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To my father: a glimpse of what lies behind
the sky



Preface

The discovery of the first case of superluminal radio jets in our galaxy in 1994
from the bright and peculiar X-ray source GRS 1915+105 has opened the way
to a major shift in the direction of studies of stellar-mass accreting binaries. The
past decade has seen an impressive increase in multi-wavelength studies. It is now
known that all black hole binaries in our galaxy are radio sources and most likely
their radio emission originates from a powerful jet. In addition to the spectacular
events related to the ejection of superluminal jets, steady jets are known from many
systems. Compared with their supermassive cousins, the nuclei of active galaxies,
stellar-mass X-ray binaries have the advantage of varying on time scales accessible
within a human life (sometimes even much shorter than a second). This has led to
the first detailed studies of the relation between accretion and ejection. It is even
possible that, excluding their “soft” periods, the majority of the power in galac-
tic sources lies in the jets and not in the accretion flows. This means that until a
few years ago we were struggling with a physical problem, accretion onto compact
objects, without considering one of the most important components of the system.
Models that associate part of the high-energy emission and even the fast aperiodic
variability to the jet itself are now being proposed and jets can no longer be ignored.
At the same time, the study of the accretion/ejection connection in Active Galactic
Nuclei is progressing and is being linked to the properties of small-scale systems
in an attempt to find simple scaling laws that span several orders of magnitude
in black hole mass. These laws are expected on basic theoretical grounds and are
being found. Even neutron-star binaries are included in these unified views. In this
sense, the expression “microquasar,” which contains the connection to supermassive
systems, appears more and more to be a synonym of X-ray binary.

Fifteen years after the discovery of the first galactic superluminal jets, the field
has grown in complexity and is now spanning about eight orders of magnitude in
compact-object mass. In particular, the two communities of Active Galactic Nuclei
and galactic binaries are still largely orthogonal. While stellar-mass systems allow
to follow the accretion/ejection connection at work in time, galactic nuclei provide a
much larger sample of objects, allowing significant statistical analysis. Moreover, it
is true that the variations seen in binaries are largely unaccessible to AGN observers,
but on the contrary the variability observed in AGN is too fast to be observed in
binaries with good accuracy. Moving up in mass means shifting the observational
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viii Preface

window to faster phenomena. Clearly, a view that encompasses all types of objects
offers much more potential to understand the phenomenon which, close to the cen-
tral object, is expected to be basically the same, after a suitable scaling is taken into
account.

This book is aimed at covering an ample spectrum of topics and sources: from
stellar-mass systems to galactic nuclei, from observational properties both in the
radio and in the X-rays to theoretical models and simulations. The reader should not
feel biased by the existence of separate communities and is presented a broad view
of the current status of research. While there is a plethora of details which would
have been impossible to cover here, the picture that is presented should provide the
tools to navigate through them without losing track of one’s whereabouts.

New observational facilities will become available in the near future, both
ground-based radio and optical/infrared telescopes and space missions from the
optical to gamma rays. The multi-wavelength coverage offered by their combination
will allow us to explore in detail phenomena from both microquasars and quasars,
but at the same time it will be important to have barriers as weak as possible between
different classes of sources.

The book is structured as follows. Chapter 1 is an introduction to microquasars,
Chaps. 2 through 5 present the current picture on the X-ray (Chaps. 2-3) and radio
(4-5) emission from galactic binaries. Chapter 6 introduces jet models for the emis-
sion. Chapters 7 and 8 are on Active Galactic Nuclei. Finally, theoretical models
and MHD simulations can be found in Chaps. 9 and 10.

A few words of thanks. To Springer Editor Ramon Khanna for his patience in
supporting my struggle with authors repeatedly crossing deadlines. To the Interna-
tional Space Science Institute (ISSI) of Bern, which provided the ideal setting for
discussions that have contributed to many chapters of this book. Finally, to Alice
and Ilaria, who have supported me throughout this long editing process and have
sacrificed some family time to allow me to finish it.

Merate, Italy, Tomaso M. Belloni
April 2009
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Chapter 1
Microquasars: Summary and Outlook

I.F. Mirabel

Abstract Microquasars are compact objects (stellar-mass black holes and neutron
stars) that mimic, on a smaller scale, many of the phenomena seen in quasars. Their
discovery provided new insights into the physics of relativistic jets observed else-
where in the Universe, and in particular, the accretion—jet coupling in black holes.
Microquasars are opening new horizons for the understanding of ultraluminous
X-ray sources observed in external galaxies, gamma-ray bursts of long duration,
and the origin of stellar black holes and neutron stars. Microquasars are one of the
best laboratories to probe General Relativity in the limit of the strongest gravita-
tional fields, and as such, have become an area of topical interest for both high
energy physics and astrophysics. At present, back hole astrophysics exhibits histori-
cal and epistemological similarities with the origins of stellar astrophysics in the last
century.

1.1 Introduction

Microquasars are binary stellar systems where the remnant of a star that has col-
lapsed to form a dark and compact object (such as a neutron star or a black hole) is
gravitationally linked to a star that still produces light, and around which it makes a
closed orbital movement. In this cosmic dance of a dead star with a living one, the
first sucks matter from the second, producing radiation and very high energetic par-
ticles (Fig. 1.1). These binary star systems in our galaxy are known under the name
of “microquasars” because they are miniature versions of the quasars (“quasi-stellar
radio source”), which are the nuclei of distant galaxies harboring a supermassive
black hole, and are able to produce in a region as compact as the solar system, the
luminosity of 100 galaxies like the Milky Way. Nowadays, the study of microquasars
is one of the main scientific motivations of the space observatories that probe the
X-ray and y-ray Universe.

