine independent
frequency channels between 30 and 857 GHz. This allowed a more efficient
subtraction of Galactic foregrounds thanks to a more accurate measurement of the
spectra of the different emission components, mainly free-free and synchrotron
emissions, which are important at low frequencies �50 GHz, and thermal dust
emission, which is important at higher frequencies �150 GHz (a concise review
on Galactic foregrounds can be found in [29]). Figure 2 shows the final Planck full-
sky map of the primordial CMB anisotropies, resulting from a combination of the
different frequency bands to minimise foreground contamination. Grey lines on this
map enclose regions with potential residual foreground contamination, mostly along
the Galactic plane, that are masked out for cosmological analyses.

The final Planck power spectrum of these anisotropies (D� = �(� + 1)C�/(2π),
where C� is given by Eq. (11)), calculated in regions not affected by this mask, is
shown by the blue points in Fig. 3, in comparison with recent measurements by
other experiments. It can be seen that these data allowed to clearly measure the
first seven acoustic peaks in the temperature (TT) power spectrum, and to trace
the damping tail of the anisotropies out to � ≈ 2500. The CMB temperature
angular power spectrum is complemented by the polarisation power spectrum, that
is usually decomposed into the gradient-like E-mode (even parity) pattern and the
curl-like B-mode (odd parity) pattern [30, 31]. While E-modes are generated by
both scalar and tensor perturbations, B-modes can only be generated by tensor

https://www.cosmos.esa.int/web/planck/
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perturbations3 (see Fig. 1). The EE power spectrum as well as the TE cross-power
spectrum have been nowadays measured to high accuracy, while only upper limits
on the BB power do exist. The Planck TE and EE power spectra successfully provide
high-sensitivity measurements of other 11 peaks (see Fig. 3). Planck surpassed all
previous experiments in both angular resolution and sensitivity, except for the higher
angular resolution measurements of ACT and SPT that allowed to measure the
damping tail out to even higher multipoles.

Apart from the improved frequency coverage, sensitivity and angular resolution,
Planck data brought two other important improvements over previous missions
and experiments. On the one hand, the lower systematics of Planck polarisation
data (in particular on the TE cross-correlation and on the EE auto-correlation)
allowed for the first time to obtain constraints on cosmological parameters with
comparable accuracies to those derived from temperature data only. On the other
hand, Planck data allowed an accurate measurement in the full-sky of the lensing of
the CMB photons as they traverse the large-scale structure of the Universe, which
essentially leads to a smoothing of the acoustic peaks. This effect was detected
for the first time by the ACT telescope [33], and now Planck has measured it
with sufficient accuracy as to allow reconstructing a full-sky map of the lensing
potential (see Figure 6 of [28]), and making it useful for the first time to improve
the precision in the determination of cosmological parameters. This also allowed
breaking internal parameter degeneracies in such a way that CMB data can now be
used without the need for external cosmological data to derive precise constraints on
all 6 �CDM parameters simultaneously. In particular, while the amplitude of the TT
power spectrum is proportional to Ase−2τ , Planck low-� polarisation data allow an
independent measurement of τ , therefore breaking the As−τ degeneracy associated
with temperature data. On the other hand, Planck CMB lensing data contribute to
break the well-known CMB “geometric degeneracy” in the �m − �� plane (see
Fig. 4). While previously, the combination of WMAP, ACT and SPT data allowed to
measure dark energy with 3.5% precision (�� = 0.721 ± 0.025 [25]), now Planck
data alone lead to a precision of 0.8% (�� = 0.6889 ± 0.0056 [34]). This has
contributed to consolidate the CMB as the cosmological probe giving the tightest
constraints on cosmological parameters nowadays.

The final Planck constraints on the base 6-parameter �CDM model are shown
in Table 1. The first column corresponds to constraints coming from the TT power
spectrum and the low multipoles (� < 30) of the polarisation EE power spectrum,
which is used to determine τ after breaking its degeneracy with As. The results
shown in the second and third columns come from the TE and EE power spectra,
respectively, while those in the fourth column correspond to a combination of
Planck temperature, polarisation and lensing data. The perfect agreement between
temperature and polarisation data is a significant achievement of Planck, and a
powerful consistency check of the underlying model, and of Planck data themselves.
All parameters except τ are measured with precisions better than 1%, with the best-

3A didactic review on CMB polarisation theory can be found in [32].
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Table 1 Best-fit constraints from CMB-only Planck data [34] on the base 6-parameter �CDM
model

Parameter TT + LowEE TE + LowEE EE TT,TE,EE + lensing

�bh
2 0.02212 ± 0.00022 0.02249 ± 0.00025 0.0240 ± 0.0012 0.02237 ± 0.00015

�ch
2 0.1206 ± 0.0021 0.1177 ± 0.0020 0.1158 ± 0.0046 0.1200 ± 0.0012

100θMC 1.04077 ± 0.00047 1.04139 ± 0.00049 1.03999 ± 0.00089 1.04092 ± 0.00031

τ 0.0522 ± 0.0080 0.0496 ± 0.0085 0.0527 ± 0.0090 0.0544 ± 0.0073

ln(1010 As) 3.040 ± 0.016 3.018+0.020
−0.018 3.052 ± 0.022 3.044 ± 0.014

ns 0.9626 ± 0.0057 0.967 ± 0.011 0.980 ± 0.015 0.9649 ± 0.0042

Different columns correspond to different combinations of temperature, polarisation and lensing CMB
data

determined parameter being the acoustic scale, θMC, which is directly related to the
Hubble constant, H0, and has precision as good as 0.3%.

While in Table 1 we show the constraints on the six independent parameters
that form the base �CDM model, Table 2 of [28] also lists the constraints on a
number of derived parameters. Some of the most interesting ones are the Hubble
parameter, H0 = 67.66 ± 0.42 km s−1 Mpc−1, the dark-energy density parameter,
�� = 0.6889 ± 0.0056, and the age of the Universe, 13.787 ± 0.020 Gyr.

Overall the results from Planck data were consistent with previous results
from WMAP and other observatories, although with a significant tightening on the
precision of most of the measured cosmological parameters. One example is the
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measured red tilt on ns with respect to scale invariance (ns = 1), which is now
measured at 8.4σ , while WMAP measured it at 2.2σ . This is a great success of
the �CDM model, but at the same time made feel a bit disappointed people eager
to find new issues pointing to new physics beyond �CDM that could have been
previously overlooked. There are however some slight differences on some of the
previous parameters with respect to WMAP. One important change brought in by
Planck data is the measurement of the reionisation optical depth, which is found to
be τ = 0.0544 ± 0.0073, while WMAP had measured τ = 0.089 ± 0.014 [25]. The
smaller value given by Planck is driven by improved cleaning of the Galactic dust
emission in polarisation. Actually, when WMAP polarisation maps are cleaned using
the Planck 353 GHz channel, they are fully consistent with Planck low-frequency
polarisation maps. This is an important achievement of Planck, as it is the fact that
the value of τ coming from Planck low-� polarisation data is fully consistent with
the value coming from a completely independent dataset as it is the combination of
Planck TT, Planck CMB lensing and Baryon Acoustic Oscillation (BAO) data [35].
On the other hand, Planck’s value of �� is smaller by 1.3σ than the one derived
by WMAP and, as a consequence, in a flat-geometry �m is larger by 1.3σ . Planck’s
value of H0 is smaller by 1.0σ , and the age of the universe is bigger by 0.42σ . This
is why sometimes it has been said that Planck found that the Universe is slightly
fatter and older. The lower value of H0 found by Planck led to some tension with
cosmic-distance ladder measurements [36], at the ∼3–4σ level, and this is nowadays
being broadly discussed in the community. This will be commented in more detail
in Sect. 3, together with some other possible tensions or anomalies in the data.

The Planck team also explored extensions on the �CDM base 6-parameter
model (like the ones commented in Sect. 1.4), finding in general good agreement
with previous analyses based on other CMB datasets. For instance, no evidence
was found of a running of the spectral index (dns/dlnk in Eq. (8)), this being
consistent with the predictions of the simplest slow-roll inflation models. When
the curvature density parameter is not fixed at �k = 0, from temperature and
polarisation data it is found �k = −0.044+0.018

−0.015, which is an apparent detection
of curvature well above 2σ (see black contours of Fig. 4). However, the inclusion
of CMB lensing data pushes �k back into consistency with a flat geometry within
2σ (green contours in Fig. 4), while including BAO data convincingly breaks the
geometric degeneracy (violet regions in Fig. 4) leading to a perfectly flat geometry
with �k = 0.0007 ± 0.0019. The low-� temperature power spectrum allows
constraining the amplitude of tensor modes (see black solid line in the right-hand
panel of Fig. 1), giving r0.002 < 0.10 (95% C.L.) after combining with TE, EE
and lensing, at a pivot scale of 0.002 Mpc−1. Combination with polarisation BB
power spectra from the BICEP2 and Keck Array experiments [37] of course tightens
this constraint to r0.002 < 0.065 (95% C.L.). This is nowadays the best constraint
on a component of tensor modes in the early Universe. Planck data also allowed
to study the nature of dark energy by constraining a time-varying equation of
state using the parametrisation w(a) = w0 + (1 + a)wa (see Sect. 1.4.2). Planck
data alone allow a very wide volume of dynamical dark-energy parameter space,
although with unrealistically high H0 values. The addition of external data (BAO
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and SNe) narrows the constraints to the �CDM values, w0 = −1, wa = 0. In what
concerns neutrino masses, while the default Planck analysis assumed the minimal
mass

∑
mν = 0.06 eV allowed by neutrino flavour oscillation experiments, leaving

it as a free parameter results in a 95% CL upper limit of
∑

mν < 0.54 eV, when
Planck TT and low-� EE power spectra are used. Adding Planck polarisation and
lensing data tightens this constraint to

∑
mν < 0.24 eV. Interestingly, increasing the

neutrino masses leads to lower H0 values, aggravating the tension with the distance-
ladder determinations of [36] (see Sect. 3). When the number of neutrino relativistic
species is left as a free parameter, the resulting constraints are also fully compatible
with the standard value of Neff = 3.046. A detailed discussion on all these analyses,
as well as on other extensions to the base �CDM model can be found in [34].

2.2 The Large Scale Structure of the Universe

The density perturbations created during inflation got frozen on the CMB at z ≈
1100 (400,000 years after the big bang), and continued evolving to the present
day, shaping the large-scale matter distribution visible in the nearby Universe.
The three-dimensional spatial distribution of the Large Scale Structure (LSS) of
the Universe at low redshifts is very sensitive to several cosmological parameters,
and in particular to dark energy. Low-redshift observations of the LSS measure
the Universe over the last several billion years, when the dark energy dominates.
Comparing the constraints coming from these observations with those derived from
the CMB then requires extrapolating predictions to the present-day Universe starting
from initial conditions over 13 billion years ago. This is in fact a quite strong test of
our cosmological model.

Nowadays the two main LSS observables providing cosmological information
are the galaxy clustering and the characterisation of number counts of galaxy
clusters.

2.2.1 Galaxy Clustering

The same acoustic oscillations in the baryon-fluid plasma in the early Universe
that were discussed in Sect. 2.1, and which lead to the series of peaks and troughs
that are seen in the CMB power spectrum (see Fig. 3), create a specific anisotropy
in the distribution of galaxies (and of larger structures like clusters of galaxies)
in the local Universe. This anisotropy, usually called “clustering of galaxies”, is
mathematically encoded in the two-point correlation function, ξ(r), which gives the
expected number of pairs of galaxies with one galaxy in a volume δV1 and another
galaxy in the volume δV2, through the following formula:

〈npair〉 = n̄2 [1 + ξ(r)] δV1δV2, (12)
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where n̄ is the mean number density of galaxies and r is the separation of the two
volume elements. If the galaxies were unclustered then ξ(r) = 0, so in fact ξ(r)

measures the excess clustering of galaxies at separation r . It can be shown that ξ(r)

is the Fourier transform of the matter power spectrum (see Eq. (6)),

ξ(r) =
∫

P(k)e−ik.r d3k

(2π)3 . (13)

Therefore, by measuring the galaxy two-point correlation function we can extract
information about the matter power spectrum

P(k) =
∫

ξ(r)eik.rd3r, (14)

which is the quantity more directly related to theory.
The wiggles visible in the power spectrum (see Fig. 5) reflect the oscillations

of the radiation-baryon plasma, and are coined the Baryon Acoustic Oscillation.
They essentially reflect the imprint of the primordial perturbations in the distribution
of galaxies in the local Universe, and are equivalent to the acoustic oscillations
seen in the CMB power spectrum that were imprinted by the same perturbations
at redshift z ∼ 1100. The BAO wiggles are actually standing sound waves in the

Fig. 5 LSS correlation function (left) and power spectra (right). Data points come from the
BOSS/CMASS galaxy sample, and the solid lines represent the best-fitting models. The left-hand
plot shows the best-fitting dilation scale, α, which measures the relative position of the BAO peak
in the data with respect to a fiducial model, and also the χ2 statistic giving the goodness of the
fit. In the right-hand plot the vertical lines delimit the range of scales (0.02 < k < 0.3 hMpc−1)
that are used to fit the data, and the inset shows both the model and the data divided by the best-
fitting model with no BAO in the same k-range. Figure taken from [38] (by permission of Oxford
University Press)
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pre-recombination universe that imprint a characteristic scale on the late-time matter
clustering of galaxies at the radius of the sound horizon,

rd =
∫ ∞

zd

cs(z)

H(z)
dz, (15)

evaluated at the drag epoch zd, during the decoupling of photons and baryons shortly
after recombination. This scale actually provides a “standard ruler”, that can be
measured both in the CMB anisotropies and in the LSS maps at low redshifts. It
is seen as a localised peak in the correlation function, or as a series of damped
oscillations in the power spectrum (see Fig. 5). An anisotropic BAO analysis
measuring the BAO feature along the line of sight allows to constrain the expansion
rate H(z), in a highly complementary and independent way to SNe measurements.
On the other hand, measuring the BAO feature in the transverse direction allows
constraining the comoving angular diameter distance4 DM(z), which is related
to the physical angular diameter distance by DM(z) = (1 + z)DA(z). BAO
measurements in fact constrain the combinations H(z)rd and DM(z)/rd . The
cosmological model has then to be adjusted in such a way that radial and angular
clustering match, then constraining the product H(z)DA(z). This was first proposed
as a cosmological test by Alcock and Paczynski in 1979 [40], and has ever since
been coined the Alcock-Paczynski test. If instead we average the clustering in 3D
over all directions, then matching the clustering scale to the expected comoving
clustering is sensitive to5

DV (z) = [czD2
M(z)/H(z)]1/3. (16)

This highlights the importance of mapping the three-dimensional distribution of
galaxies in the Universe, in order to be able to reconstruct the matter correlation
function and its power spectrum. This requires of course not only measuring the
angular positions of galaxies on the sky, which is easy, but also their radial distances,
which is not so easy. Although it is possible to obtain photometric redshifts through
broad-band colour observations, spectroscopy is clearly the most precise method to
obtain redshift estimates. Early spectroscopic galaxy redshift surveys include the
Center for Astrophysics Redshift Survey [42], the Third Reference Catalogue of
Bright Galaxies (RC3; [43]) or Las Campanas Redshift Survey (LCRS, [44]). The
advent of multi-object spectrographs (MOS) now allows obtaining multiple galaxy
spectra simultaneously. Key facilities that have used this technique to undertake
wide-field redshift surveys include the AA� instrument on the Anglo-Australian
Telescope, which has been used to conduct the 2-degree Field Galaxy Redshift
Survey (2dF-GRS [45]) and WiggleZ [46], and the Sloan Telescope, which has
been used for the Sloan Digital Sky Survey (SDSS; [47]). The Baryon Oscillation

4For a brief review of cosmology distance definitions see [39].
5A comprehensive review on galaxy clustering and BAO theory can be found in [41].
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Spectroscopic Survey (BOSS), part of SDSS-III [48], was designed to obtain
spectroscopic redshifts of 1.5 million galaxies to at z = 0.2–0.7 over a sky area
of 10,000 square degrees.

The first clear detections at low redshift of the BAO signal came from galaxy
clustering analyses of the 2dF [49] and from the luminous red galaxy (LRG) sample
of the SDSS [50], at redshift z ≈ 0.3. The WiggleZ survey allowed to increase
the redshift coverage to 0.4 < z < 1.0, with a precision of 3.8% [46]. The
initial goals of the BOSS survey were to improve the precision of the measurement
down to 1% in the redshift range z = 0.2–0.7, and to achieve for the first time
a detection of the BAO peak at z > 2 using the 3D structure in the Lyα forest
absorption towards 160,000 high-redshift quasars. Both goals were successfully
fulfilled. Figure 5 shows the galaxy correlation function ξ(r) and power spectrum
P(k) derived from the CMASS sample of the BOSS survey [38], corresponding
to data release 9 (DR9). The CMASS DR9 samples comprises 264,283 galaxies
distributed over 3275 square degrees, and with redshifts 0.43 < z < 0.7. Further
data releases have resulted in an increased number of galaxies distributed over
progressively larger sky areas. A catalogue of positions and redshifts of 147,000
QSOs at 0.8 < z < 2.2 extracted from the extended BOSS (eBOSS) data [51], as
well as the absorption by the Lyα forest towards the line of sight of 157,783 QSOs at
2.1 < z < 3.5 [52], have also been used to reconstruct the BAO signature. Figure 6
shows a summary of the BAO distance measurements (DV , which is a combination
of H(z) and DM(z), see Eq. (16)) resulting from these measurements, as well as
from previous surveys at lower-redshifts, normalised by the expected value coming
from the best-fit �CDM model to the Planck CMB observations. The excellent
agreement between independent BAO measurements at different redshifts, as well
as with the CMB measurements at z = 1100, is a remarkable success of both the
observations and the theoretical model.

As it was explained before, these BAO measurements are crucial to set con-
straints on cosmological parameters, in particular on the expansion rate and thus
on dark energy. Also, combination with the CMB crucially breaks some parameter
degeneracies, allowing to obtain even tighter cosmological constraints (see Fig. 4).
As an example, in Fig. 7, we show constraints on �m and �� coming from BAO
measurements alone, and from the combination of BAO and CMB. Nowadays BAO
data alone can actually allow to measure dark energy at more than 3σ , while
combination with CMB measurements from Planck increases the significance to
21σ [54].

2.2.2 Galaxy Clusters

Different observables related to galaxy clusters have important applications in
cosmology. The clustering of galaxy clusters, and their BAO signature, can be used
to constrain cosmological parameters in the same way as the clustering of galaxies
[55], although typically with lower constraining power due to the smaller number of
objects. The combination of X-ray and Sunyaev-Zel’dovich (SZ) effect (this is the
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inverse Compton scattering of CMB photons as they transverse the hot gas inside
galaxy clusters) observations can be directly used to measure cosmic distances, and
in turn to estimate the Hubble constant at the redshift of the cluster [56], although
this method is prone to different kind of systematic effects and is not very popular
nowadays. Peculiar velocities of galaxy clusters, which can be measured through
the kinetic SZ effect, probe directly the gravitational potential. Estimates of the gas



The Establishment of the Standard Cosmological Model Through Observations 331

mass fraction through X-rays or through the SZ effect can be used to infer the matter
density parameter, �m, if the baryonic density �b is fixed from any other method.
The power spectrum of the temperature anisotropies induced by the SZ effect can be
used to constrain a combination of �m and of the amplitude of matter fluctuations in
scales of 8 h−1 Mpc, σ8; more specifically it allows to constrain the product σ 8

8 �3
m

[57].
Apart from all these observables and applications, the most popular application

of galaxy clusters to cosmology nowadays comes from the characterisation of their
number counts, which essentially gives the number of clusters per redshift and mass
bin, in a given solid angle element 
�i:

N̄(zi ,Mj ) = 
�i

4π

∫ zi+1

zi

dz
dV

dz

∫ lnMj+1

lnMj

dlnM
dn

dlnM
. (17)

Cosmology enters here through the volume element dV/dz, and through the mass
function, dn/dlnM . While the amplitude of the mass function is proportional to σ8,
its shape is proportional to �m. There is a degeneracy between these two parameters,
in such a way that these analyses constrain the product σ8�

0.3
m . This degeneracy is

broken by using external priors on other parameters. In addition to the shape of the
local mass function, its redshift evolution, which is sensitive to the growth of linear
density perturbations, can be used to constrain the dark energy density parameter
and its equation of state. This was done by Vikhlinin et al. [58] using a sample of
just 86 galaxy clusters, from which they obtained a 5σ detection of dark energy (see
Fig. 8).

Fig. 8 Illustration of the sensitivity of the mass function of clusters of galaxies to the cosmological
model. The data and the model have been computed for a model with (left panel) and without (right
panel) dark energy, considering a low- and a high-redshift galaxy sample. It becomes immediately
clear that a model without dark energy provides a very poor fit to the data in the high redshift bin.
Figure taken from [58] (© AAS. Reproduced with permission)
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Obtaining meaningful cosmological constraints from the galaxy clusters mass
function requires statistically-large cluster samples together with accurate estimates
of redshifts and masses. While nowadays X-ray and SZ surveys provide large
samples and redshifts can be estimated to high accuracy by follow-up spectroscopic
observations, the mass estimates are subject to systematics that are likely to
introduce biases on the inferred cosmological parameters. Different mass proxies
can be used, like the X-ray luminosity, the SZ flux, the optical richness, the velocity
dispersion of individual galaxies, or weak lensing measurements. Of course, a
good proxy should have a small scatter between the estimated and the real cluster
mass, and a low bias. All cosmological analyses assume a certain bias between
the estimated and the real mass, which must be fixed or fitted for, and is denoted
by (1 − b). This bias can result either from cluster physics that are not properly
accounted for or from instrumental effects.

Thanks to its large and well characterised catalogue of galaxy clusters detected
via the SZ effect, the results from the Planck collaboration led to an important
step forward in this kind of analyses. The 2013 Planck cosmological analysis using
cluster number counts [59] relied on the YX − M500 relation (relation between X-
ray luminosity and the mass enclosed inside r500, the radius at which the density
is 500 times the critical density of the Universe) as a mass proxy, and either fixed
the mass bias parameter at (1 − b) = 0.8, or used a flat prior inside the range
[0.7, 1.0]. On the other hand, the 2015 Planck analysis [60] relied on improved
mass proxies based on weak lensing measurements, and also on the use of the
lensing of the CMB photons on the cluster position, a new technique that is starting
to be exploited. Using two different cluster samples with measurements of the
gravitational shear they obtained respectively (1 − b) = 0.688 ± 0.072 (WtG in
Fig. 9) and (1 − b) = 0.780 ± 0.092 (CCCP in Fig. 9), while the CMB lensing
measurement led to (1−b) = 1.01±0.19. The scatter between these three estimates
clearly highlights the importance of having a reliable mass estimate in order for
this method to produce accurate cosmological constraints, in particular on the σ8
parameter, which is the one more strongly affected by this issue. Figure 9 shows
the final constraints on the �m − σ8 plane obtained by the Planck collaboration
from the 2015 results (based on DR2), and using their three mass estimates. It
can be seen in this figure that while the WtG method leads to agreement with the
CMB, the σ8 estimates derived from the other two methods are in tension with the
CMB. The value of the mass bias that is required to reconcile both measurements is
(1 − b) = 0.58 ± 0.04, which is close to the first of the two previous estimates.

2.3 Type Ia Supernovae

Type Ia supernova (hereafter SNIa) are thought to arise from thermonuclear explo-
sions of white dwarfs in binary systems, and are known to produce rather uniform
brightness at their maximum, therefore being considered as standard candles as their
visual magnitude depends primarily on their distance to the observer. Their V-band
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Fig. 9 Constraints on the
�m − σ8 plane derived from
SZ cluster number counts by
the Planck collaboration [60],
using different mass estimates
(WtG, CCCP and CMBlens),
compared with those coming
from the primary CMB (black
contours), from the primary
CMB and BAO (black shaded
area) and from the
combination of primary CMB
and the lensing power
spectrum (red contours).
Credit: [60], reproduced with
permission © ESO

peak luminosities present a scatter of approximately 0.4 mag [61]. This scatter can
be notably reduced by introducing some corrections, the most important of which
has to do with the correlation between the peak luminosity and the light curve shape
(LCS), first introduced by Phillips [62]. Two other important refinements are the
correction for the correlation between SN colour and extinction and the application
of K-corrections for the redshifting effects. After these corrections are introduced,
the dispersion in well-measured optical band peak magnitudes is reduced to only
∼0.12 magnitudes, allowing each measured SN to provide a luminosity-distance
estimate with precision of ∼6%.

Their ability to measure distances to such a good precision bestows SNIa
important cosmological applications, as the luminosity-distance is sensitive to the
density parameters �m, �k, �� and to the expansion rate H(z) (see relevant
equations in [39]). At low redshifts, where the cosmic expansion is still linear, and
therefore the effects of curvature and dark-energy are negligible (see Fig. 10), SNIa
observations can be used to measure this linearity and thence to obtain estimates of
the Hubble constant [63]. This requires knowledge of the absolute SNIa magnitude,
which is usually calibrated through cepheid distances, using the period-luminosity
relation (Leavitt law). The most-commonly used anchors are geometric distances
to Milky Way Cepheids, eclipsing binaries in the Large Magellanic Clouds or
in M31, and the water megamasers in NGC4258. This was the approach that
was followed by the HST Key Project, to get an estimate with 11% precision,
H0 = 72 ± 8 km s−1 Mpc−1 [64]. The error of this measurement is driven by
systematics related to the absolute calibration, and therefore recent efforts have
focused on improving this calibration rather than on decreasing the statistical
errors by increasing the number of objects. This has been the goal of the SH0ES
(“Supernova and H0 for the Equation of State”) programme, whose most recent
measurement is H0 = 74.03 ± 1.42 km s−1 Mpc−1, which corresponds to 1.9%
precision [36] and is in tension at a level of 4.3σ with the CMB measurement from
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Planck (see Sect. 2.1, and further discussion in Sect. 3.1). Recently, the “Carnegie-
Chicago Hubble Program” (CCHP), using a completely independent calibration
based on the tip of the red giant branch (TRGB) method, which uses population
II stars, derived a considerably lower value, H0 = 69.8 ± 1.9 km s−1 Mpc−1 [65],
which sits in the middle between the SH0ES programme and the CMB values.
Also recently, [66] obtained H0 = 67.77 ± 1.30 km s−1 Mpc−1 after calibrating
the intrinsic magnitudes of 207 SNIa measured by the “Dark Energy Survey”
(DES) at 0.018 < z < 0.85, plus other 122 SNIa at lower redshifts, using the
“inverse distance ladder” method, which uses BAO measurements as a reference.
This method requires fixing the sound horizon scale, for which they used the value
measured by Planck. While this measurement derived from SNIa is closer to the
CMB value, it has to be taken into account that it is not fully independent of the
CMB measurements.

At cosmologically-significant distances, where the effects of the matter and
density content of the Universe become important, the luminosity distance is
obtained through an integration of the expansion rate over the redshift, which
depends on the cosmological model. Therefore, the dimming of the standard candles
at high redshifts can be used to constrain cosmological parameters. Importantly,
contrary to the local measurement of H0, the measurement of the expansion rate
at high redshifts is independent of the absolute luminosity of the SNIa, which
however is considered to be constant with redshift. In the late 1990s two independent
teams, the “High-z Supernova Research Team” [67] and the “Supernova Cosmology
Project” [68], unexpectedly found that distant supernova (out to z = 0.8) are
∼0.25 mag dimmer than they would be in a decelerating universe, indicating that
the Universe is currently undergoing an accelerated expansion. When analysed
assuming a universe with matter and a cosmological constant, these results provided
evidence of �� > 0 at more than 99%. This important discovery was recognised
with the 2011 Physics Nobel Prize. Since then, new observations have compellingly
confirmed this result. The largest high-redshift (z ≈ 0.4–1.0) samples to date come
from the ESSENCE survey [69] and from the CFHT Supernova Legacy Survey
(SNLS [70]). The left-hand panel of Fig. 10 shows the Hubble diagram resulting
from the SNLS high-z SNIa sample, in combination with other observations at
lower redshifts. Following what has become common practice in this field, instead
of distances this figure represents magnitudes versus redshift. It is clearly seen
that a model with �� = 0 is strongly disfavoured by the data. At intermediate
distances (0.1 < z < 0.4) the SDSS-II supernova survey [72] has resulted in 500
spectroscopically confirmed SNIa. At very high redshifts, HST surveys (see e.g.
[73]) have yielded ∼25 SNIa at z > 1 suitable for cosmological analyses.

The greatest cosmological utility of SNIa comes from the combination of
different data sets spanning a wide redshift range. However, combination and
homogenisation of data from different instruments and telescopes in such a way
that they are useful for cosmological analyses entails a major difficulty, specially in
what concerns survey-to-survey relative flux calibration, joint light curve fitting, and
consistent use of K-corrections. The joint light-curve analysis (JLA; [71]) contains
740 spectroscopically confirmed SNIa with high-quality light curves, coming from
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Fig. 10 Hubble diagrams showing data points obtained from Type Ia supernova observations. The
left panel shows measurements from the Supernova Legacy Survey (z > 0.2) in combination
with nearby SNIa measurements. Two cosmological models are shown superimposed, one
corresponding to the best-fit cosmological model with �� = 0.74, and another one without dark
energy, clearly highlighting that the data favour �� > 0. The right panel shows the results from
the joint light-curve analysis (JLA), with combined measurements from four different surveys,
providing uniform redshift coverage out to z = 1, together with the distance modulus redshift
relation of the best-fit �CDM cosmology. Credit: [70] (left) and [71] (right), reproduced with
permission © ESO

the combination of two major surveys, the SDSS-II supernova survey and the SNLS,
in addition to low-z observations, and very high-z data from the HST (see right-hand
panel of Fig. 10). This was the default sample for cosmological analyses, until the
recent advent of the “Pantheon” sample [74], which contains 1048 SNe spanning
the redshift range 0.01 < z < 2.3, thanks to the addition of Pan-STARRS1 Medium
Deep Survey and various low-redshift and HST samples.

The left panel of Fig. 11 clearly shows that these new data have resulted in a
significant improvement of the cosmological constraints, when compared with the
original data of the High-z Supernova Research Team [67]. The Pantheon data [74]
alone allow a high-significance detection of dark energy. When both statistical and
systematic uncertainties are combined together, the result for a non-flat universe
is �� = 0.733 ± 0.113 (6σ detection), while for �k = 0 the result is �� =
0.702±0.022 (32σ detection). This demonstrates the ability of SNIa observations to
constrain cosmology on their own. However, much tighter cosmological constraints
are achieved through the combination with other cosmological probes like the CMB
or the BAO. The great advantage is that SNIa likelihoods are typically orthogonal to
other measurements of cosmological parameters, the reason for this being the lower
mean redshift coverage compared to most of other methods. This is crucial to break
the geometric degeneracy of the CMB in the �� − �m plane (see in Fig. 4 this
effect in the �k − �m plane). The combination of the CMB and SNIa also allows
exploring cosmological models with equation of state of dark energy w �= 1 (w = 1
corresponds to a cosmological constant), by breaking the degeneracy between w

and �m (see right-panel of Fig. 11).
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3 Tensions, Anomalies and Open Problems in the Standard
Model

The previous two sections have clearly shown that we nowadays have a very
solid and well-established model that is able to describe the general properties
of the Universe with just six parameters. It is quite remarkable that completely
different and independent observations, spanning a wide range of redshifts (from
the early to the present universe) agree to great precision on the values of these
parameters. In the CMB itself, which is currently the probe giving the most
stringent constraints on the model, there are three different observables (temperature
anisotropies, polarisation anisotropies, and CMB lensing) giving fully consistent
constraints. While the CMB temperature or polarisation anisotropies were not able
to jointly fit the mass, curvature and dark-energy parameters (this is the well-known
geometric degeneracy; see Fig. 4), the CMB lensing, which has recently started to be
exploited to constrain cosmological parameters, helps to alleviate this degeneracy.
Combination with either BAO or SNIa observations totally breaks this degeneracy
and, importantly, the result is the same independently on what of these two probes
is used.

This outstanding agreement between observations in the framework of a rela-
tively simple 6-parameter model is a remarkable achievement, and has probably
incited cosmologists to further scrutinise the data in the search for possible tensions
or discrepancies that could point to new physics or yet undiscovered phenomena
beyond the standard model. This search has led to some anomalies and tensions
between some specific parameters, which lie at a not sufficiently high significance
level as to be called “discrepancies”. Apart from this, of course, it has to be born
in mind that, while the model is well established, it points to the existence of two
entities, dark matter and dark energy, which we currently do not understand. Neither
we do properly understand the physics of inflation, which is a basic ingredient of
the current model. These are open key problems that should drive the research in
cosmology in the coming decades. In the following sections we will briefly describe
these aspects.

3.1 Tensions

3.1.1 H0 Estimates in the Local and in the Early Universe

The tension that is currently being more hotly debated concerns the value of the
Hubble constant, for which standard distance-estimation techniques in the local
universe using SNIa (see Sect. 2.3) seem to give higher values than the one inferred
from the parameters that best-fit the CMB anisotropies at z = 1100 (see Sect. 2.1).
As it was commented before, the value derived by the SH0ES team from SNIa
observations, H0 = 74.03 ± 1.42 km s−1 Mpc−1 [36], differs at the 4.3σ level
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with the value derived from the Planck data, H0 = 67.66 ± 0.42 km s−1 Mpc−1

[34]. Independent local estimates rely on measuring time delays on strong-lensed
QSOs. Applying this technique on six lensed systems the H0LiCOW team has
recently reached a similar precision to other techniques on H0, obtaining H0 =
73.3+1.7

−1.8 km s−1 Mpc−1 [75], a value that is in tension at the 3.1σ level with the
CMB. When the two local estimates (time-delay cosmography [75] and distance
ladder [36]) are combined, the difference with respect to the CMB increases to 5.3σ .
However, recently the CCHP team, calibrating SNIa distances using the TRGB
method, came up with a lower value, H0 = 69.8 ± 1.9 km s−1 Mpc−1 [65], which
alleviates the tension with the CMB.

The fact that different CMB experiments (Planck, ACT, SPT), on the one hand,
and different local estimates (time-delays and SNIa), on the other hand, agree, is
telling, and therefore the question of whether there is new physics beyond �CDM
seems justified. Importantly, any proposed extension to the current model must
alleviate the current tension but not at the cost of increasing the differences on
other parameters, something that is not always easy to achieve. There are some
recently proposed extensions to the model, like the existence of a scalar field acting
as an early dark energy component [76], or a model with self-interacting neutrinos
[77]. However, despite it is important to keep eyes open in the search for extensions
to the current model that could lead to fresh discoveries, before extracting more
firm conclusions it seems convenient that the data are examined in more detail
in the search for possible systematics that could explain the differences. Also,
future observations with higher precision will no doubt help to better establish
the significance of the tension. More detailed discussions about this aspect can be
found on the notes of a workshop recently held at the Kavli Institute for Theoretical
Physics that was specifically dedicated to this topic [78].

3.1.2 σ8 from Galaxy Cluster Number Counts and from the CMB

Another apparent tension that has fostered interest on the last years concerns the
joint �m − σ8 estimates coming from cluster number counts and from the CMB,
as illustrated in Fig. 9 and previously referred to in Sect. 2.2.2. The tension initially
pointed out in the Planck 2013 cosmological results (using DR1) is partially relieved
in the Planck 2015 results (DR2) thanks to the lower value of σ8 derived from the
CMB, which in turn is due to the lower value of τ . Using the CCCP value for the
mass bias (1−b), which is the default method in the Planck analysis [60], the tension
with the CMB is at 1.5σ . This tension is not unique of Planck, but is also present
in the cosmological analyses extracted from the number counts of other SZ surveys
like ACT [79] or SPT [80], although typically at a lower significance because they
are based on smaller cluster samples which leads to larger error bars. Currently
the major uncertainty on these analyses is the mass bias estimate. According to the
Planck 2015 analysis the value of the mass bias that is required to reconcile the
CMB and number counts estimates is (1 − b) = 0.58 ± 0.04 [60], which means that
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clusters should have mass ≈ 40% lower than derived from hydrostatic equilibrium
estimates. While current numerical simulations and weak lensing estimates agree
that the mass bias should instead be (1 − b) ≈ 0.8, there could be aspects related to
incorrect modelling of cluster physics or systematics on the data that could explain
this difference.

If these possible systematics are overlooked, we might start considering exten-
sions to the �CDM model that could explain the differences between the low-
and high-redshifts determinations of σ8. The most obvious one would be a non-
minimal sum of neutrino masses. This scenario was considered in [60], and the
conclusion was that in fact while this led to a reduced tension on σ8 it was at the cost
of increasing the tension between other parameters. Another possibility discussed
in [60] is that baryonic physics may influence the late-time evolution of density
perturbations in such a way that feedback from active galactic nuclei could damp
growth and therefore reduce σ8. In any case, before developing any further these or
other theoretical interpretations, it may be advisable to deepen our understanding
of possible systematics associated with this analysis. As an example, recently [81]
pointed out that neglecting the relativistic corrections to the SZ frequency spectrum
could lead to significant biases on the determination of σ8 from the SZ power
spectrum. And, more importantly, a more precise determination of the mass bias
parameter will give the definitive answer about the real tension between the CMB
and cluster number counts. Improved cluster mass estimates from the CMB lensing,
in the short term, or from future lensing surveys like Euclid, WFIRST and LSST that
may allow to reach 1% precision in the determination of the mass bias parameter,
will definitely contribute to this.

3.1.3 Planck Low- and High-Multipole Data

Although overall there is a quite remarkable consistency between the results of
different CMB experiments, when they are analysed in closer detail some slight
differences show up. Compared to WMAP results, Planck prefers a somewhat lower
expansion rate, higher dark matter density and higher power spectrum amplitude,
as it has been discussed in several Planck papers [35], and also in [82]. It seems
that these differences arise from the different multipole ranges that are sampled by
Planck and WMAP. In fact [82] noted that there were some parameter shifts, in
some cases at around 2 − 3σ , between the �CDM parameters derived using Planck
multipoles � < 1000 or � > 1000. They also pointed out some differences between
high-� Planck and SPT data, concluding that the previous tensions may not be due
to new physics but rather to systematics not accounted for in the data. Furthermore,
none of the extensions that have been discussed in the literature seem to be preferred
by the data. These issues were revisited in detail by Aghanim et al. [83], and the
conclusion was that, given the dimensionality of the model, the differences found
between parameters are not statistically significant, and Planck low-� and high-�
data are consistent with each other within around 10% PTE.
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3.1.4 High Amplitude of the Lensing Potential in the Planck TT Power
Spectrum

As it was commented in Sect. 2.1, thanks to the increased quality of current
datasets, the lensing of CMB photons by the LSS of the universe can now be
used to constrain cosmological parameters. The lensing causes different effects
in the CMB: a smoothing of the acoustic peaks and troughs in the temperature
and polarisation power spectra, a conversion of E-modes into B-modes, and a
generation of significant non-Gaussianity that can be measured through the CMB 4-
point functions. Planck data show some differences in the amplitude of the lensing
potential derived from the former and from the latter of these estimates, which are at
around the 2σ level [35]. The difference in the combination of parameters σ8�

0.25
m ,

which is a good proxy for the lensing amplitude, is just 1.3σ [83]. However, as
initially pointed out by Addison et al. [82], this difference increases to 2.2σ [83] if
only multipoles � > 1000 are used to quantify the effect of the smoothing of the
CMB peaks.

3.2 Anomalies

Although there is an excellent consistency between the CMB data and the �CDM
model, several features or anomalies in the CMB maps and power spectra have
extensively been discussed in the literature, with the aim to precisely assess their
significance and understand if there are really hints for extensions of the �CDM
model. One of the CMB anomalies that has been more hotly debated is a lack of
power and correlation on large angular scales, which shows up both in the power
spectrum at multipoles �40 (see Fig. 3) and in the two-point angular correlation
function. This lack of power is actually the main driver of the difference between
the best-fit parameters from the low-� and high-� power spectra that were previously
commented in Sect. 3.1. Particularly low is the quadrupole amplitude, as first hinted
at in COBE data. Bennett et al. [84] analysed this effect in WMAP-7yr data and
found that its statistical significance was quite sensitive to the assumed foreground
mask, to the statistical estimator, and also to the impact of the Integrated Sachs-
Wolfe (ISW) on large angular scales. They also pointed out that the WMAP angular
correlation function is consistent with the �CDM expectation within 2σ for all
angular scales, and then downplayed the significance of this effect. Its significance
is however larger (between 2.5σ and 3σ , depending on the estimator used) in Planck
data, due to the fact that Planck power spectrum is lower than the one from WMAP
[85]. Remarkably, artificially scaling up the low-� data to better match the best-fit
model leads to an even lower value of H0, which aggravates the tension with SNIa
data (see Sect. 3.1).

Another well-known anomaly is the “cold spot”, a non-Gaussian negative feature
seen in the CMB around l = 209◦, b = −57◦ with a size of ∼5◦, first identified
in WMAP-1yr data using a spherical Mexican hat wavelet analysis [86], and with
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a significance of around 1.4–2.3σ [84]. This feature was confirmed by Planck
data, with a probability �1%, the exact value depending on the exact size of
the filter used [87]. Other two anomalies, also detected in WMAP-1yr data, and
that have subsequently been extensively scrutinised are: a remarkable alignment
between the directions of the quadrupole and the octopole, which are supposed to
be randomly oriented; and a hemispherical asymmetry between the low-� power
spectra calculated in two halves of the sky separated with respect to the position
l = 237◦, b = −20◦, with significance between 95% and 99%. A more detailed
overview of these an other anomalies can be found in different reviews [88, 89] or
in the relevant WMAP [84] and Planck [87] papers.

Currently there is no discussion that these anomalies do exist, both in WMAP
and Planck data, this in fact being a good consistency cross-check of two different
independent datasets, nor there is debate about their statistical significance. The
question is whether these anomalies in the data may be connected or not with
cosmic anomalies in the model. While some groups emphasise that we still lack an
understanding of these large-scale features that seem to violate statistical isotropy
and the scale invariance of inflationary perturbations [88], there is general consensus
that they do not provide sufficiently high statistical significance as to justify the
endeavour of exploring extensions of the current �CDM model [84]. The key issue
has to do with the interpretation of the statistical significance of the different tests
that are applied to the data. Scott [89] points out that the statistical significance of all
these features is usually assessed after they were actually discovered, disregarding
other anomalies that could have been found and actually were not (this is what
statisticians refer to as “multiplicity of tests”). As an example [89] mentions that
the statistical significance of the cold spot is usually assessed by looking to the
probability of finding features with just the same angular size and amplitude,
while we should instead marginalise over the scale as well as over the potential
filter shapes. Of course, there is not a fully objective way to look for these
effects. Therefore, in order to account for them, [89] recommends focusing on
5σ anomalies, and this would inevitably downplay the significance of the previous
effects that is typically 2–3σ . Also, it has to be taken into account the correlation
between different anomalies when assessing their combined significance.

3.3 Open Problems

In the previous sections we have described our current understanding of the
Universe, which essentially is that it evolved from an early hot and dense phase,
leading to the later hierarchical assembly of galaxies, clusters and superclusters at
our epoch. However, the successes of the current �CDM model must inevitably be
balanced by the fact that they rest upon three unknown or yet not well understood
entities beyond the Standard Model of particle physics: inflation, dark matter
and dark energy. These are the main mysteries in contemporary cosmology and,
arguably, in all of physics.
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The theory of inflation is supported by various observational indirect evidences.
It was initially proposed in the 1980s to resolve a number of puzzles of standard big
bang cosmology, such as the entropy, flatness, horizon, smoothness and monopole
problems [90]. More importantly, inflation provides the seeds for structure forma-
tion. During inflation initial quantum fluctuations were stretched, thence leading
to the cosmological fluctuations that later grew and, by gravitational instability,
generated the structure of today’s universe. Several predictions of inflation have
been successfully confirmed by observations, namely that the Universe should
have a flat geometry, nearly scale-invariant perturbations, and nearly Gaussian
perturbations in all scales. However, at present we can not assert that any of the
available observations prove that inflation is actually correct, and for this reason
it remains being a theoretical framework rather than a model. We currently lack a
precise understanding of how exactly inflation occurred, of the physics of extremely
high energies that are required to drive this period, nor we have a unique scenario of
inflation. It is recognised that nowadays the best way to attain advances in this field
is through the detection of the faint B-mode pattern in the CMB polarisation which
should have been created by the gravitational waves generated during inflation (see
Sect. 2.1 and Fig. 1). The detection of this signal would help constraining the energy
scale of inflation—a key discriminant between different inflation models—and its
dynamics, would in fact confirm the fourth prediction of inflation, which is the
generation of a spectrum of tensor modes (gravitational waves), and would help
measuring the exact shape of this spectrum. This is the main goal of the ongoing
and planned CMB experiments.

As it was explained in the previous sections, there are compelling evidences that
we have knowledge of just 5% of the total mass-energy content of the universe,
while 26% is in the form of dark matter and 69% in the form of dark energy.
Current observations provide strong evidences for a non-baryonic nature of dark
matter. Current evidences for the existence of non-baryonic matter come from
oscillation experiments, which have shown that at least two of the three neutrino
species have non-zero mass. However, CMB and LSS observations indicate that
they only make up a small fraction of the dark matter in the Universe. In parallel to
direct dark-matter searches in experiments like LHC, astrophysics and cosmology
can provide insightful information about the nature of dark matter. Measuring the
exact value of the total absolute neutrino mass, which can be done by measuring
the tiny suppression of structure formation produced by neutrinos, is important to
understand the mechanisms that gave them their mass. On the other hand, measuring
the density profiles of dark matter halos and the matter power spectrum with very
high precision can help to set constraints on the dark matter mass. This will be the
goal of future LSS surveys.

The origin of cosmic acceleration, which implies the existence of some dis-
tributed component of energy density not associated with matter concentrations
and which exerts negative pressure, also remains a deep conundrum. One of the
key issues to advance our understanding of the nature of dark energy concerns
the measurement of its equation of state, as it was commented in Sect. 1.4.2.
As it was described in Sect. 2, all current measurements are consistent with a
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cosmological constant, i.e. vacuum energy with w = −1, and do not show any
hint for a time-variation of this value. However, particle theories suggest that the
dark energy density should not be constant and may have varied by many orders of
magnitude over the history of the Universe. This would explain why its current value
is so small, while the generally accepted theory of strong interactions (quantum
chromodynamics) makes a contribution to the vacuum energy that is over 50 orders
of magnitude larger than the observed value. Measuring the value of w to higher
precision, and constraining a possible time-variation of this parameter, is one of the
main goals of future LSS surveys like Euclid, DESI or LSST.

4 Concluding Remarks

In this chapter we have shown that we currently have a consistent model describing
the basic properties of the Universe we live in, its origin, evolution and matter-
density content. This model is supported on Einstein’s General Relativity, and states
that the universe originated in a hot-dense phase called Big Bang, it underwent an
early phase of expansion that created light elements via the big bang nucleosynthesis
and the CMB, and a much earlier phase of accelerated expansion, called inflation,
during which the initial quantum fluctuations were stretched to cosmic sizes, leaving
an imprint on the CMB in the form of its anisotropies, and also leading to the
formation of LSS due to gravitational instability. This model is strongly supported
by a variety of observations, of which here we have described the most important
ones: CMB, the LSS and Type Ia supernovae. Technological advances over the
last decades have allowed to exploit these cosmological probes to unprecedented
precision, allowing to infer cosmological parameters with precision better than 1%,
and leading to what we have come to call the “era of precision cosmology”. It is
also an outstanding achievement that totally different and independent cosmolog-
ical probes, like the CMB, the LSS or SNIa, give consistent constraints on the
cosmological parameters. In fact, even using only the CMB, the data from the
Planck satellite have allowed to obtain consistent constraints from three different
observables: temperature anisotropies, polarisation anisotropies, and the lensing of
CMB photons.

Current observations are nicely described by a set of just six parameters, three
of which describe the composition and evolution of the Universe, two the initial
conditions of the density perturbations, while the sixth is an astrophysical parameter
related to the optical depth of Thomson scattering to recombination. This model has
been coined �CDM, to emphasise that it is dominated by a dark energy component,
which causes the observed accelerated expansion that seems to be associated with
a cosmological constant � (i.e. vacuum energy with equation-of-state parameter
w = −1) with a density parameter �� = 0.69, and by a cold dark matter component
with �c = 0.26, while ordinary baryonic matter contributes to just �b = 0.05. The
spectral index of the density perturbations is found to be ns = 0.9646 ± 0.0042,
which is a small deviation, at the 8σ level, from perfect scale invariance (ns = 1),
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in agreement with the simplest inflationary models. Extensions from this model
have been explored using existing data, but finding no compelling evidences. For
instance, when different probes are combined no hints have been found of deviations
from a perfectly flat geometry, with the best constraint �k = 0.0007 ± 0.0019,
coming from a combination of CMB and BAO, being astonishingly consistent with
�k = 0. No evidences have been found either for a running of the spectral index
accounting for a scale-dependency of the primordial fluctuations, as is predicted by
some inflationary models. The equation of state of dark energy is found to be fully
consistent with w(a) = −1, with no evidence of any time-variation of this value.
The upper limit on the neutrino mass, as well as the number of relativistic species,
are also fully compatible with the standard values. These results do not necessarily
imply that these deviations do not exist, but rather that the existing data do not
favour any of them within their error bars, and for this reason we can firmly assert
that �CDM is the model that best describe these data.

Despite the overall stunning consistency between different and independent
datasets, there are a few claimed tensions in some specific cosmological param-
eters. The most significant one, and currently more hotly discussed, concerns the
expansion rate. SNIa-based distance-estimation techniques in the local Universe
give a value for H0 that differs with the CMB measurement at z = 1100 at 4.3σ .
If the SNIa measurements are combined with other local estimates based on time
delays on strong-lensed QSOs, then the discrepancy with the CMB increases to
5.3σ . Several ideas about extensions of �CDM that could restore concordance
between the two measurements have been recently explored in the literature, but
none of them seem to provide a convincing solution, either because in some cases
a better agreement is achieved thanks to enlarging the uncertainties, or in some
other cases at the cost of increasing the discrepancies in other parameters. Other
important tension concerns the value of the amplitude of the scalar fluctuations,
σ8, derived from the CMB and from the number counts of galaxy clusters. In this
case the discrepancy is at ∼1.5σ , but the exact value is strongly dependent on the
value assumed for the mass bias parameter. A more firm assessment of the real
discrepancy requires a more reliable estimate of this bias parameter, for which
currently different mass estimates give a considerable scatter. Therefore, it seems
clear that before continuing to explore extensions to the current �CDM model, it
may be better to wait until systematics affecting current analyses are reduced with
the help of additional datasets with better sensitivity. An example are the new cluster
mass estimates extracted from CMB lensing, that have just started to be exploited.

Finally, in spite of having a well consolidated model describing all current
observations, we may not forget that two of its main ingredients, dark matter and
dark energy, are currently unknown entities. Future LSS surveys will be key to
shed new light on the nature of these entities, particularly important being the
characterisation of the dark energy equation of state, and a possible time-variation
of this parameter. This will be crucial to understand what is causing the observed
accelerated expansion of the universe, or if alternatively our model requires
modifications of General Relativity on cosmological scales. Equally important is
understanding the generation of the primordial density fluctuations, for which the
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preferred model is inflation. Understanding the physics that drove this process could
lead to important discoveries at energy scales not previously explored, and in this
aspect ongoing and future CMB polarisation experiments will play a major role.
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Abstract Observations of the Sun in the visible spectral range belong to standard
measurements obtained by instruments both on the ground and in the space. Nowa-
days, both nearly continuous full-disc observations with medium resolution and
dedicated campaigns of high spatial, spectral and/or temporal resolution constitute
a holy grail for studies that can capture (both) the long- and short-term changes in
the dynamics and energetics of the solar atmosphere. Observations of photospheric
spectral lines allow us to estimate not only the intensity at small regions, but also
various derived data products, such as the Doppler velocity and/or the components
of the magnetic field vector. We show that these measurements contain not only
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direct information about the dynamics of solar plasmas at the surface of the Sun but
also imprints of regions below and above it. Here, we discuss two examples: First,
the local time-distance helioseismology as a tool for plasma dynamic diagnostics in
the near subsurface and second, the determination of the solar atmosphere structure
during flares. The methodology in both cases involves the technique of inverse
modelling.

1 Introduction

The Sun is our closest star and as such it serves as a prototype for the whole class
of such cosmic objects [1]. As compared to the other stars, the Sun is routinely
observed from a luxurious proximity 24 h a day, 7 days a week. The availability of
the long-term near-continuous synoptic observations together with short-term high-
resolution campaign observations consists a holy grail for highly detailed studies
of the solar structure and dynamics. The theories and hypotheses based on the
observations of the Sun serve as constraints for theories of stellar structure and
evolution.

The Sun is an active and variable star with various phenomena observed in
its atmosphere termed the solar activity. These phenomena exist due to the solar
interior being interwoven with the magnetic field, which takes various forms. The
origin of it is still being debated in the literature [2]. Overall, the solar magnetic field
depicts cyclic behaviour on a large range of time scales from seconds to millennia
[3]. There is a dynamo process running deep inside the Sun, possibly at the base
of the convection zone, which recycles and strengthens the global magnetic field.
Emergence of the magnetic flux tubes through the convection zone towards the
surface and above forms complexes of strong magnetic field localisations, the active
regions [4]. In active regions, we typically find the most prominent phenomena
of solar activity—sunspots, prominences, and flares. All these processes are only
partially understood, thus much of the on-going and future research is dedicated to
them.

The proper understanding of the violent phenomena of solar activity, namely
flares and coronal mass ejections, is necessary as these phenomena may in effect
interfere with human technology, which is crucial for the quality of life as we know it
[5]. There are many open questions and without answering those we will not be able
to successfully predict the solar activity, which is one of the main goals of the solar
research. For instance, triggers for flares may lie in the dynamics of the plasmas at
the solar surface and below and the flaring processes may strongly depend on the
parameters of the atmosphere above the surface. Visible-range observations may in
principle bring important information about both solar interior and atmosphere.
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2 Solar Photosphere in the Visible Range

In the visible-range of electromagnetic radiation, the photosphere is the dominant
source of solar radiation. The term photosphere is often replaced by “solar surface”,
but this is not very precise. Following a text-book definition, the photosphere
describes the thin near-spherical shell where the visible and infrared solar continua
originate [6]. Its width is several hundreds km and the lower boundary of the
photosphere is defined at the optical depth unity (τ500 = 1)—level at which the
intensity at λ = 500 nm is approximately given by the continuum source function.
The opacity is dominated by bound-free H− transitions. The formation height of
the continuum radiation is wavelength dependent. For instance it is deeper in the
near-infrared part of the spectrum, where free-free contributions of H− dominate.

The photosphere is only several hundreds kilometers thick. One of the definitions
adopts a thickness of about 300 km, which corresponds to the scale over which the
gas pressure decreases by an order of magnitude. Even though a realistic description
of the vertical stratification of the photosphere have been achieved already by 1-D
models [7], observations are very convincing in the fact that the evaluations of the
structure of the photosphere needs to be considered in all three dimensions [8].
Already the observations in the visible continuum by amateur telescopes reveal
the pattern of granulation, the distinct convection pattern that corresponds to the
thermal dissipation scale [9]. The granular cells have a typical diameter of about
1 Mm and a life time of about 10 min. Both these parameters depict very wide
statistical distributions. According to the current paradigm, the granules are the
final products of the turbulent-convection cascade emerging from the bottom of the
convection zone [10]. Other convection-like features are present and measured in
the photosphere: the mesogranules, the supergranules and possibly the giant cells.

High-resolution observations reveal not only the granular cells, but also features
of smaller size, such as magnetic bright points and other indications for the small-
scale magnetic field [11]. In these magnetic-field concentrations the τ = 1 level lies
even deeper, about 200 km as compared to the surrounding “quiet” photosphere. In
these regions, the magnetic pressure contribution to hydrostatic balance reduces the
gas density. Such thin flux tubes form a magnetic network that is preferentially
located at supergranular boundaries. Even larger magnetic field concentrations
create anomalous granular patterns (flux-emergence regions, “plage” regions) and
strong enough magnetic field inhibits the convection completely by creating pores
and sunspots [12].

Thus the transition from the 1-D vertically stratified models towards a fully
3-D time-dependent solution of (magneto)hydrodynamical equations with realistic
equation of state was eminent. And it was successful [13]. The physics behind the
processes active in the quiet photosphere and closely below and above are believed
to be understood quite well. That is demonstrated by the fact that the numerical
simulations reproduce the observable photospheric properties remarkably well [9].
Detailed simulations reproduce even specialties such as elongated granules in the
regions with emerging magnetic fields or particular flows around spots and pores
[14, 15].
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3 Sub-surface Dynamics

From the analyses of solar observations together with proper modelling based on the
theory of stellar structure and evolution it turns out that the Sun is a main-sequence
star with an effective temperature of 5778 ± 3 K, radius of (6.960 ± 0.001)× 108 m
and a mass of (1.9889±0.0003)×1030 kg [16]. Because of the action of gravity, such
a star has a significant radial stratification, generally showing three main layers. The
central region up to some 25% of radius is occupied by the core, where the physical
conditions allow the thermonuclear fusion to run mostly by means of the proton-
proton chain. This is the region where the solar luminosity, equivalent of almost
4×1026 W, originates. The central temperature reaches 15.7 MK and the pressure of
2.5×1016 Pa according to the state-of-the-art models [17].

At around 25% of solar radius the temperature of the ambient plasma decreases
below the value of around 7 MK. The efficiency of the thermonuclear reactions is
very low henceforth, however the state parameters of the plasma are such that the
plasma is fully ionised and the opacity is very low for the high-energy photons
originating from the proton-proton chain. Due to the temperature gradient the
energy is transported towards the surface via radiation, photons diffuse by free-free
radiative scattering. This layer is called the radiative zone.

At 71% of the solar radius [18, 19] the mean plasma temperature decreases
under ∼2 MK and recombination of ions starts to occur locally. The opacity rapidly
increases due to the bound-free radiative absorption of photons by heavy elements.
The energy transport via radiation is no longer possible. The convection sets in and
begins to be the main energy transport agent until the surface, through the whole
convection zone. The ever-changing granulation is a consequence of the convective
overshoot from the convection zone underlying the photosphere. The convection
zone is a principal layer, where the dynamo is seated somewhere and from where
the flux tubes later forming sunspots and other phenomena rise up.

Studying the convection zone is not straightforward. The sub-surface of the
Sun is optically thick, preventing us from directly observing the interior layers.
Understanding the properties of the plasma in these regions has consequences for
theories of convection, stability of sunspots, the dynamics of stratified convection,
and others. Most of current knowledge about convection comes primarily from
computational work, e.g. [20–22]. Helioseismic inversions of the sub-surface flows
play an important role in constraining these theories.

The physics of convection in the low-viscosity, large-density and large-
temperature gradient regime associated with the convection zone is not well known
[23]. Most of the convection zone is moderately vertically stratified, but as the
plasma approaches the photosphere, it undergoes a rapid expansion because of the
steep near-surface density gradient. With the rapid decrease of temperature in the
near-surface layers ionisation zones of several elements (e.g. helium and hydrogen)
form, and the release of the latent heat by the recombination is thought to power the
various scales of turbulent convection.
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3.1 Oscillations

A powerful way of imaging the solar interior is via inferences gathered from
studying the statistics of the acoustic and surface gravity waves detectable at
the surface. Solar pressure and surface gravity modes are generated randomly by
the vigorous turbulence in the upper convection zone. These oscillations are best
observed in the solar photosphere by measuring Doppler shifts of photospheric
absorption lines.

The spatio-temporal power spectrum of solar oscillations provides the best
evidence for the existence of the resonant standing waves. These resonant modes
form the structure of non-intersecting ridges in a k − ω diagram, where k stands
for the wave number and ω = 2πν for the cyclic frequency of the waves. The
position of the ridges is a very sensitive indicator of the internal structure of a star.
An example of the k − ν diagram is in Fig. 1. One can see obvious signatures of
resonant modes depicted by ridges of increased spectral power.

A vast majority of the modes seen in the solar k −ω diagram belong to the group
of p-modes, which are acoustic modes where the pressure is a restoring force. The
p-modes propagate mostly in a convectively unstable layers, that is in the near-
surface convection zone. The ridge positioned lowest on the k − ω diagram is a
f -mode ridge. f -modes are surface gravity modes, similar to the oscillations of the
free surface. Frequencies and wave numbers (which relate to the wavelengths) are
examples of helioseismic observables.

Fig. 1 An example k − ν diagram as constructed from 24-h Dopplergram series recorded by
Helioseismic and Magnetic Imager (HMI) on-board of Solar Dynamics Observatory (SDO). Signal
of low frequency corresponds to the convection zone. The lowest positioned ridge is the f -mode
ridge, others are p-mode ridges. “Five-minute oscillations” with frequency around 3.3 mHz are
result of interference of p-modes. A lack of signal above 5.3 mHz is related to an acoustic cut-off
frequency. The colour scale in arbitrary units indicates the spectral power with greenish colours
having a low power and reddish colours having a large power
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3.2 Helioseismology

Changes in the internal structure of the Sun, including localised changes, induce
shifts in frequencies of the modes. Forward modelling allows us to relate anomalies
like flows, thermal hot/cold spots etc. to changes in helioseismic observables. It is
not straightforward to infer the characteristics of these anomalies from observables.
Sophisticated techniques of inverse modelling—or “inversions” in short—must be
adopted.

The aim of helioseismic inversions is to reveal the structure of the subsurface
flows (rotation, meridional circulation, convection), magnetic fields, and to measure
deviations in the plasma state parameters (temperature, density, pressure) from a
quiet Sun average.

Localised perturbations in the parameters of solar plasmas may be investigated
using the approach of local helioseismology. The time–distance helioseismology
[24], one of the local helioseismic methods, has proven to be very useful. In recent
years, time–distance helioseismology has been used to determine near-surface flows
[25–28], flows beneath sunspots [29–34] and flows in their vicinity [25], to study
the rotational gradient at the base of the convection zone [35], etc.

Time–distance inversions (see a review [36] and a scheme in Fig. 2) are based on
a concept of a perturbed travel time δτ ,

δτ = τobs − τmodel. (1)

The observed travel time τobs is measured from observations (usually from a
series of intensity or Doppler-shift measurements of the photospheric lines) by
means of a time-domain cross-correlation of the signal between two different points
on the solar surface. The model travel time τmodel is computed from the assumed
background solar model. The background model is usually assumed to be vertically
stratified with no magnetic fields and no plasma velocities, such as Model S [17].

Fig. 2 Schematic representation of the time–distance technique. The seismic waves are excited
at various sources and travel through the solar interior to the observed position. Different colour
indicate different modes (with different wavelengths). Some of these ray travel through an anomaly
in the interior, which affects the total travel time of the affected waves. From combining the travel-
time measurement of various modes one can learn about the nature of the anomaly
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The actual state of the solar interior at a certain point may depart from the
background model, i.e., state quantities may be perturbed or flows may be present.
The usual assumption used in a vast majority of helioseismic studies is that these
perturbations of the plasma state are small compared to the background model. Thus
we may assume a linear perturbation and solve the linearised equation of the wave
propagation.

The perturbed travel time δτ can theoretically be computed from the model as

δτ (r) =
∫
	

d3xK(x) · δq(x). (2)

where r indicates the horizontal position vector and z the vertical coordinate in a
plane-parallel approximation of the 3-D position vector x = (r, z). Here K is a
vector of sensitivity kernels which represents the linear sensitivity of the travel-time
measurements to the perturbations δq [37, 38]. The sensitivity kernels are defined
by the background model and the level of approximation (ray approximation, Born
approximation, etc.). The vector of perturbations may contain quantities such as
flows, speed of sound, density, etc. Since the solar oscillations are excited by
vigorous surface convection, in reality the measured travel time contains a large
random-noise realisation component, which needs to be taken into account in further
analyses.

The goal of an inverse problem is to invert Eq. (2) to determine δq from the
measurements of δτ . Such an inversion is usually not possible due to the presence
of random noise.

In the Sun, a full spectrum of waves with different properties is excited. Indi-
vidual modes propagate more-or-less independently throughout the solar interior,
thus by measuring the travel times of different modes we obtain independent
information about the nature of the solar interior. By filtering, it is possible to
separate distinct modes of the waves and measure their travel times. Consequently,
for each filtered wave mode there is a separate Eq. (2), therefore also the travel times
may symbolically be written in the vector form as δτ . On the other hand, all these
equations share the same vector of perturbers δq. In helioseismic inversions one
combines all independently measured travel times to learn about the perturbers.

Helioseismic inversions are usually performed by using two principal methods:
The regularised least squares (RLS) and optimally localised averaging (OLA). The
RLS method [39] seeks to find the models of the solar interior, which provide
the best least-squares fit to the measured travel-time maps, while regularising
the solution (e.g., by requiring the smooth solution). The OLA method was
developed for geoseismology [40, 41]. Subtractive-OLA (SOLA) method [42], a
form suitable for use in helioseismology, is based on explicitly constructed spatially
confined averaging kernels by taking linear combination of sensitivity kernels, while
simultaneously keeping the error magnification small. The resulting coefficients
are then used to linearly combine the travel-time maps and obtain an estimate for
structure and magnitude of solar plasma perturbations. A SOLA-type inversion is
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the principal method demonstrated here. The SOLA has been used in time–distance
local helioseismology in the past [28, 43], where the ability of SOLA inversions to
reveal the structure of 3-D internal flows was demonstrated. An efficient approach
to solve fully consistent SOLA inversions was has been also introduced [44].

3.3 SOLA Time–Distance Inversions

3.3.1 The Basic Principle

Unlike the RLS approach, the SOLA methodology does not minimise the difference
between the measured travel times and those modelled from the modified solar
model. SOLA assumes that the inverted estimates of the quantities may be obtained
using a linear combination of the travel-time maps, symbolically written for α-th
component δqα of the vector δq as

δq inv
α (r0; z0) = w(r − r0; z0) · δτ (r), (3)

where w are the inversion weight functions. From an oversimplified point of view,
SOLA performs the deconvolution of the travel-time maps.

Taking into account a noise term (the measured travel times are noisy) and using
Eqs. (2) and (3), we obtain

δq inv
α (r0; z0) =

∫
	

d3x′K(r ′ − r0, z
′) · δq(x′) + noise , (4)

where the object K is referred to as the (vector) averaging kernel. It is defined as

K
(
r ′, z; z0

) =
∫

d2r w (r − r0; z0) · K
(
r ′ − r, z

)
(5)

and quantifies the level of spatial smearing of the real quantity δq.
In the SOLA method we search for the weights w so that the vector averaging

kernel K resembles the target function T . The target function is an user-selected
initial estimate for the averaging kernel which indicates the desired localisation in
the Sun. An example of commonly used target function is a 3-D Gaussian with a
peak at a chosen target depth z0.

In practise the SOLA cost function χ2
SOLA is minimised, which can be written in

a simplified form

χ2
SOLA = ∣∣∣∣K(x′) − T (x′)

∣∣∣∣2 + μσ 2
α + ν

∑
β �=α

∣∣∣∣Kβ(x′)
∣∣∣∣2 + χ2

other. (6)
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The first term
∣∣∣∣K(x′) − T (x′)

∣∣∣∣2
of the right-hand side of Eq. (6) then evaluates

the misfit between the averaging kernel and a target function T .
The second term of Eq. (6) is the regularisation of the random-noise level in the

inverted quantity,

σ 2
α = wT�w, (7)

where � is the travel-time noise covariance matrix. The matrix � may be obtained
either from the reference model or from the travel-time measurements.

3.3.2 The Cross-Talk

The third term
∑

β �=α

∣∣∣∣Kβ(x′)
∣∣∣∣2 in Eq. (6) is related to the cross-talk and regu-

larises the non-diagonal components (that is all components except for the inverted
α-th) of the averaging kernel. The meaning of the cross-talk is illustrated by Eq. (4).
There, the inverted estimate of the α-th component is composed not only from the
appropriate δqα smoothed with the respective averaging kernel Kα , but also from
the “irrelevant” perturbers δqβ for β �= α smoothed with their respective averaging
kernels Kβ .

The physical meaning of the averaging kernel is demonstrated in Figs. 3 and 4.
According to Eq. (4) the inverted quantity (vinv

x in this case) is obtained by cross-
correlation of the averaging-kernel vector and vector δq of the real physical
quantities. For each position x0 = (r0, z0), the weighted average of real quantity
δqβ is computed where the weights equal to Kβ . The final vinv

x is then a sum of
the noise term and individual weighted averages for all βs (columns one to four in
Fig. 3). In the case of vx inversion in Fig. 4 one can see that vinv

x is mostly given by
real vx averaged over around 15 Mm in horizontal and 4 Mm in vertical direction
(see contours in Fig. 4). The other contributions are small because Ky , Ks , vz, and

Fig. 3 Top row: inversion without minimisation of the cross-talk. Bottom row: inversion with
minimisation of the cross-talk. From left, columns one to five show individual contribution to the
inverted vinv

x . The sixth column is vinv
x and in the seventh column there is an ideal answer. The

extent of both the horizontal and vertical axes is approximately 290 Mm. Compare with Fig. 7
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Fig. 4 The averaging kernel for vx inversion at 4.0 Mm depth. The columns indicate the
contributions from the individual quantities considered in the inversion, the terms not in the
direction of the inversion indicate the leakage of the other quantities—the cross-talk. The red curve
corresponds to the half-maximum of the target function at the target depth. The solid green and
dotted green curves correspond to plus and minus of the half-maximum of the averaging kernel at
the target depth, the blue solid and blue dotted lines correspond to +5 and −5% of the maximum
of the averaging kernel at the target depth, respectively. In the top row, there are horizontal slices of
the averaging kernel at the target depth and in the bottom row, there are vertical slices perpendicular
to the symmetries

δcs are small, thus products of Kβ δqβ are small for these off-diagonal components
(cf. individual contributions in Fig. 3).

To complete the discussion of the terms in the inversion cost function we add
that χ2

other contains additional terms such as the regularisation of the weights or
the constraint on the normalisation of the averaging kernel. User-given trade-off
parameters μ and ν balance the terms in the cost function.

The framework seems to be well established, but some unknowns remain that
need to be cleared out. For instance, the inverse problem is cast in a set of algebraic
equations with a system matrix that is ill-posed and usually nearly singular. The
numerical errors from calling the mathematical pseudo-inverse of the system matrix
may propagate throughout the rest of the computations. The consistency of the
numerical implementation must be evaluated carefully.
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3.3.3 Interpretation of the Inversion

The description above gives an indication that there are three different quantities
that are needed to be determined in order to interpret the time–distance inversion
results properly.

• Inverted map δq inv
α , which gives the inverted estimates for the physical quantity

δqα at positions r0 and at target depth z0.
• Noise level σα gives the root-mean-square value of the random-noise component

in the inverted map. The particular noise-component realisation in the inversion
is not known and is an inseparable part of the inverted map.

• Vector averaging kernel K , defined by Eq. (5), gives an important information
about the smearing of the inverted quantity. It also gives the real depth sensitivity
(whereas the value of z0 is the target depth which only serves as a parameter). In
Fig. 5 one can see the depth dependence of averaging kernels of four inversions
with different target depths z0 = (0.5, 2, 4, 6) Mm. A careful reader can see that
the peak sensitivity of these kernels is different from their indicated target depths.

The averaging kernel also contains information about the presence of the
sidelobes. Sidelobes are places with non-negligible values of the averaging kernel
which are at larger distances from the central point. Such an averaging kernel is
not well localised (see an example in Fig. 6). Thus, the inverted estimate in a
given point is spoiled by the properties of plasma which is far away and which
possibly has different properties.

10 8 6 4 2 0 

0
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0.3
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Fig. 5 Examples of the horizontal integrals of the averaging kernels for vz inversion as a function
of depth
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Fig. 6 The averaging kernel for vz inversion at 4.0 Mm depth; however, the sensitivity of the
inversion is mostly around 1 Mm below the surface. See Fig. 3 for the definition of contours

The off-diagonal components for α �= β indicate the leakage of unwanted
perturbations to the inverted map, the cross-talk. Ideally these cross-talk compo-
nents of the averaging kernel should be negligible, so that the inverted map is not
polluted by the cross-talk.

3.3.4 Lessons Learnt from the Validation

One way to check the consistency of the inversion modelling is a validation using
known inputs. These known inputs may come from the realistic simulation of solar
convection. Such a validation then gives limits that could be expected from the
inversions of the real-Sun observables [45].

The inversions for the horizontal flow components (vx and vy ) are well-posed in
the near-surface layers. The results of the inversion are in a great agreement with
the known flows which come from a simulation of the convection zone. In Fig. 3
one can see individual contributions to the inverted vinv

x . From the left, first five
columns correspond to individual terms in Eq. (4), the sixth column is a sum of
individual contributions (left-hand side of Eq. (4)) and the right-most box shows
an ideal answer of our inversion (noiseless smearing of the real quantity by the
inversion target function). In the first row, minimisation of the cross-talk was not
applied, while in the second row, it was applied. The differences in corresponding
columns are negligible. Thus, horizontal flow is a strong perturber and possible
contributions from the remaining weak perturbers (the vertical flow and the sound-
speed perturbations) are negligible even when the cross-talk is not minimised.
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Fig. 7 All components of an example vz inversion at 1 Mm depth. Top row with the cross-
talk ignored, bottom row with the cross-talk minimised. We demonstrate that if cross-talk is
not addressed, horizontal components will leak into the inverted vz and cause a bias. Obviously,
inferred estimate is then in the anticorrelation with the expectations

With the travel times averaged over 24 h or so, it is possible to invert for the
horizontal flow snapshot on supergranular scales roughly in the upper 5 Mm of the
convection zone. An example of the averaging kernel of such an inversion is shown
in Fig. 4. For deeper inversions different approaches must be taken. One should
either increase the level of averaging (by increasing the extent of the averaging
kernel) or invert for a statistical representation. In the latter case the ensemble
averaging over a set of representatives of the same kind (e.g. set of individual
supergranules) is a suitable approach [46, 47].

For the successful inversion for the vertical flow component (vz) it is essential
to minimise the cross-talk, otherwise the results are significantly distorted by the
leakage mainly from the horizontal components of the flow; the inverted vertical
flow is almost in anticorrelation with the expected output [48, 49], see Fig. 7. The
leakage from the sound-speed perturbations is acceptably small. For the travel
times averaged over 24 h or so it is not possible to invert for the flow snapshot
deeper than around 1 Mm. In Fig. 6 there is the averaging kernel for vz inversion
at 4.0 Mm depth. It is evident that the averaging kernel is localised around 1 Mm
below the surface, not around targeted 4 Mm (compare to equivalent averaging
kernel for the horizontal flow component in Fig. 4). The depth sensitivity of several
inversions is nicely seen in Fig. 5, where horizontal integrals of averaging kernels
for vz inversions in different depths are plotted. Even though the target depth is
changing from 0.5 to 6.0 Mm, the depth sensitivity of the inversion is nearly the
same. Attempts to perform deeper inversions lead either to a noise level much larger
that the signal, or to a strong departure from the target function (as in this case)
[50]. Attempt to invert for the snapshot of the vertical flow on supergranular scales
with a signal-to-noise ratio larger than one naturally converges towards the shallow
“surface” inversion.
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cross-talk. Bottom row: contribution in the direction of inversion and the ideal answer

The realistic perturbation of the speed of sound is also a weak perturber. Thus
the cross-talk minimisation is essential. Unlike in the case of the vertical flow, in the
case of the sound-speed perturbations the cross-talk is positively correlated. Thus
the cross-talk “helps” to “measure” δcs . Such an approach leads to an overestimation
of the magnitude of the sound-speed variations by almost a factor of two in the near-
surface layers. Such an inversion, however, is not the inversion for δcs . An example
of inverted sound-speed perturbation in near-surface layers is plotted in Fig. 8. The
first row shows the inverted maps with and without cross-talk minimisation (similar
to the fourth column in Fig. 3). In the second row there are, from left to right,
individual contribution to inverted result with the cross-talk minimisation (similar
to the fourth column in the bottom row in Fig. 3) and the ideal answer.

By using the local helioseismology, one can learn about the dynamics of the
solar subsurface. The knowledge of this dynamics is important for assessment of the
evolution of the magnetic field. Unfortunately, helioseismic inversions do not seem
to help in constraining the subsurface structure of the magnetic field in the active
regions due to a very strong interaction of various kinds of waves in the magnetised
plasma [34].
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4 Information About the Higher Atmosphere

The coupling between the solar sub-surface and the structures of the magnetised
atmosphere is striking [51]. For instance, a particular flow topology may contribute
in triggering the solar flares. In a sudden eruption of a quiet-Sun filament followed
by a solar flare, the zonal shear flow possibly contributed to triggering the filament
eruption and the consequent flare ignition [52, 53].

The upper atmospheric layers have a very low density and it is difficult to
speak about them in terms of the spherical shells. The chromosphere is a warped
and highly dynamic surface that is thin around kilogauss concentrations of the
magnetic field and thick in regions where acoustic shocks appear in otherwise cool
internetwork gas. Higher up the chromospheric fibrils are structured by the magnetic
field that extend from the network and from plage regions. The chromosphere is
very dynamic, where we find evidence for magnetic reconnections, Alfvén waves,
magnetically guided converted acoustic waves and many more which form the
chromospheric structures. The chromosphere loses much of the energy by radiation
in strong resonance lines of hydrogen, helium, calcium and magnesium.

These higher layers do not contribute much in the visible range to the total solar
irradiance, because the photosphere overshines them. However, locally there are
phenomena, which may outshine even the background photosphere.

4.1 White-Light Flares

Solar flares are widely believed to be a consequence of reconnection of the coronal
magnetic field in a peculiar configuration. The magnetic energy stored in the
entangled coronal loops is released suddenly during the flare and a large portion
of the flare energy is radiated away in a wide range of wavelengths emerging from
the intensively heated flare atmosphere.

In the visible range of wavelengths the usual line emission is often accompanied
by enhancement of continuum radiation and such flares are called white-light
flares (WLF, [54, 55]). There are various mechanisms proposed for enhancement
of the optical continuum: hydrogen bound-free and free-free transitions, Thomson
scattering, and H− emission. Furthermore, each mechanism may dominate in
different atmospheric layers spanning from the photosphere through the temperature
minimum region to the chromosphere, and all require an increase in temperature and
electron density in those layers.

However, it is still debated how these layers are heated (see Fig. 9). Several
processes have been proposed: electron and/or proton bombardment, XEUV heat-
ing, Alfvén wave dissipation, etc. [56]. Moreover, it has been shown that the
photosphere and the chromosphere can be radiatively coupled via photospheric
heating by H− absorption of the hydrogen Balmer continuum, which originates in
the chromosphere. This backwarming then can lead to increased photospheric (H−)
radiation [57].



364 M. Švanda et al.

particle 
beams

photosphere chromosphere

Balmer continuum

Paschen continuum
heated photosphere

white-light (H −) continuum

white-light (H −) continuum

Fig. 9 Schematic model of two possible origins of the white-light flare. In the left leg of the
coronal loop the model of heating of the photosphere by particle beams is considered. In the right
leg the schematic representation of the backwarming model is considered

To disentangle the contributions to the visible-light continuum, specific observa-
tions and dedicated models are needed. Combining flare observations of several
photospheric and chromospheric lines together with visible-light continuum and
non-LTE modelling, i.e. allowing departures from local thermodynamical equilib-
rium (LTE), a semi-empirical model of a WLF was constructed [58]. Recently, using
off-limb flare observations in the SDO/HMI pseudo-continuum and non-LTE RHD
approach [59], the presence of the hydrogen Paschen continuum originating in the
chromosphere was reported. Other HMI off-limb sources related to a flare were
found to be of two kinds (chromospheric and coronal), and interpreted as free-
bound continuum (and possible line emission) and Thomson scattering, respectively
[60, 61]. Furthermore, the hydrogen Balmer continuum was observed during flares
by IRIS [62–64]. Additionally, near-infrared emission at 1.56μm was detected
during several X-class WLFs [65, 66]. In an undisturbed solar atmosphere this
emission is considered to originate at the opacity minimum located below τ500 = 1.

4.2 Spectral Lines and Their Inversion

It is the goal of solar spectroscopy to determine reliably various physical parameters
in the solar atmosphere. Spectral profiles of polarized light, i.e., the four Stokes
profiles I , Q, U , and V , contain a lot of information about the conditions in
the line-forming region. In the solar photosphere, the shape of polarized light
profiles of magnetically sensitive lines is typically governed by Zeeman effect. Thus
observations of such lines allow us to determine also the properties of the magnetic
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field, a physical parameter that plays an important role in many processes of solar
activity.

To obtain estimates of the physical parameters in the solar photosphere, one of
the fundamental steps is to solve the radiative transfer equation (RTE) for polarized
light

dI
dτ

= K(I − S), (8)

where I = [I,Q,U, V ]T is the Stokes vector of polarized light, S is the source
function, and K is the so-called propagation matrix. In the solar photosphere, which
is sufficiently dense and collisional rates are high enough, we can assume LTE.
This implies that the source function is not a source of polarized light and is
used in a form S = [Bν(T ), 0, 0, 0]T , where Bν represents the Planck function.
Propagation matrix K contains absorption, dichroism, and dispersion coefficients
that are dependent on the physical parameters of the atmosphere.

The formal solution of Eq. (8) can be written in the form

I(0) =
∫ ∞

0
dτ O(0, τ )K(τ )S(τ ), (9)

where I(0) is the outgoing intensity of polarized light, τ is the optical depth, and O
is the evolution operator. It can be shown that the evolution operator must fulfill the
following equation [67]:

dO(τ, τ ′)
dτ

= K(τ )O(τ, τ ′). (10)

Equation (10) is the reason why there is no general analytical solution of RTE
for polarized light. Solution in the form of attenuation exponential is valid only in
specific cases because the matrices do not commute in general. The specific case is
called Milne-Eddington (ME) atmosphere and it fulfills two necessary conditions.
First, the propagation matrix K is independent on optical depth, i.e., the physical
parameters defining the matrix elements are constant with optical depth. Second, the
source function depends linearly on optical depth. As the temperature determines the
shape of the source function via the Planck function, the assumption of the linear
dependence of source function on the optical depth determines the temperature
stratification, which is not realistic. If more realistic and thus more complicated
models of atmosphere are used, the RTE is solved numerically.

For any given model atmosphere the RTE (8) is solved and the resulting
intensities of polarized light are hereafter denoted as Isyn. The goal is to estimate
a model atmosphere that produces Isyn as similar as possible to the observed
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intensities of polarized light Iobs, i.e., to minimize the cost function

χ2 = 1

ν

4∑
k=1

M∑
i=1

[
I obs
k (λi) − I

syn
k (λi)

]2
, (11)

where the internal sum is performed over M wavelength samples indicated by index
i, the external sum is performed over individual Stokes profiles, and the value of ν

corresponds to the number of degrees of freedom, that is the difference between the
number of observables and the number of free parameters of the model.

There are two principal methods to minimise χ2. First, compute Isyn from a huge
grid of atmospheric models and search for the best match with the Iobs within the
grid. Examples how to do it quickly using the method of the principal component
analysis were published [68, 69]. Second, use a model atmosphere and alter the
physical parameters of the model until the χ2 is minimized.

The second method is widely used for spectral lines formed in the solar
photosphere where LTE conditions apply. There the inversion can be computed
in a reasonable time even if RTE (8) is solved numerically. Apart from the LTE
assumption, the inversion codes also assume that the model atmosphere is in a
hydrostatic equilibrium. Although this assumption is only rarely fulfilled in solar
atmosphere, it does not influence directly the resulting values of free parameters
of the inversion (magnetic field strength, inclination and azimuth, line-of-sight
velocity). The assumption of hydrostatic equilibrium allows us to compute the
pressure from the temperature stratification directly. The pressure is further used to
derive parameters like density and electron pressure that is a necessary parameter for
the line synthesis in the SIR code (Stokes Inversion based on Response functions).
These parameters influence the opacity of the atmosphere and thus the height scale
of the obtained model atmosphere, but the Stokes profiles of photospheric lines are
typically not sensitive to these physical parameters.

For huge datasets and automatic data reduction, the inversion methods usually
assume Milne-Eddington atmosphere, the synthesis of Stokes profiles is computed
analytically, and therefore these codes are very fast. Spectropolarimetric observa-
tions from satellites are automatically inverted using ME codes, e.g., VFISV code
designed for SDO/HMI data [70] or MERLIN code1 used to Hinode/SOT data.
The disadvantage of ME codes is a very simplified model atmosphere that cannot
produce asymmetric Stokes profiles. However, with increasing spatial resolution of
the telescopes, the asymmetries of the Stokes profiles are commonly observed and
more complicated atmospheric models have to be assumed to explain them.

A very powerful method of spectral-line inversion was introduced in [71].
This inversion code SIR allows for realistic temperature stratification and also
the magnetic field vector and the macroscopic line-of-sight velocity can change
with height in the atmosphere. The methodology is very flexible so it allows to

1https://www2.hao.ucar.edu/csac/csac-data/sp-data-description.

https://www2.hao.ucar.edu/csac/csac-data/sp-data-description
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invert many spectral-line profiles at once, thereby improving the resulting inverted
estimates of the physical parameters.

The method is based on the concept of response functions, which come from
the linearisation of the RTE (8). The response function R(λ, τ ), where λ is the
wavelength and τ is the optical depth, describes a linear relation between the
atmospheric parameters and the emergent intensity.

δI (λ) =
∞∫

0

R(λ, τ )δx(τ )dτ, (12)

where δI represents the modification of the emergent Stokes spectrum I which is
caused by the perturbation δx in a single physical parameter for simplicity. Vector
R is a vector of response functions corresponding to the Stokes-vector components
and tells us how the observed spectrum responds to the modifications of the
physical conditions in the model. Response functions behave the same way as partial
derivatives of the spectrum with respect to the physical quantities. Within linear
approximation, response functions give the sensitivities of the emerging Stokes
profiles to perturbations of plasma parameters in the given model atmosphere.
Example of response function of the Stokes I profile to the temperature perturbation
in a model atmosphere corresponding to the sunspot umbra is shown in Fig. 10.
Here one can see the sensitivity of the pair of iron lines to temperature at different
atmospheric levels.

In an iterative process the atmosphere is modified in such a way that the cost
function (11) is minimized. In a linear approximation the cost function of the altered
atmospheric model χ2(x + δx) can be approximated by the Taylor series of the cost
function of the original atmospheric model χ2(x)

χ2(x + δx)  χ2(x) + δxT (∇χ2 + H′δx), (13)

where ∇χ2 are partial derivatives of the cost function and can be derived from the
response functions, H′ is so-called curvature matrix containing the second partial
derivatives of χ2, i.e., H ′

ij = 1/2 ∂2χ2/∂xi∂xj . The elements of the curvature
matrix are non-trivial functionals of the response functions.

The inversion code SIR [71] uses the Marquardt algorithm to minimize the cost
function. Following Eq. (13), the goal is to solve the equation

∇χ2 + H′δx = 0, (14)

i.e., the model atmosphere condensed in the vector x is altered in a way that its
modification δx fulfills the equation

δx = −H′−1∇χ2. (15)
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Fig. 10 Response function of the Stokes I profile to the temperature perturbations for the pair
of neutral Fe lines around 630 nm. It illustrates that the continuum intensity is determined by
temperature around log τ = 0 and the line wings and cores are more sensitive to temperature
changes at higher atmospheric layers

Note that the change of the atmospheric model is further controlled by an additional
parameter in the code, with its value based on the evolution of the cost function
during the iterative process of the spectral line fitting. In each iteration the response
functions need to be calculated again to ensure that the final solution in the last
step fits well to the linear approximation from the previous step. The problem of
radiative transfer of polarised light and the spectral line inversions is described in
detail in [72].

The inversion code SIR is widely used by the community but there are other
inversion codes that allow for stratification of plasma parameters with height in the
atmosphere and are also based on linearisation of the RTE (8), see e.g. [73, 74].
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4.3 Atmosphere in the Flare

The SIR code [71] is designed to invert spectral lines for situations where non-LTE
effects are not important, thus its use is usually limited to the investigation of the
structure of the magnetised photosphere. However, there are case studies, including
the example below [75], where some information about the upper atmospheric levels
may also be inferred. In the following we describe a special application of SIR code
to spectropolarimetric measurements of photospheric lines obtained during a solar
flare.

The Solar Optical Telescope (SOT, [76]) aboard the Hinode satellite [77] has
provided observations in broad-band filters as well as spectropolarimetry of a pair
of photospheric Fe I lines. Its continuum broad-band filters have been used to detect
and analyse WLF emission [78]. Here, we focus on spectropolarimetric data. The
spectropolarimeter attached to the SOT has been measuring the Stokes profiles of
the Fe I 630.15 and 630.25 nm lines since 2006. Analyses of these data have given
us great insight into the structure of the magnetic field in the solar photosphere,
both in quiet-Sun and active regions. In all cases, these Fe I lines were observed in
absorption on the solar disk. This is caused by a temperature decrease with height,
and thus a decrease in the source function in the layers of the solar photosphere
where these lines are formed. These lines were detected in emission only in the case
of observations at the extreme solar limb [79].

In September 2017 the raster scan of Hinode spectropolarimeter (SP) crossed a
WLF ribbon and captured a unique set of emission profiles that allow us to study
in detail the response of the solar photosphere to an X9.3-class flare (SOL2017-09-
06T11:53, see also [80]). Continuum intensity maps of Hinode rasters are shown in
Fig. 11 and the blue contour indicates a region where the intensity enhancement is
caused by the WLF ribbon and not by the evolution of the sunspot fine structure.

The above mentioned code SIR was used to determine the physical properties of
the solar photosphere. To account for the complex emission profiles observed in the
flare ribbon, the temperature was allowed to change at several (five) optical depths τ .

As shown in Fig. 12, the inversion code explains the flare intensity difference by
enhanced temperatures at all optical depths, i.e. predicts also the heating of the solar
photosphere around log τ = 0, where the photospheric continuum forms. For the
pixel shown in Fig. 12, the continuum enhancement of 0.3I c

QS (continuum intensity
of the surrounding quiet Sun) is achieved by an increase in temperature at log τ = 0
by 840 K compared to the post-WLF phase.

Such an increase in temperature at the deepest photospheric layers is unlikely
for several reasons. First, the minimum of temperature stratification in any of the
investigated pixels is not below log τ = −0.5. Second, the observed emission
profiles are never in pure emission. There always is a slight decrease in intensity in
the far wings of the Fe I 630.15 and 630.25 nm lines that indicates the temperature
decrease above log τ = 0. Furthermore, if the temperature increase below the solar
surface is real, the heating will have to be of a specific type, e.g. increase with depth
because the atmospheric density significantly rises at those layers.
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Fig. 11 Continuum intensity maps reconstructed from the two Hinode raster scans. The left map
was scanned between 11:57 UT and 12:04 UT and captured a WLF ribbon; the middle map was
scanned between 12:19 UT and 12:42 UT. On the right is the intensity difference between these two
scans. The blue contour indicates the region where we ascribe the intensity difference to the WLF.
The arrow points to a pixel where we observed the Stokes profiles displayed in Figs. 12 and 14.
The labels I1 and I2 correspond to the continuum intensities observed during the first and second
Hinode/SP scan, respectively

Fig. 12 Left, small plots: Comparison of the Stokes profiles observed during the WLF (red lines)
and in the post-WLF phase (blue lines); the asterisk symbols in the respective colours indicate
the best fit of these profiles achieved with the inversion code. Right: Temperature stratifications
obtained by the inversion code for the flare (red) and post-WLF (blue) phase; the dashed lines
show the error margin determined by the inversion code SIR
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The assumption that the flare atmosphere is probably not altered significantly
around log τ = 0 is further supported by the semiempirical flare models F1, F2,
F3, F1∗ [57, 81] and the FLA and FLB models for WLF [58]. These coincide with
the quiet-Sun model C of [82] at heights z < 0 km, i.e. at log τ > 0 [57, Fig. 1].
Also, models of continuum emission in a sunspot atmosphere heated by non-thermal
electron beams [83] indicate that the temperature below z = 0 km increases not
more than by 100 K for one of the strongest beam heating they used. Little or no
photospheric heating was observed also in other models [84, 85].

Moreover, the observations of off-limb visible continuum sources during a M7.7
and a M1.7 flare were recently analysed [59]. Using analytical formulae and detailed
radiation-hydrodynamical simulations, the authors conclude that the dominant
source of the off-limb visible continuum radiation is the Paschen recombination
continuum and there are also smaller contributions by Thomson scattering and by
the hydrogen free-free emission, see Fig. 13. Furthermore, both HMI observations

Fig. 13 Vertical variations of the line-of-sight contributions to the continuum intensity from
FLARIX radiation-hydrodynamical simulation at time t = 4 s. The total continuum emission (red
line) is dominated by the Paschen continuum (full black line) with minor contributions from the
hydrogen free-free (dotted-dashed line) and Thomson scattering (dashed line) components. See
also [59]. Courtesy of P. Heinzel
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and numerical simulations show, see Fig. 1 in [59] and Fig. 13, respectively, that the
continuum radiation from these sources is located in the solar chromosphere, i.e.
well above the line-forming region of the Fe I 630.15 and 630.25 nm lines. In the
studied cases of M-class flares, the off-limb continuum intensity was around 0.1I c

QS .
Naturally, the inversion code SIR cannot account for such potential sources

of chromospheric continuum emission as it is applied to a photospheric line.
Instead, SIR compensates for the continuum rise by increasing the temperature
around the photospheric continuum-formation layer. To investigate whether such
a contribution of continuum intensity from the solar chromosphere is realistic,
a set of inversions was performed on the Stokes profiles observed in the region
encircled by the blue contour in Fig. 11. In order to mimic such a chromospheric
optically-thin contribution, the Stokes I intensity was artificially decreased by a flat
continuum, where for each pixel the observed WLF continuum was decreased to
the continuum intensity observed in the post-WLF phase (the step of the decrease
was 0.01I c

QS). This fine step of decreasing the I c
QS was used to find the best match

of temperature stratifications for the flare and post-WLF phases at each pixel, and
does not necessarily mean a matching continuum intensity. Also, it is assumed that
the continuum contribution from the chromosphere is unpolarised, i.e. the Paschen
continuum; therefore, the Stokes Q, U , and V profiles remained the same.

In Fig. 14 the results of these inversions are displayed for the pixel shown in
Fig. 12, where the red and blue lines are identical in these plots. It is clear that
the inversion code SIR can also reliably fit Stokes profiles when the Stokes I

profile is artificially decreased by a flat continuum. Examples of such decreased
Stokes I profiles are shown in the left plot in Fig. 14; the corresponding temperature
stratifications are shown in the right plot. The other physical parameters of the model

Fig. 14 Comparison of the temperature stratifications resulting from the inversion of Stokes
profiles, where the Stokes I profile was reduced by a flat continuum of 0Ic

QS (red), 0.1Ic
QS (orange),

0.2Ic
QS (green), and 0.28Ic

QS (olive). The blue Stokes I profile corresponds to the post-WLF phase
at the same location and the temperature stratification indicated by the blue line corresponds to this
profile. Left: Lines correspond to the observed profiles, and the asterisk symbols to the best fits
obtained by the inversion code SIR
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atmosphere (such as magnetic field structure) are not affected significantly by the
modification of the Stokes I profile.

Next, the best match is sought between model temperatures obtained from
the inversions of the reduced Stokes I profiles and the post-WLF temperature
stratification in the same pixel in the interval of log τ = [0.3,−0.3]. For the case
of the pixel shown in Fig. 14, the best match is displayed by olive lines, and the
temperature stratifications match within their uncertainties in the range of optical
depths from log τ = 0.7 to −0.7. This is the range of optical depths where most of
the photospheric continuum forms.

As implied before, the reduction of the Stokes I profile by a flat continuum is
optimised to achieve the match of the temperature value at log τ = 0 for the flare
and post-WLF phases. This does not necessarily mean that the continuum intensity
would be the same for the reduced Stokes I profile and the profile observed during
the post-WLF phase. In the case of the pixel shown in Fig. 14, a discrepancy of
0.02I c

QS is found between the continuum intensity of the olive-coloured emission
profile and the blue post-WLF profile. This is caused by a small contribution to the
continuum intensity from the upper layer of the solar photosphere that is heated
during the flare phase.

This is clearly seen in Fig. 15, where the response functions of the two compared
Stokes I profiles to the changes in their respective temperature stratifications are
shown. The difference between these response functions (shown in the right panel of
Fig. 15) indicates that in the case of the emission profile, the photospheric continuum
also forms in higher photospheric layers, mostly between log τ = −1 and −2.

The spectral-line inversions of the photospheric line thus allowed us to infer some
information about the higher levels of the atmosphere. First of all, it is clear that the

Fig. 15 Response functions of the Stokes I profile to the temperature for the model atmosphere
fitting the emission profile shown in Fig. 14 (left panel, in olive green) and for the model
atmosphere fitting the post-WLF profile in Fig. 14 (middle panel, in blue). Their difference is
shown in the right panel
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flare modifies the atmosphere significantly. Second, from the presented modelling
of the photosphere it turned out that there very likely is a layer in the chromosphere
or above, where a spectral continuum contribution forms during the flare event.

5 Summary

In the two examples we demonstrated that the visible-range electromagnetic
radiation originating in the thin layer of the solar photosphere actually may contain
also information about the adjacent layers of both the solar interior and the solar
atmosphere. This information must however be sought out by using sophisticated
methods. In the two examples we showed the main methodology was that of the
mathematical inversion.

The framework of the two is very similar. Both methods rely on existence of
functions having a meaning of Fréchet derivatives of the functional with respect to
the free parameters of the model. In the case of local-helioseismology inversions
these functions are termed sensitivity kernels, in the case of spectral-line inversion
they are called response functions. Their meaning is very much the same. They
represent a linear response of the perturbation in the free parameters of the model
(flow and speed of sound in case of local helioseismology, atmospheric stratification
in the case of spectral-line inversions) in the observables (travel times of the waves
in the case of local helioseismology, the Stokes vector in the case of the spectral-line
inversion).

Both problems end up with construction of the cost function which is minimised
with respect to the free parameters of the model. The exact mathematical method
how this is solved is different. Whereas the local helioseismology relies on
performing the matrix inversion and thus the resulting model modifications are valid
strictly only in a linear regime, in the case of spectral-line inversions the process is
iterative, where the linear relation is considered in each iteration separately. Thus,
in the end many linear iterative step may lead to a final change of the starting model
which is far beyond the linear approximation from the initial model.

It is very difficult in both cases to ensure that the obtained solution is the
correct one. In the case of inversions for local helioseismology, the solution may
be influenced by a choice of the trade-off parameters. Thanks to the fact that the
output of the inversion is not only the inverted estimate of the free parameter, but
also the localisation (averaging) kernel and the estimate of the noise level, all these
three quantities should allow for a proper interpretation of the results regardless
of the choice of the trade-off parameters. A proper selection of their values is far
beyond the scope of this review and belongs to the “art of helioseismology”. In the
case of the spectral-line inversion, the goodness of the fit is described purely by the
χ2 value, from which the uncertainties of the estimates of the free parameters may
be evaluated. It is not possible to ensure that the iterative process reaches the global
minimum. It is thus important to select a proper starting atmospheric model which
helps the convergence process. A selection of the best starting model is very peculiar
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and might also be termed with a word “art” and is influence also by the experience
of the user knowing the code and its behaviour.
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Abstract The rate of star formation varies between galaxy types and evolves with
redshift. Most stars in the universe have formed in episodes of an exceptionally
high star-forming activity, commonly called a starburst. We here summarize basic
definitions and general properties of starbursts, together with their observational
signatures. We overview the main types of starburst galaxies both in the local
universe and at high redshift, where they were much more common. We specify

I. Orlitova (�)
Astronomical Institute of the Czech Academy of Sciences, Ondřejov, Czechia
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similarities and differences between the local and distant samples and specify the
possible evolutionary links. We describe the role of starburst galaxies in the era of
cosmic reionization, relying on the most recent observational results.

1 Star Formation and Starburst

The rate of star formation is one of the basic characteristics of a galaxy. The stellar
content and stellar age provide observational signatures that allow us to derive the
history of galaxy evolution. The star formation rate (SFR), defined as the stellar
mass increase per unit time, dM∗/dt, can range from zero, such as in gas-poor
elliptical galaxies, to hundreds or thousands of solar masses per year (M	 year−1)
in the most vigorously star-forming galaxies. For illustration, the Milky Way (MW)
forms stars at a rate of less than 1 M	 year−1. Star formation (SF) can be continuous
and more-or-less regular, or it can consist of short and intense bursts separated
by long intervals of quiescence. Understanding how galaxies make stars and what
drives the differences between them is an active field of research. We will here
overview the main observational methods and results, focusing specifically on
galaxies that undergo a burst of star formation.

The SFR alone may not be a sufficient parameter to characterize how important
is the SF in a given galaxy. In principle, the more massive the galaxy, the larger
the SFR can be, if enough cold gas (∼10 K) is available. It is convenient to define
relative quantities that allow a better comparison between galaxies. By factoring
out the galaxy stellar mass, we obtain the specific star formation rate (sSFR), the
SFR per unit mass. The sSFR is proportional to the birthrate parameter b, the
ratio of the current SFR to the average past SFR [1]. Another useful quantity is
the surface density of star formation, �SFR, which measures the SFR per unit area
and which correlates with the gas surface density �gas (combined atomic H I and
molecular H2). This relation is commonly called ‘Schmidt-Kennicutt’ and has been
discussed in detail in Kennicutt’s review [1]. An updated picture, using recent multi-
wavelength data, clarifies that the relation is mainly driven by molecular �H2 [2, 3].

Star formation proceeds through the assembly of cold gas into dense clouds
which eventually undergo gravitational collapse once they attain masses of
∼106 M	 and sizes up to 100 pc. What drives this gas compression and what
triggers the SF is a subject of many discussions as we will present in the following
sections (shock waves, stellar density waves such as bars or tidal interactions). How
is the available gas converted into stars is then described by the SFR efficiency
ε = SFR/Mgas (definition used in extragalactic studies, different from that
for individual clouds in the MW). The inverse of the efficiency is called the
depletion time, which states how long can the galaxy continue forming stars at
the current rate with the given mass of atomic H I and molecular H2. A large
spread of efficiencies is observed in local galaxies, with an average of ∼5% per
108 years [1–3], corresponding to a depletion time of 2 Gyr (which can in reality be
a factor of two longer due to recycling of gas from stellar winds).
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Fig. 1 Starburst region 30 Doradus (also known as Tarantula nebula) in the Large Magellanic
Cloud. The multi-colour UV and optical image was obtained using the Hubble Space Telescope
and shows the central concentration of young stars (called R136) in the NGC 2070 star cluster,
which is situated at the core of the nebula. R136 contains several O stars and Wolf-Rayet stars and
produces most of the energy that makes the 30 Doradus visible. Credit: NASA/ESA

When a galaxy undergoes an exceptionally intense phase of SF, we speak of
a starburst (Fig. 1). A starburst galaxy is thus not a separate class and it is rather
an evolutionary phase in the life of a galaxy. The starburst activity may not be
uniformly spread across the galaxy. While global starbursts preferentially occur in
dwarfs, the starbursts in massive galaxies are usually localized in a small volume,
most often in the circumnuclear region, where 108–1010 M	 of gas is confined to a
radius of < 1 kpc. The reasons behind the vigorous star formation are not yet fully
understood and we will mention here the main scenarios. The most appealing is the
effect of gravitational interaction between galaxies, ranging from a close passage to
a complete merger (from pioneering papers such as [4, 5] to recent observations [6]
and simulations [7]). The tidal forces perturb the orbits of gas and stars and enable
the gas flow toward the galaxy center. However, it is not yet clear whether such an
encounter is a necessary condition (some starburst galaxies seem to be isolated), nor
whether the encounter is a sufficient condition (tidal forces between dwarf galaxies
are modest). A similar transfer of gas is also possible by the action of gravitational
instabilities such as stellar bars [8, 9]. Subsequently, local dynamical processes
including the pressure, the local velocities, the starlight and self-gravitation decide
on the future of the gas clouds (as reviewed by [9, 10]). The accumulation of gas
in the central parts is essential for yet another phenomenon: feeding of the active
galactic nucleus (AGN), i.e. the central galactic region dominated by a supermassive
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black hole. Indeed, a simultaneous AGN and starburst activity exists in numerous
galaxies, as we will describe in the following sections. It is still a matter of debate
if the coexistence is coincidental or if there is a causal relationship [11]. If no
apparent causes of starburst are visible, we can speculate about the time delays
between different phenomena or invoke the role of shock waves due to preceding
star formation and supernova explosions [9, 12].

There is no unique and rigorous definition of a starburst, and a good definition
is being discussed in the literature still today [3, 13, 14]. The classical definition is
related to the amount of gas in the galaxy and the maximum lifetime of the starburst:
the galaxy would consume all of its remaining gas in a limited time were the SFR
constant. If this consumption (depletion) time is much shorter than the age of the
universe, then we define the galaxy as a starburst. In other words, the efficiency of
SF must be at least an order higher than in an average local galaxy [1]. However,
the problem with this definition is the uneven gas fraction in different galaxy types.
The depletion time in a massive, gas-poor galaxy can be short, yet without any
sensible reason to call it a starburst. An alternative definition is based on the birthrate
parameter: one can estimate the time that the galaxy would need in order to create all
of its existing stars at the present SFR. This approach represents a disadvantage for
massive galaxies where the timescales to reproduce their stellar mass are excessively
long. Moreover, both of these approaches have a built-in redshift dependence—the
varying age of the universe changes the quantitative meaning of starburst parameters
at each redshift [13]. One therefore has to be careful what is meant by a starburst
in each study. Heckman [13] proposed to define a starburst based on �SFR, which
treats equivalently both nearby and high-redshift galaxies. High �SFR implies large
surface densities of both gas and stellar mass [1]. As a consequence, such regions
will have a high gas pressure, a high rate of mechanical energy deposition and a
high density of radiant energy. �SFR is hence directly linked to the galaxy physical
properties.

The definition of a starburst may have to stay loose, we can nevertheless
require a parallel application of several criteria, and, in addition, add a qualitative
requirement that the starburst must have a global impact on its host galaxy
evolution—powerful outflows, significant mass fraction transformed to stars, dis-
turbed structure, enhanced luminosity, etc. Typically, authors require b ≥ 3 or
b ≥ 10 to select starburst galaxies [15, 16]. The undisputed starbursts have durations
of 107–108 years and �SFR ∼ 1–100 M	 year−1 kpc−2, which exceeds �SFR of the
MW by several orders of magnitude [13]. The most extreme of them form stars with
efficiencies close to 100% per 108 year [1]. What is certain is that the upper bound
for efficiency must be set by causality—conversion of the entire self-gravitating gas
reservoir into stars in one dynamical time.

Starbursts (defined by b ≥ 3) currently form 20% of the present-day massive
stars [13], representing a non-negligible baryonic constituent of the local universe
(if b ≥ 10 is considered, the fraction drops to 3%). Because of their young age,
they contain large numbers of massive stars and X-ray binaries, and they thus offer
unique opportunities for studying the high-mass objects and their feedback in the
form of mechanical energy (winds, jets) and energetic photons (ultraviolet, X-rays).
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The collective action of stellar winds, supernovae and jets drives powerful outflows
of gas on the galactic scale. Also known under the name superwinds, the large-scale
outflows transport material, including heavy elements, to the intergalactic medium
(IGM). The localized starburst hence directly affects a large volume of space.
Starburst galaxies were much more frequent in the early universe than they are today
and they played an important role in shaping the IGM throughout the history of the
universe. Besides, they were responsible for forming most of the stars in the universe
as they were the building blocks of present-day galaxies. SF then sharply dropped
after redshift z ∼ 2 (i.e. age of the universe ∼3 Gyr). The first starbursts also played
yet another role in cosmology: the ultraviolet radiation of young massive stars was
probably responsible for converting the IGM from neutral to ionized in the first
billion years after the Big Bang (so called Cosmic Reionization).

The goal of the following sections is to provide a basic description of how are
starbursts observed and how the observational methods lead to their “classification”
both at low and high redshift. Section 2 describes the starburst signatures at various
spectral wavelengths. Section 3 overviews the major starburst galaxy types in the
local universe. Section 4 presents the high-redshift galaxy classes, all detected
thanks to the starburst signatures. Section 5 focuses on the role of starburst galaxies
in the cosmic reionization. Finally, Sect. 6 brings concluding remarks and future
prospects, including the observational facilities that are in preparation.

2 Observational Signatures of a Starburst

Star formation manifests itself by a variety of features across a large portion of the
electromagnetic spectrum. We observe the direct starlight of young stars as well as
the light reprocessed by interstellar gas and dust. Detailed and insightful reviews of
SFR indicators were provided by Kennicutt [3] and Calzetti [17].

2.1 Ultraviolet and Optical Continuum

The UV and optical light of young stellar populations is dominated by massive
stars with the lifetimes of 106–108 years. The O and B stars produce most of
their energy in the far-ultraviolet (FUV) band, including a large fraction at Lyman
continuum wavelengths (λ < 912 Å), capable of ionizing hydrogen atoms. In
parallel, massive stars drive powerful stellar winds that affect kinematics of the
interstellar medium (ISM) and produce specific spectral features. The importance of
the UV observations in starbursts was demonstrated by the International Ultraviolet
Explorer (IUE) satellite, operating for almost 20 years before the end of the
twentieth century. The IUE was followed by the Far Ultraviolet Spectroscopic
Explorer (FUSE), the Galaxy Evolution Explorer (GALEX), and the Hubble Space
Telescope (HST). Thanks to the IUE, the first UV catalogue of stellar types was
issued in 1985 [18].
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In the dust-poor case, the bright UV continuum is a prominent signature of
the young massive stars, i.e. of a starburst. The bright UV is also observable for
high-redshift galaxies and represents one of the major methods of galaxy detection
(Sect. 4.1, Fig. 6). Furthermore, empirical relations exist between the SFR and the
UV luminosity, and therefore both FUV and near-UV (NUV) luminosities serve as
SFR estimators [17]. Nevertheless, the total SFR estimation must ideally take into
account the effect of dust. The dust efficiently reprocesses the UV light into infrared
(IR) radiation (see Sect. 2.5). Therefore, combined UV and IR measurements
provide a more precise determination of the galaxy SFR [17].

The FUV light short of the Lyman edge (λ = 912 Å) ionizes neutral hydrogen.
As a result, most of this radiation is absorbed in the ISM or IGM and does not reach
our telescopes. Instead, a sharp drop, known as the Lyman break, appears in the FUV
spectrum. This property is conveniently used for determining the galaxy redshift at
various epochs of cosmic history (Sect. 4.1, Fig. 6). Part of the absorbed ionizing
radiation is reprocessed into emission lines which are formed by recombination and
which become another SF signature (Sects. 2.3 and 2.4). If, on the other hand, the
column densities of interstellar H I are low enough not to remove all of the Lyman
continuum, the remaining radiation will escape to the surrounding IGM and ionize
it—which is of great interest mainly to the high-z studies and the era of cosmic
reionization (z > 6, Sect. 5.2).

2.2 UV Absorption Lines

UV-bright galaxies allow observation of starburst properties through UV absorption
lines formed in the foreground ISM (Fig. 2). The lines are especially well detectable
in starbursts producing copious amounts of young stars and thus UV photons. The
lines inform us about chemical composition of the ISM gas and its ionization state
(e.g. Si II, Si III, Si IV), about kinematics and about optical depth of the gas. The
FUSE satellite opened the way to studying the UV lines in the MW and nearby
galaxies, as it was the first UV facility with sufficient spectral resolution. The HST
has then revolutionized the field with progressively more sensitive spectrographs

Fig. 2 UV absorption lines of the galaxy SDSS-J030321.41-075923.2. The major lines originating
both in the galaxy and in the Milky Way have been labeled. Source: HST archive
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and improving resolution: GHRS, STIS, COS. Conversely, at high redshift, UV lines
are reachable with ground-based optical telescopes, which need to have a sufficient
collecting area and a spectrograph of sufficient resolution.

The UV absorption lines probe gas kinematics in nearby starbursts, showing
that their properties may range from static to high-velocity (∼1000 km s−1) out-
flows [19, 20], and may vary between different gas phases. Outflows were also found
to be ubiquitous at high redshift [21]. The UV absorption lines thus offer useful tools
for answering questions about stellar feedback, ISM enrichment, IGM enrichment,
gas flows, and galaxy evolution. We describe in Sect. 2.3 that the UV lines also
represent valuable complementary information for interpreting the Lyman-alpha
line. Eventually, the optical depth of the UV lines has been explored as a tool for
studying the escape of ionizing UV continuum from galaxies [19]. If the neutral gas
situated along the line of sight does not completely cover the ionizing source, we
should observe residual flux in the absorption lines. This can in turn be translated to
the Lyman continuum escape fraction [22]. However, in reality, the interpretation
of residual fluxes is not straightforward, is dependent on the gas geometry, its
chemistry, on spectral resolution, and on the applied model. Observational testing
of the method against the directly measured Lyman continuum escape has only
started recently, after the first successful Lyman continuum detections have been
confirmed [23, 24].

2.3 Lyman-Alpha Line of Hydrogen (UV)

Lyman-alpha (Lyα), at wavelength λ = 1215.6 Å, is the first transition of hydrogen
and in principle its brightest spectral line. In galaxies, it is produced by the
recombination process in the regions of ionized gas mostly around hot stars and
AGN. The probability that the recombination cascade passes through the first
transition is ∼70% and Lyα thus reprocesses a major part of the stellar ionizing
radiation. It may hence appear as the ideal signature of star-forming galaxies and it
was indeed predicted to be the beacon of high-z galaxies as early as the 1960s [25].
However, the reality is less straightforward: Lyα undergoes a complex radiative
transfer in the neutral ISM of the galaxy and the IGM. By symmetry, its cross-
section for interaction with neutral hydrogen is large and the line becomes optically
thick at H I column densities as low as 1013 cm−2, i.e. basically in all galaxies (see
a useful review of Lyα physics by M. Dijkstra [26]). Observational confirmation of
Lyα only came almost 20 years after the prediction and the line was far weaker than
expected ([27] in low redshift; [28] in z ∼ 3; first HST Lyα images in [29]).

The Lyα physics started to emerge with the growing observational samples
both at low and high redshift, and, in parallel, with the development of numerical
models. Building on analytical solutions that were only possible for a few extreme
cases [30], the numerical codes explore a range of geometries and conditions,
from homogeneous spherical set-ups [31, 32], through clumpy media [33] to
full hydrodynamic simulations [34]. The resonant scattering off hydrogen atoms
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Fig. 3 Lyα spectrum of Mrk 259, a nearby irregular starburst galaxy from the LARS sample. The
P-Cygni profile with its asymmetric red peak and the absorption trough blueward from the line
center (1215.67 Å, dashed vertical line) result from radiative transfer. Credit: HST archive

increases the probability of Lyα destruction by dust, therefore the dust role is
enhanced with respect to other UV wavelengths. The Lyα line is further sensitive to
the geometry of the medium, its clumpiness, and the macroscopic and microscopic
kinematics. To escape from the ISM, the Lyα photons must either shift to regions
where the H I density is low, or shift in frequency to the line wings (by interaction
with hydrogen atoms) where the scattering cross-section is smaller. As a result, Lyα

galaxy images commonly show a “halo”, which here means a low surface brightness
Lyα emission extending beyond the stellar continuum image [35–37]. This feature
is likely due to photons produced in the starburst regions and transferred to the
outskirts of the galaxy. Conversely, the Lyα escape through a frequency shift is
detected in spectral line profiles, which range from asymmetric P-Cygni (absorption
in the blue, emission in the red, see Fig. 3), through single red peaks (mostly in
high z), double- or multiple-peaks, to damped absorption profiles (with no escaping
photons). All of the profiles result from radiative transfer of photons from the line
core to the line wings.

Despite its complex interpretation, Lyα is one of the primary tools for galaxy
detection at high redshift (Sect. 4.2). Now that we are aware of its limitations and
we search in the correct luminosity range (much fainter than the theoretical one),
Lyα stays detectable out to redshifts beyond z ∼ 10. As demonstrated in the
local universe (from the earliest studies such as [27, 38]), the Lyα emission is only
present in a subset of star-forming galaxies and therefore introduces selection biases
that may not be fully understood today. Lyα is mostly bright at low-mass, low-
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metallicity, dust-poor starburst galaxies (not speaking about quasars here). However,
due to the multi-parameter nature of Lyα transfer, we do not have a full control of
the galaxy populations detected in Lyα, and complementary methods are necessary
for characterizing galaxy evolution at high redshift. A good lesson was provided
by the extremely low-metallicity, dust-poor local galaxy IZw18, where bright Lyα

emission was expected and where the HST revealed a deep absorption instead [39].
We understand now from the UV metal lines that the neutral gas is static in
IZw18, which disables the Lyα escape. We have to take into account these effects
when interpreting high-z samples, especially in experiments where only emission is
targeted.

At present, Lyα imaging and spectroscopy are among the main objectives of
all currently developed facilities such as the James Webb Space Telescope (JWST)
and the generation of extremely large telescopes (ELTs). The Subaru telescope has
its powerful Hyper-Suprime Cam, the ESO’s Very Large Telescope (VLT) recently
obtained the highly performant integral-field spectrograph MUSE optimized for
Lyα, and its successor HARMONI is in development for the ESO’s ELT. The Hobby
Eberly Dark Energy Experiment (HETDEX) is expected to detect millions of Lyα

galaxies. Lyα will therefore stay a substantial cosmological tool in the years to
come, despite all its limitations.

2.4 Optical Emission Lines

Starburst galaxies are characterized by bright optical emission lines that are formed
in the ionized interstellar gas (see Fig. 5). Part of the lines arise from recombination,
and represent thus reprocessed ionizing radiation of O and B stars. This is the case of
the hydrogen Balmer series, for instance. The Hα line can reach equivalent widths
over thousand Å in starburst galaxies. The Hα luminosity is also one of the favourite
tools for SFR determination [1].

Forbidden lines represent another type of transitions, excited by collisions and
de-excited radiatively. Their luminosities are not directly coupled to the ionizing
luminosity, but they are bright in starburst galaxies thanks to the high temperatures
and the energy pumped into the ISM by star formation. Forbidden lines of S+, N+,
O+, O++ are the most prominent ones. Their formation is sensitive to metallicity,
electron temperature and density, therefore the ratios of the line fluxes are useful
for measuring the fundamental gas properties. In addition, their combinations allow
classifying the galaxies to AGN and star-forming galaxies. Statistical classification
trends emerged from the pioneering work of Baldwin, Phillips and Terlevich (their
so called BPT diagram [40]) and similar. Building on these early works, the big data
brought about by the Sloan Digital Sky Survey (SDSS) at the turn of this century led
to the discovery of a clear separation between star-forming galaxies and AGN into
two narrow sequences in the BPT diagram [41]. Theoretical works such as [42–44]
provided interpretation and prescription for the observational patterns. The oxygen
[O III]λ5007 line is among the brightest optical lines under certain conditions.



388 I. Orlitova

Sensitive to the temperature, the line is bright in low-metallicity environments
(around 10% solar, e.g. in dwarf starburst galaxies) and in high-excitation regions
(in AGN). A second line, such as [N II] λ6583 in the BPT diagram, is necessary
for discriminating between the low-metallicity starburst and the AGN. In extreme
starbursts, such as those at high redshift, the division between SF and AGN becomes
more delicate: the extreme ISM conditions produce emission line fluxes originally
believed to exist only in AGN. Recent detections of powerful starbursts thus make
us revise existing models and our understanding of star formation [44].

The optical band also hosts spectral lines that are related to specific astrophysical
questions connected to the starburst. One of the examples is the lines produced by
Wolf-Rayet (WR) stars, the evolved descendants of O stars. A blue bump around
4600 Å and a red bump around 5700 Å, both formed by a gathering of several
emission lines, are characteristic WR features. He II lines such as 4686 Å can
also be of WR origin. The WR evolution is strongly affected by metallicity: at
low metallicities, only the most massive stars become Wolf-Rayet, probing thus
the high-mass end of the initial mass function (IMF). For more details on WR
observations, we refer to [45]. Another example is the use of optical lines for probing
the primordial helium abundance. While the oxygen abundance (O/H) varies among
galaxies, the helium abundance (Y) stays nearly constant. By extrapolating the
measured trend to zero O/H, one should retrieve the primordial Y. Observations
of low-metallicity star-forming dwarfs play a decisive role in this problem [45].

Detection of the brightest rest-frame optical lines (Hα, Hβ, [O III], [O II]) at high
redshift has been achieved in the last decade using the 8–10 m telescopes such as the
Very Large Telescope (VLT), the Keck Telescope or Subaru. Future larger samples
and a more complete coverage of lines will provide important clues to the conditions
in the distant galaxies.

2.5 Infrared Emission

Star formation takes place in dense molecular and dusty clouds. It has been
approximated that dust absorbs half of the stellar light produced in the universe and
re-emits it in the infrared. As the absorption is particularly efficient in the UV, the
IR band is an important complement to the UV SFR estimators. The IR alone is not
sufficient to correctly retrieve the SFR, but the combined UV and IR measurements
proved to be an efficient method. The IR correction can be essentially negligible
in dust-poor dwarf galaxies and metal-poor regions, but its importance increases
with growing metallicity and dust content. On the other hand, the IR emission can
significantly overestimate the SFR in the cases where evolved stars contribute to
dust heating. The conversion factor between dust emission and SFR must therefore
be a function of the stellar population [3].

The far-IR emission is from 99% composed of continuum radiation produced by
dust grains. The remainder is line emission from atomic and molecular transitions in
the ISM gas, concentrated in a small, sub-kpc region. The IR continuum depends on
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the dust content and composition, but also on the spectrum of the starlight: luminous
young stars will heat dust to higher temperatures than old stars and their thermal IR
will thus peak at shorter wavelengths (�60 μm). The complexity of dust emission
features corresponding to small and large dust grains at different temperatures have
been summarized in excellent review papers by Calzetti [17] and Kennicutt [3],
together with the IR SFR calibrators. For the purposes of this text, we only need
the qualitative statement that the IR emission provides an important window for
detecting obscured starbursts at both low and high redshift (Sects. 3.5 and 4.3).

2.6 X-rays

X-rays trace the star-forming activity through its final products—X-ray binaries—
and through accompanying phenomena such as heating of the surrounding ISM by
stellar feedback and supernovae. Binary systems composed of a main-sequence star
and a compact object—black hole or neutron star—emit X-rays by accretion of
matter, transferred from the donor star onto the compact object (see review [46]).
The systems are classified as high-mass or low-mass X-ray binaries according
to the mass of the donor star. Starbursts are characterized by prominent X-ray
emission that is dominantly provided by the rapidly evolving high-mass X-ray
binaries (HMXBs). Additional X-ray luminosity is provided by interstellar hot
gas peaking at ∼1 keV and a few additional sources such as low-mass X-ray
binaries or cataclysmic variables. In addition, more exotic sources may contribute
decisively: ultra-luminous X-ray sources (ULX) whose nature is debated (extreme
X-ray binaries, anisotropic emission, neutron stars) [47], and intermediate-mass
black holes (IMBH). Such objects seem to be more probable at low metallicity and
at high SFR [48].

X-ray emission has been mapped in a number of local dwarf galaxies including
the low-metallicity IZw18, SBS0335-052 [49], Haro 11 [50] and other starbursts
[51–55]. Their X-ray luminosity is generally dominated by several extremely
bright, point-like sources of debatable origin—usually too bright for “classical”
X-ray binaries, they are suspected to be ULXs, IMBHs or even AGN (though
often without optical counterparts). Empirically, the total X-ray luminosity of star-
forming galaxies is proportional to the SFR [56] and inversely correlates with
metallicity [53, 57, 58]. The theoretical basis for starburst X-ray emission was pro-
vided by numerical simulations of X-ray binaries and of hot gas emission [59–61].
X-ray observations remain challenging at high redshift, where they are restricted to
images of stacked samples [53]. Together with sensitive, detailed, resolved mapping
of nearby sources, the high-z observations will be a task for the new generation of
X-ray satellites.
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3 Local Starburst Galaxies

We will focus on global starbursts, rather than individual starbursting regions of
massive galaxies (such as the central region of M82, or 30 Doradus in the Large
Magellanic Cloud—Fig. 1). The latter are frequent in the local universe, the former
are rare. Global starbursts are interesting from the cosmological point of view, as
they are traceable out to the earliest epochs of the universe, where they were bright
and numerous. The focus on global starbursts here predefines the focus on dwarf
galaxies and on extremely dusty IR galaxies.

While dwarfs constitute the most common galaxy type in the nearby universe
(>70%), only a few percent of them are starbursting. They have attracted attention
for many decades [62, 63]. Their subsets appeared under various names in the past,
such as H II galaxies [64] or blue amorphous galaxies [65], reflecting the techniques
of their discovery and the focus on a particular feature at a time. Some of the
starbursting dwarf classes will therefore partially or totally overlap. Our intention
here is to mention those that have been extensively studied in recent past with the
motivation to search for analogies with high redshift.

3.1 Blue Compact Dwarf Galaxies

Blue galaxies, associated with the bright continuum of young stars, attracted
attention since the 1960s. The colour selection alone resulted in a mixed bag of
galaxy morphologies and luminosities. A subset that appeared barely resolved on
optical plates of that time got the name blue compact galaxies (BCGs). It is still a
heterogeneous class which some authors, with the presently improved knowledge,
further sub-divide by compactness, luminosity or morphology. Not all of the BCGs
would comply with all the definitions of a starburst. Their common properties are
relatively small mass (<109 M	), low metallicity, bright optical emission lines, and
sizes within a few kpc. Galaxies discovered later (for instance by emission lines) and
having similar properties have been added to the class. The most centrally peaked
ones (<2 kpc) are referred to as blue compact dwarfs.

BCGs include some of the most metal-poor galaxies (e.g. IZw 18, see [66]). This
led to the thinking that they formed only recently (which would have profound
implications for galaxy formation). However, this was disproved by the discovery
of older stellar populations (see review [45]). Instead, their star formation has been
inefficient for most of the history, interleaved with time-limited bursts. BCGs are
gas-rich (�50% of mass is in gas) and dust-poor. Their morphologies range from
H II-region-like (Pox 186) to irregular and clumpy (see Haro 11 in Fig. 4) to more
symmetric ones. Their morphologies and velocity fields often bear signs of a recent
interaction, despite the relative isolation of many of them [14, 15, 45]. The presence
of low surface brightness neighbours cannot be excluded in such cases. Interaction
with neighbours may, in turn, be responsible for the starburst activity in BCGs. This
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Fig. 4 A multi-color HST image of Haro 11, one of the nearest BCGs (and Lyman break
analogues). Its irregular structure, of total diameter ∼2 kpc, is probably the result of a galaxy
merger, which also induced the SFR ∼20 M	 year−1. The galaxy is a weak Lyman continuum
leaker (Sect. 5.2). It is a Lyα emitter in some of the star-forming knots and a Lyα absorber
elsewhere. Credit: ESO/ESA/Hubble and NASA (https://www.eso.org/public/images/)

comes with a limitation that it is uncertain if interaction of two dwarfs is sufficient
for triggering SF as in massive galaxies—in dwarfs, the gravitational effects are
equally strong as the turbulent velocities caused by stellar winds. Starbursts in BCGs
challenge the models of star formation anyhow: dwarfs are generally inefficient
in converting gas to stars due to the weak gravitational bounding. In addition, the
existence of molecular gas in BCGs is difficult to prove due to their low metallicity.
Nevertheless, starbursts in BCGs do exist.

There have been long-standing debates about the evolutionary relation between
BCGs and other dwarf galaxy classes [14]. Answering these questions is obviously
interesting with respect to the high-z universe, where galaxies of similar masses
were prevailing. For the same reason, BCG observations in the UV and Lyα are
important. For their low dust amount, a bright Lyα emission was naively expected
in all BCGs. This hypothesis was disproved by observing a similar incidence
of emission and absorption Lyα profiles [38]. The extremely metal-poor IZw 18
is one of the surprising examples of a deep absorption. This finding illustrates
the importance of H I kinematics for the Lyα escape [67], which we described
in Sect. 2.3. The absence of Lyα emission in a subset of BCGs is an important
realization for high-z surveys, where the Lyα technique will certainly be missing
such galaxy populations.

https://www.eso.org/public/images/
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3.2 Lyman-Alpha Reference Sample

Efforts to understand high-redshift galaxies have led to a definition of the local
Lyman-alpha reference sample (LARS) [68]. The Lyα line becoming one of the
dominant tools for galaxy detection at high redshift, the need was to understand the
mechanisms of its formation and transfer through the ISM. This is achievable in the
local universe, where spatial resolution and multi-wavelength data are available.

The LARS sample targeted star-forming galaxies (requiring Hα equivalent
widths above 100 Å) with FUV continuum luminosities similar to the z ∼ 3 LAEs
and LBGs. The sample comprises over forty galaxies at redshifts z = 0.03–0.2,
observed with multiple HST broad-band and narrow-band filters, complemented
with HST COS spectra, and ground-based data including optical integral-field
spectroscopy and H I radio interferometry. To obtain HST Lyα images [35], a
dedicated method of broad-band filter subtraction was developed, due to the lack
of existing appropriate narrow-band Lyα filters.

The UV-based selection produced a sample composed of irregular galaxies
bearing signs of interactions, and disk/spiral galaxies. Their Lyα shows a variety
of properties, from absorption to bright emission, including extended diffuse Lyα

halos that reach beyond the stellar or Hα emission [35]. The high-resolution images
comparing the stellar light, the optical gas emission and Lyα thus show how Lyα

travels from the productions sites (which should be identical to Hα) to regions
where it can easier escape. In complement, the UV and optical spectroscopy probe
the effects of gas kinematics on the Lyα escape [69, 70], while the radio 21cm
data demonstrate the importance of the H I mass [71]. Such detailed observations
are by far not available for high-z galaxies, and therefore LARS, as its name
indicates, provides a local reference sample for aiding the interpretation of high-
z observations.

3.3 Lyman-Break Analogues

As soon as the Lyman-break technique proved efficient for detecting galaxies at high
redshift (Sect. 4.1), the question arose what type of galaxies were selected by this
approach, especially in the situation where the FUV was the only available signal.
The rest-frame UV properties were better mapped in high redshift than locally, and
therefore it was impossible to draw analogies with nearby galaxies. Launch of the
GALEX mission remedied this situation in the early 2000s and finally enabled the
construction of statistical samples of low-z UV galaxies.
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Lyman-break analogues (LBAs; formerly called UV-luminous galaxies, UVLGs)
were selected from the GALEX archive as galaxies at z < 0.2 with FUV
luminosities similar to those observed by the Lyman-break technique at high redshift
[72]. Such galaxies are rare in the local universe; the FUV selection resulted
in ∼70 targets. The GALEX and SDSS images reveal that their morphologies
range from compact systems with radii of 1 kpc to large, late-type, 10 kpc-size and
1011 M	 mass galaxies. The compact targets share many properties with the high-z
samples: they have stellar masses of ∼109.5−10.7 M	, SFR ∼5–25 M	 year−1, and
metallicities 12+log(O/H)∼8.2–8.7. Lyman-break galaxies at high z, on the other
hand, can reach significantly higher SFRs (few hundred M	 year−1) and they span
a significantly larger metallicity range (12+log(O/H)∼ 7.7 − 8.8). Also, the local
LBAs do not reach the maximum FUV luminosities of high-z targets, the overlap
between the FUV luminosities is achieved only close to the lower edge of the high-z
FUV luminosity interval.

Today, spectra and images at several wave bands are available for a subset of
LBAs, including optical and UV data obtained with the HST, and X-ray data from
Chandra. Thirty percent of the large LBAs and 15% of the compact LBAs were
found to be type-2 AGN [72] (while type-1 AGN were removed from the sample
upon selection). Among the star-forming LBAs, a subset have been studied in
more detail, revealing starburst character of their spectra, including strong optical
emission lines, emission in the Lyα line [19], and in X-rays [58, 73]. Their X-
ray emission is among the brightest detected so far, with luminosity similar to
high-redshift Lyman-break galaxies, and with resolved ULX sources or AGN
candidates. LBAs are also possible Lyman continuum leakers thanks to their fast
stellar winds [19]. The Lyman continuum escape has indeed been confirmed for
several LBAs [74].

3.4 Green Peas and Luminous Compact Galaxies

Green Peas were identified in the SDSS by the citizen science Galaxy Zoo project
[75]. The targets that appear green and point-like, i.e. unresolved by the SDSS,
turned out to be compact, highly star-forming galaxies at redshift z ∼ 0.2.

Their green colour is caused by bright optical emission lines. In particular, the
[O III] λ5007 line reaches equivalent widths above 1000 Å (Fig. 5). It was shown
later that the original eighty Green Peas are part of a more general population
extending over a large interval of redshifts (at least z ∼ 0.02 − 0.6, probed by the
SDSS), while they change colour accordingly with the emission line shift to other
filters. More than 800 such objects were identified in the SDSS and were named
Luminous Compact Galaxies in [76].

GP stellar masses are in the range 108–1010 M	, their SFR ∼ 1−60 M	 year−1,
and oxygen abundances 12 + log(O/H) ∼ 8.05–8.15 [76]. For those where UV
data are available (∼40 targets [77–80]), the Lyα line is observed in emission and
many of the GPs would pass the selection criteria of high-z Lyman-alpha emitters
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Fig. 5 Green Pea optical SDSS spectrum (left); optical SDSS image—unresolved (middle); and
near-UV HST image—obtained for Cosmic Spectrograph spectral acquisition (right). All three
panels are for the galaxy SDSS J092532.36+140313.0 at z ∼ 0.3. The diameter 0.5′′ corresponds
to ∼2 kpc. Credit: SDSS and HST archives

(see Sect. 4.2). Their resolved HST images typically show a knotty structure (Fig. 5).
Some of targets appear compact and structureless even with the HST resolution [81],
which can however be a question of data depth.

Do the Peas represent a new class or are they related to the other dwarf
populations, such as the BCGs? An evolutionary link is improbable, as the average
GP masses and metallicities are larger (at an earlier cosmic time) than those of the
average BCG. The continuity of the dwarf populations across redshifts is still being
debated. Nevertheless, both GPs and BCGs represent the rare types of nearby dwarf
starburst galaxies that are more typical of high-z universe, with low masses and
metallicities, irregular morphologies, and low dust amounts. In contrast, there is a
clear overlap between Green Peas and LBAs. While LBAs were UV-selected, the
GPs were identified in the optical, but their follow-up UV observations show that
they are conform with the LBA selection criteria.

Green Peas (or Luminous Compact Galaxies) were among the first targets where
a large escape of ionizing UV continuum was discovered [81, 82], as we describe
in Sect. 5.2. This strengthens their role of local laboratories for the reionization era
galaxies (z > 6). GPs are bright in X-rays [55], consistently with their high SFR and
low metallicity. They are among the brightest star-forming galaxies known to date,
exceeding the empirical calibrations such as [56, 58]. This implies the presence of
powerful X-ray sources, most likely the end products of massive stars, or potentially
low-mass AGN [83]. Nevertheless, this X-ray enhancement is not present in all
GPs, some are X-ray sub-luminous [55]. This diversity in X-ray properties probably
requires the dominance of extreme, short-lived sources such as ULXs.

3.5 Dusty, Luminous Infrared Galaxies (LIRGs)

Galaxies with large amounts of dust are invisible or exceptionally faint in the
UV and optical. Instead, their bolometric luminosities are dominated by the dust-
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reprocessed IR radiation. Galaxies bright in the far-IR wavelengths were first
reported in the 1960s, but dramatic progress was achieved with the IR satellites—
IRAS in the 1980s, Spitzer, Herschel and WISE after the year 2000—and the
ground-based SCUBA array. The most luminous targets were classified (some-
what arbitrarily) into Luminous Infrared Galaxies (LIRGs) for luminosity LIR ≥
1011 L	, and Ultra-luminous Infrared Galaxies (ULIRGs) for LIR ≥ 1012 L	. The
dusty infrared galaxies are fascinating objects with colossal star-formation rates
reaching 1000 M	 year−1, which are among the largest known. Such a vigorous
SF is necessarily short-lived because of the finite gas supply. The (U)LIRG may
therefore represent an evolutionary phase, possibly coming after a violent event such
as a gas-rich galaxy merger. The merger would trigger the SF, which is subsequently
responsible for the dust and for the obscured (U)LIRG. The obscured phase can
possibly become an optically luminous AGN by blowing away the dust. This scheme
is still a matter of a lively debate, with uncertainties about its universality between
different galaxy types, different redshifts and different environments. The literature
about (U)LIRGs is vast, the puzzle of their origin and future as well. We here
describe the basic properties and we refer to the detailed reviews provided by Blain
et al. [84], Lonsdale et al. [85], and Casey et al. [86], which contain a plethora of
additional papers to read.

LIRGs and ULIRGs are massive galaxies, their morphologies include ellipticals,
lenticulars, and spirals. Their dust temperatures vary between different targets, may
vary with redshift, and multiple dust components are often present in the same
galaxy (mostly ranging from 20 to 100 K). It is interesting to note that Lyα emission
has been observed in some (U)LIRGs despite the large amounts of dust [87]. Gas
kinematics play a decisive role for the Lyα escape there—high-velocity outflows
(900 km s−1) were measured, using the UV absorption lines of metals. To account
for the large IR luminosity, (U)LIRGs necessarily host a powerful UV source: an
AGN, a starburst, or both. Optical studies have found AGN-like spectral lines in
>30% ULIRGs, in parallel with evidence for a strong star formation in all targets.
The incidence of AGN possibly increases with luminosity, some studies claim the
AGN presence in more-or-less all ULIRGs. The difficulty of AGN confirmation lies
in the ULIRG massive obscuration that makes even the X-ray detection uncertain.
ULIRGs were originally claimed sub-luminous in X-rays, but sensitive observations
and polarized light observations discovered previously unknown active nuclei. Some
of the ULIRGs host two or more AGN, and thus provide direct evidence of galaxy
mergers. Deep optical and NIR imaging demonstrated that a vast majority of
ULIRGs are located in interacting systems, ranging from widely separated galaxies
to advanced mergers. Evidence of interaction between more than two galaxies led to
the hypothesis that ULIRGs trace the previous presence of compact galaxy groups.
Nevertheless, they never reside in rich environments such as galaxy clusters.

The causal relation between (U)LIRGs and quasars remains an open question
that is being studied across redshifts by evaluating the clustering properties of both
populations as well as their internal structure. One hypothesis is that (U)LIRGs
are obscured quasars seen edge-on, and can thus be part of the AGN unification
scheme. A prevailing theory is the evolution of (U)LIRGs into unobscured quasars
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and then into elliptical galaxies [11, 85]. ULIRGs represent only <0.1% galaxies
in the local universe, but were much more common in the past, with a distribution
peak at redshifts z = 1–3. High redshift holds the key to understanding these galaxy
populations that we will discuss more in Sect. 4.3.

4 Starburst Galaxies at High Redshift

Starburst was a popular mode of star formation in the early universe, unlike today
where it is much rarer. High-z starbursts formed a large fraction of today’s stars and
most probably provided the building blocks for galaxies as we know them today.

The knowledge attained to date about high-z galaxies is less complete than that
about the local universe. Until the 1990s, only AGN were observable at redshift
z > 1 (i.e. universe younger than 7 Gyr). Since then, technological progress in
telescopes and detectors has allowed probing galaxy populations out to z ∼ 10
(i.e. 500 Myr after the Big Bang). Still, their low surface brightness and the small
angular size only allow detection of their brightest features, mostly without angular
resolution. It is therefore convenient to design observational methods so as to
target the prominent starburst signatures that we described in Sect. 2. Essentially all
galaxies detected so far at high z are hence starbursts and the galaxies are classified
by the detection method, instead of morphology or other physical properties. The
samples of brightest high-z galaxies are complemented with lensed galaxies, which
provide more detailed, deeper and spatially resolved information, reaching surface
brightness much fainter than would be detectable without the gravitational lens.

4.1 Lyman-Break Galaxies

The Lyman break imaging method uses the fact that starbursts are UV-bright, with a
sharp drop at the edge of the Lyman sequence, i.e. λ < 912 Å (Sect. 2.1). The Lyman
break is conveniently shifted to optical wavelengths at z>2.5, and to NIR at z>7,
reachable by ground-based telescopes. The sky is imaged in a set of optical and NIR
filters that sample the galaxy spectral energy distribution (SED). Cross-correlation
of the sky maps in different filters will show galaxies that are detected in longer
wavelengths and undetected in bluer filters. The disappearance of a galaxy from the
filters corresponds to its Lyman break. The dropout filter provides its approximate
redshift, with precision δz ∼ 0.1 − 0.2 (Fig. 6). Objects detected by this technique
are referred to as Lyman-break galaxies (LBGs) or dropout galaxies. The advantage
of the method is the use of broad-band filters, and thus an efficient retrieval of large
galaxy samples. The precise redshifts are then secured with follow-up spectroscopy
that requires significantly longer exposure times. As we approach the reionization
era, the Lyα forest becomes so optically thick that it removes essentially all the
flux at λ < 1216 Å (Sect. 5.1), and therefore the Lyman break technique actually
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Fig. 6 LBG detection technique: (mock) galaxy is detected in a set of filters (here green and red),
while no detection is achieved in the blue filter. The blue filter thus corresponds to wavelengths
shorter than the Lyman break. A typical galaxy spectrum (rest-frame UV) is shown with the black
line, here at redshift z = 2.5

becomes the Gunn-Peterson trough technique, detecting the sharp drop blueward of
Lyα.

After the pioneering steps in the LBG technique, breakthrough discoveries were
done by Steidel et al. [88] at z ∼ 3. They started with 4-m telescopes such as the
William Herschel Telescope in 1993 and then switched to the 10-m Keck Telescope
and to the Hubble Space Telescope (Hubble Deep Field survey). Nowadays, the
known LBG samples count tens of thousands of targets, 90% percent of which are
situated in the redshift interval z∼2.5 − 3.5. Observations at z>5 became possible
later, with the development of more sensitive instruments, which was especially
true for z > 7, where the Lyman break shifts to the NIR. The Hubble Deep Field,
Hubble Ultra-Deep Field, and the GOODS survey have been prolific at identifying
LBG populations out to redshifts z = 7–10 [89]. In addition, galaxies detected
through the Lyα line (Sect. 2.3) may form a subset of the LBGs and provide thus
complementary information.
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The typical LBGs have stellar masses ranging from 109 to 1011 M	, and
metallicities from 10% solar to solar. More detailed information is available for
a few LBGs that are in fortuitous alignment with a foreground galaxy and are thus
gravitationally lensed: e.g. the Cosmic Horseshoe [90], the Cosmic Eye [91], the 8
o’clock arc [92], or the Sunburst Arc [93]. The lensing provides clues about their
geometry, ISM composition and kinematics, about stellar populations, and about
the escape of ionizing radiation. Most of the lensed LBGs seem to be rotating disk
galaxies with multiple giant star-forming H II regions that have a SFR density two
orders higher than spiral galaxies seen in the local universe. The comoving number
density of LBGs is similar to present-day bright early-type galaxies, and therefore
an evolutionary link between the two is possible. However, whether their evolution
proceeded through major mergers, or they are cores of present-day galaxies which
evolved passively without major events, still needs to be clarified. To this end, deep
multi-wavelength spectroscopic follow-ups are necessary (and challenging) in order
to constrain the morphologies, precise masses, velocity fields, duration of the star-
forming activity, and evolution of LBGs across redshifts. Useful review papers were
provided by Giavalisco [94] and Dunlop [95].

4.2 Lyman-Alpha Emitters (LAEs)

Lyman-alpha emitting galaxies were important constituents of the high-z universe,
as they represent the majority of the known star-forming galaxies at redshifts close
to reionization. Using Lyα as a detection tool was proposed as early as the 1960s
[25]. However, the first Lyα detections were not available until the 1980s [28] when
sizes and sensitivities of telescopes and detectors became sufficient. The Lyα fluxes
were several factors lower than expected, as we explained in Sect. 2.3. Still today,
predicting the Lyα luminosity for an individual galaxy is not straightforward due to
the multi-parameter nature of the Lyα escape. The largest ground-based telescopes
and space telescopes (HST and soon JWST) are used for observing high-z LAEs
today. The asymmetric Lyα spectral profile (Sect. 2.3, Fig. 3) presents an advantage
for high-z surveys, where it allows a unique identification of the line and hence of
the galaxy redshift. Recently, LAE surveys have gained another dimension thanks
to the use of integral-field spectrographs such as MUSE at the ESO VLT [37].
Simultaneous observation of spectra from different parts of the galaxy allows testing
the theories of Lyα transfer from the production sites all the way to the outskirts.

Narrow-band Lyα imaging surveys pick galaxies where Lyα is produced in large
quantities and is only weakly attenuated. This requires a powerful starburst activity
together with low amounts of dust and neutral hydrogen, as well as the presence
of outflows that shift Lyα out of resonance. These conditions are met in low-mass
galaxies (typically 108–1010 M	), but not only. The low stellar mass facilitates the
action of stellar feedback that can more easily outweigh the gravitational potential.
However, the conditions that allow Lyα to escape span a certain range (Sect. 2.3),
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and therefore the possible LAE masses and dust amounts can be larger in special
cases. The escape of Lyα photons may also be non-isotropic due to the disk galaxy
morphology [34], due to gas clumpiness or preferential directions of escape [96, 97].
To improve our understanding of what galaxy population is selected by Lyα, several
studies have searched for the differences between LAEs and the continuum-selected
LBG or the emission-line-selected (in the sense of rest-frame optical) galaxies
on the same redshifts. No statistical differences were found between LAEs and
optical emission-line galaxies in the morphology, inclination, sSFR, UV slope or
the distance between neighbours [98], suggesting that the Lyα escape is driven by
the detailed local physics rather than by global properties. Some LBGs are bright in
Lyα, therefore the LBG and LAE populations at least partially overlap. The mean
LAE mass is usually found to be one or two orders of magnitude lower than the mean
LBG mass. However, there are studies that claim no differences between the two
populations (discussed in [98]). On the other hand, clustering properties of LAEs
and LBGs seem to differ, suggesting their different evolutionary paths [95, 99].

The fraction of Lyα photons that escape from galaxies evolves with red-
shift [100]: the average escape fraction increases from z = 0 to z = 6 and declines
at z > 6.5. The increase correlates with a decreasing dust amount in the cosmos,
suggesting that dust could be the main driver of the average Lyα escape (modulated
by other parameters [101]). The escape fraction drop at z > 6.5 can be attributed
to the progressively more neutral IGM i.e. an effect of the environment rather
than the galaxies themselves. The drop may also be an intrinsic feature of the
reionization era galaxies, either due to a large fraction of static H I (as in the local
IZw18) or the opposite, the Lyman continuum escape. At redshift z > 6, not only
the escape fraction, but also the number of observed LAEs decreases, either due
their intrinsically lower numbers or due to the neutral IGM. LAEs are currently
observed out to redshifts z > 10, and play thus an important role as cosmological
tools [99, 102–104]. Clustering properties map the dark matter structures and the
evolution of LAEs through redshifts to the present day. The clustering suggests that
they were the building blocks of the present-day MW-type galaxies [105]. The LAE
clustering in the reionization era probably also maps the patchy IGM ionization.
The importance of LAEs is reflected in the objectives of the new generation of
telescopes, such as the JWST or the ELTs, with the ambition to use Lyα to detect
the first galaxies in the universe.

4.3 Sub-millimeter Galaxies

High-redshift counterparts of local ULIRGs, i.e. dust-obscured, massive starbursts
(Sect. 3.5), are known under the name Sub-millimeter galaxies (SMGs). Their
detection has been effectively possible since the operation of the SCUBA bolometer
array on Mauna Kea in the 1990s (see review [84]). Nowadays, several sensitive
mm/sub-mm telescopes are available, including IRAM (Spain), NOEMA (France),
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or ALMA (Chile). To facilitate the orientation in the vast literature on the subject,
we refer preferentially to review papers in this text.

Typically scaled-up versions of ULIRGs, the SMGs are the most intense SF sites
and the most bolometrically luminous galaxies in the universe (Lbol ∼ 1013 L	).
Their molecular gas masses reach 1011M	 and they fuel star-formation rates
exceeding 1000 M	 year−1. ULIRGs were once thought to be evolved versions
of SMGs. However, today’s view is that SMGs were more massive and cooler
than ULIRGs and thus any evolutionary link between them is unlikely. While the
number density of nearby ULIRGs is one per four square degrees, there were
hundreds per one square degree at z > 1 [85]. Cosmologically, SMGs should
be the tracers of massive dark matter halos and their evolution across cosmic
history. Recent instrumental advances (especially ALMA) have permitted the first
studies of SMG clustering properties (reviewed in [86]), which will allow testing
the theories of the SMG origin and their fate. High-z SMGs were predicted to
reside in rich environments where they would accumulate their mass. According to
today’s knowledge, SMGs mostly appear to live in relative isolation (contrary to the
predictions), even though they bear signs of galaxy mergers. Only the most luminous
SMGs have been identified to reside in potential proto-clusters of galaxies [86].

SMGs show a surprisingly diverse range of optical properties, from undetected
to bright sources. The optical spectra provide evidence for both starburst and
AGN, residing in metal-rich gas. The bolometric luminosity is typically dominated
by star formation. The lower limit for AGN incidence in SMGs is 30%, though
in reality is probably significantly larger. The incidence seems to increase with
luminosity and therefore with redshift. Intriguing results have been provided by
radio observations showing that ∼70% of SMGs are spatially extended on ∼10 kpc
scales, i.e. dramatically larger than the dust emission that tends to be concentrated in
<1 kpc. Several interpretations of the radio emission exist, ranging from large-scale
SF to jet-like structures similar to those in radio AGN [85]. SMGs are also known
as sites of gamma-ray bursts (GRBs), ignited at the death of massive stars.

The present-day mainstream hypothesis is that SMGs evolved into quasars and
eventually into early-type galaxies (nicely depicted in [11]). The SMG masses and
SFRs indeed make them the ideal progenitors of elliptical galaxies. The existence
of large numbers of massive galaxies such as SMGs out to high redshift represents
a challenge to the simple hierarchical galaxy formation paradigm that predicted
slow mass buildup through small galaxy mergers. On the other hand, it is not
in contradiction with dark matter halo growth, which allows for rapid baryon
accumulation in very massive halos [85]. The SMGs, their place in galaxy evolution,
their progenitors and their successors thus play an important role in answering
fundamental astrophysical questions such as the buildup of stellar mass in the
universe, the origin of present-day galaxies, and the growth of supermassive black
holes.
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5 Role of Starburst Galaxies in Reionizing the Universe

5.1 Cosmic Reionization

The present-day intergalactic medium is essentially fully ionized, but it was not so
during all of the cosmic history. After the early evolutionary stages where matter
and radiation were constantly interacting, the universe became cool enough for
radiation to split from matter at z ∼ 1000 (i.e. ∼300,000 years after the Big Bang).
The radiation then freely travelled through the universe without being absorbed by
atoms. This was the start of Dark Ages, where the universe was neutral and without
sources of radiation (apart from the H I line at 21 cm). The first stars are supposed to
have formed at z ∼ 30. Current observations have not yet reached such distant
redshifts to capture their light. Nevertheless, an exceptional result was recently
achieved: an absorption feature was observed in the H I 21 cm line profile, consistent
with theoretical predictions of the effect of the first stars [106]. The observation
thus proved that stars had been formed by z ∼ 20. The phenomenon will further be
explored by upcoming surveys such as LOFAR, HERA or SKA.

The birth of the first sources of light caused a phase change in the IGM: the
IGM progressively evolved from neutral to a fully ionized state. The era between
the appearance of the first stars and the redshift z ∼ 6 where the IGM became
essentially completely ionized is called the Cosmic Reionization. The end of
reionization is well demonstrated by the Gunn-Peterson effect in quasars [107]: the
FUV light of a distant quasar (or another bright source) encounters hydrogen clouds
along the line of sight and the H I scatters away the light that gets in resonance with
Lyα at the cloud’s redshift. At different redshifts, different parts of the spectrum
“become” Lyα, and, as a result, the original spectrum adopts numerous absorption
features, known as the “Lyα forest”. At z > 6, the discrete features turn into a
continuous Gunn-Peterson trough that removes all the FUV at wavelengths shorter
than the quasar’s rest-frame Lyα [108]. Additional constraints for reionization come
from the cosmic microwave background radiation measured with the WMAP and
Planck satellites [109, 110].

5.2 Sources of Reionization: Starburst Galaxies?

Details of the cosmic reionization process depend on the density and distribution
of gas, and, most importantly, on the available ionization sources, their density,
distribution, evolution and energy spectrum (see review [111]). The first galaxies
provided ionizing FUV radiation from hot, massive stars, and are thus natural
candidates for reionization. Furthermore, quasars set in at some point, providing
copious amounts of energetic radiation. Additional sources such as X-ray binaries or
cosmic rays are being considered as possible ionization contributors (see references
in [55]).
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The distribution of the first galaxies was associated with dark matter structures,
which are possible to model using cosmological simulations. Their ionizing photon
production rate depends on the nature of the first stars and on the star formation
rate density, for both of which we need an observational input in order to achieve
realistic predictions [111]. However, yet another parameter controls the ionizing
radiation (Lyman continuum) flux to the IGM: its escape fraction, reflecting the
galaxy’s ISM structure (total H I amount, dust, asymmetry, clumpiness). Numerical
simulations predict that despite a strong variability of the escape fraction in time
and in angular direction, an average value of ∼20% per galaxy is necessary to
achieve the reionization solely by star-forming galaxies [112]. On the observational
side, direct detection of the Lyman continuum from the reionization era galaxies
is unfeasible: any ionizing photon that escapes from the galaxy will be absorbed
by the neutral IGM and will not reach our telescopes. Only indirect signatures can
be explored at the reionization era, while direct studies of the Lyman continuum
leakage are restricted to lower redshifts, in practice z � 3, where the IGM H I

amount is sufficiently low.
Searches for escaping Lyman continuum at any redshift were fruitless during two

decades of observational efforts, except for a few sources with low leakage fractions
[74, 113]. The situation has dramatically changed in the past few years. In 2016–
2019, Lyman continuum was spectroscopically confirmed in approximately fourty
z ∼ 3 galaxies [114–118]. In parallel, a significant leakage was detected with the
HST in eleven starburst galaxies of Green-Pea type at z∼0.3 (summarized in [81]).
The Lyman continuum escape fraction reaches 70% in some of these targets, while
their mean is ∼20%. Interestingly, this percentage is consistent with the numerical
predictions mentioned above. Despite their too low redshift, the leaking galaxies
support the possibility of cosmic reionization by their z > 6 analogues.

The low-z samples serve as laboratories for understanding the physical condi-
tions that lead to a low optical depth at Lyman continuum wavelengths. From the
current observations, we may speculate about the role of the galaxy compactness
and low mass, which favour the escape of ISM gas from a shallow potential well
and thus decrease the H I column. Second, low metallicity modifies stellar evolution,
leading to a larger production of ionizing photons. Third, feedback from starburst-
related processes (stellar winds, energetic photons and jets/outflows from compact
binary systems) deposits radiative and mechanical energy into the ISM, which
results in gas ionization and/or its removal along certain paths. Indirect indicators
are being explored that would help us preselecting galaxies with Lyman continuum
escape: various works probe the ISM ionization [119, 120], ISM velocities [19],
saturation of the ISM spectral lines [121], X-ray emission [55], and the Lyα

line profile [97, 122]. So far, the Lyα line was proven, both theoretically and
observationally, to be the best indicator of the Lyman continuum escape, thanks
to its sensitivity to the ISM properties [81, 97, 122].

A natural question is whether quasars, efficient producers of ionizing photons,
could be the true sources of cosmic reionization instead of the star-forming galaxies.
The question remains open so far. The first quasars formed in the reionization
era, but it seems that they were not abundant enough at z > 6 to dominate the
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reionization. However, with the scarcity of data, any new detection may change the
picture [123–125]. Nevertheless, the Lyman continuum of starburst galaxies appears
to be the most viable mechanism for reionization, winning over quasars or any other
sources.

6 Conclusions and Future Prospects

It has been estimated in the literature that equal amounts of stars in the universe
were formed in the following four types of environments: optically visible regions,
dust-enshrouded regions of optical galaxies, heavily obscured galaxies with LIR <

1012 L	, and ULIRGs with LIR > 1012 L	 [126]. Dwarf galaxies dominated the
star formation among the optically visible ones, while massive starburst galaxies
are dusty and IR-bright. We have reviewed the different types of starburst galaxies
both at low and high redshift. Without being complete, this overview illustrated
the various possible manifestations of vigorous star formation, the corresponding
detection techniques, the properties of various starburst galaxy populations, and
their role in cosmic evolution. We demonstrated the search for analogies between
low and high-redshift galaxies. Analogies allow complementary views on star
formation and galaxy evolution, and on the origin and the future of starburst galaxy
populations. In light of the analogies with high redshift, local galaxies have seen an
increased interest in their classification by parameters such as the SFR, metallicity,
FUV luminosity or compactness. While the overlap between high-z and low-z
galaxy parameters cannot be perfect, the nearby galaxies serve as local laboratories
that provide essential clues for the interpretation of processes in the distant universe
where the details are unattainable.

Research on starburst galaxies has good prospects for future, and in particular
galaxies at the cosmic dawn are among the main drivers for the new generation
of astronomical instruments. MUSE, a sensitive optical integral-field spectrograph
is already operating at ESO VLT. Its ability to simultaneously obtain hundreds of
spectra per galaxy combines the advantages of classical imaging and spectroscopy.
In combination with adaptive optics, MUSE reaches an angular resolution com-
parable to that of the HST and it can outperform the HST in detecting distant
galaxies [127, 128]. Spatially resolved spectra of LAEs observed at z ∈ (3, 6)

with MUSE have brought unprecedented details on the structure of these distant
starbursts and resolved individually their diffuse Lyα halos [37, 129]. ALMA, a
recently built international facility in Chile, is an interferometer composed of 66
antennas observing at mm and sub-mm wavelengths. It is well suited for observing
dusty starbursts and SMGs at z > 2, their distribution across redshifts, and possibly
their evolution into massive early-type galaxies [130, 131]. ALMA is also efficient
at mapping the distribution of dust in low-mass predecessors of MW-type galaxies,
such as the UV-selected LBGs and LAEs [132] or the Chandra-detected X-ray
galaxies [130]. ALMA has a sufficient sensitivity to resolve high-z infrared atomic
and molecular lines that probe galaxy metallicities, ionizations and kinematics,
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and determine their precise redshifts [133, 134]. In the local universe, ALMA is
mapping hundreds of thousands of stellar nurseries in nearby galaxies with the goal
to shed light on the star-formation mechanisms and the conditions under which the
formation proceeds by intense bursts.

In the years to come, several major instruments will become active. HARMONI
is a visible/NIR integral-field spectrograph in construction for the E-ELT’s first light
in the mid-2020s. Assisted with adaptive optics, the HARMONI angular resolution
will be comparable to that achieved with space-borne instruments. The optical/NIR
wavelengths will detect rest-frame UV (Lyα, continuum, lines) in the reionization
era. One of the goals is the detection of Population-III stars, i.e. primordial stars
with no heavy elements, possibly reaching hundreds of solar masses. Their detection
through the ionized helium lines has been claimed possible with HARMONI out to
z > 10. HARMONI will thus play an important role in probing the high-mass end
of the IMF. In the local universe, HARMONI will resolve individual stars in nearby
galaxies and supernovae out to z ∼ 3 − 4, testing our models of star-formation
and galaxy assembly histories. HARMONI already has a dedicated simulation tool
to predict the future observational outcomes, using mock data from cosmological
simulations [135]. The tool may also be an essential preparatory step for observers
once the instrument is operational.

Space missions play an ever larger role in cosmic studies. The JWST will operate
in the IR domain and will detect the rest-frame UV of reionization era galaxies. The
telescope will possess the first space-borne integral-field spectrograph, NIRSPEC.
Compared to the ground-based instruments, NIRSPEC will have much more severe
limitations on the number of spectra that it can cover simultaneously (100 as
opposed to 31,000 in HARMONI). On the other hand, it will have the advantages
of the space mission, unaffected by the Earth’s atmosphere. Among other future
missions, ESA’s EUCLID will map the large cosmic structure and its evolution. It
will produce deep optical and NIR images and spectra of galaxies out to z ∼ 2
across approximately half of the sky. The unprecedented extent of this catalogue
will provide the basis for statistical studies mapping the galaxy assembly in the past
ten billion years. In X-rays, the newly planned mission ATHENA will have a high
sensitivity and high angular resolution. It will complete the census of evolved binary
sources in starburst regions down to faint X-ray fluxes. It will resolve the spatial
structure of X-ray emitting regions in galaxies and will constrain the dominant
sources, discriminating between X-ray binaries, AGN, hot gas and other. Eventually,
ATHENA will open the X-ray window for high-redshift galaxies, too faint to be
reachable individually by current instruments.

Complementary to direct detections of starburst signatures, radio telescopes such
as SKA, HERA or LOFAR will map the atomic hydrogen distribution in the universe
at its different epochs, including the reionization era. Using arrays of hundreds of
radio antennas, these interferometers will resolve how the neutral IGM structures
evolved, in what conditions formed the first stars and galaxies and how they continue
to form today.

Astronomy is experiencing a golden age and the quest for understanding how
stars formed and how galaxies assembled through the cosmic history is one of its
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flagships. The existing and upcoming facilities, using multiple spectral windows,
take us progressively to the very first structures that formed in the universe.
Supported by numerical simulations and by detailed, resolved local studies, they
will complete our picture of the conditions for star formation at different epochs,
the origin of galaxies as we know them today, the existence of extreme objects, and
the mechanisms driving galaxy evolution.
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