LF. Mirabel (=)

Laboratoire AIM, Irfu/Service d’Astrophysique, Bat. 709, CEA-Saclay, 91191 Gif-sur-Yvette
Cedex, France and Instituto de Astronomia y Fisica del Espacio (IAFE), CC 67, Suc. 28, 1428
Buenos Aires, Argentina, felix.mirabel@cea. fr

Mirabel, L.E.: Microquasars: Summary and Outlook. Lect. Notes Phys. 794, 1-15 (2010)
DOI 10.1007/978-3-540-76937-8_1 (© Springer-Verlag Berlin Heidelberg 2010



2 LF. Mirabel

Fig. 1.1 In our galaxy there exist binary stellar systems where an ordinary star gravitates around a
black hole that sucks the outer layers of the star’s atmosphere. When falling out to the dense star,
the matter warms and emits huge amounts of energy as X-rays and y -rays. The accretion disk that
emits this radiation also produces relativistic plasma jets all along the axis of rotation of the black
hole. The physical mechanisms of accretion and ejection of matter are similar to those found in
quasars, but in million times smaller scales. Those miniature versions of quasars are known under
the name of “microquasars”

Despite the differences in the involved masses and in the time and length scales,
the physical processes in microquasars are similar to those found in quasars. That is
why the study of microquasars in our galaxy has enabled a better understanding of
what happens in the distant quasars and AGN. Moreover, the study of microquasars
may provide clues for the understanding of the class of gamma-ray bursts that are
associated with the collapse of massive stars leading to the formation of stellar black
holes, which are the most energetic phenomena in the Universe after the Big Bang.

1.2 Discovery of Microquasars

During the second half of the 18th century, John Michell and Pierre-Simon Laplace
first imagined compact and dark objects in the context of the classical concept of
gravitation. In the 20th century in the context of Einstein’s General Relativity theory
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of gravitation, those compact and dark objects were named black holes. They were
then identified in the sky in the 1960s as X-ray binaries. Indeed, those compact
objects, when associated with other stars, are activated by the accretion of very
hot gas that emits X-rays and y-rays. In 2002, Riccardo Giacconi was awarded
the Nobel Prize for the development of the X-ray Space Astronomy that led to the
discovery of the first X-ray binaries [12]. Later, Margon et al. [18] found that a
compact binary known as SS 433 was able to produce jets of matter. However, for
a long time, people believed that SS 433 was a very rare object of the Milky Way
and its relation with quasars was not clear since the jets of this object move only at
26% of the speed of light, whereas the jets of quasars can move at speeds close to
the speed of light.

In the 1990s, after the launch of the Franco—Soviet satellite GRANAT, growing
evidences of the relation between relativistic jets and X-ray binaries began to appear.
The onboard telescope SIGMA was able to take X-ray and y-ray images. It detected
numerous black holes in the Milky Way. Moreover, thanks to the coded-mask-optics,
it became possible for the first time to determine the position of y-ray sources with
arcmin precision. This is not a very high precision for astronomers who are used
to dealing with other observing techniques. However, in high energy astrophysics it
represented a gain of at least one order of magnitude. It consequently made possible
the systematic identification of compact y-ray sources at radio, infrared, and visible
wavelengths.

With SIGMA/GRANAT it was possible to localize with an unprecedented preci-
sion the hard X-ray and y-ray sources. In order to determine the nature of those X-
ray binaries, a precision of a few tens of arc-seconds was needed. Sources that pro-
duce high energy photons should also produce high energy particles, which should
then produce synchrotron radiation when accelerated in magnetic fields. Then, with
Luis Felipe Rodriguez, we performed a systematic search of synchrotron emissions
from X-ray binaries with the Very Large Array (VLA) of the National Radio Astron-
omy Observatory of the USA.

In 1992, using quasi-simultaneous observations from space with GRANAT and
from the ground with the VLA, we determined the position of the radio counterpart
of an X-ray source named 1E 1740.7-2942 with a precision of sub-arc-seconds. With
GRANAT this object was identified as the most luminous, persistent source of soft
y-rays in the Galactic center region. Moreover, its luminosity, variability, and the
X-ray spectrum were consistent with those of an accretion disk gravitating around
a stellar-mass black hole, like in Cygnus X-1. The most surprising finding with the
VLA was the existence of well-collimated two-sided jets that seem to arise from
the compact radio counterpart of the X-ray source [22]. These jets of magnetized
plasma had the same morphology as the jets observed in quasars and radio galaxies.
When we published those results, we employed the term microquasar to define this
new X-ray source with relativistic jets in our galaxy. This term appeared on the
front page of the British journal Nature (see Fig. 1.2), which provoked multiple
debates. Today the concept of microquasar is universally accepted and used widely
in scientific publications.
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3 light years

Fig. 1.2 The British journal Nature announced on July 16, 1992 the discovery of a microquasar in
the Galactic center region [22]. The image shows the synchrotron emission at a radio wavelength
of 6 cm produced by relativistic particles jets ejected from some tens of kilometers to light years
of distance from the black hole binary which is located inside the small white ellipse

Before the discovery of its radio counterpart, 1E 1740.7-2942 was suspected to
be a prominent source of 511keV electron—positron annihilation radiation observed
from the center of our galaxy [17], and for that reason it was nicknamed as the
“Great Annihilator”. It is interesting that recently it was reported [40] that the
distribution in the Galactic disk of the 511 keV emission, due to positron—electron
annihilation, exhibits similar asymmetric distribution as that of the hard low mass
X-ray binaries, where the compact objects are believed to be stellar black holes.
This finding suggests that black hole binaries may be important sources of positrons
that would annihilate with electrons in the interstellar medium. Therefore, positron—
electron pairs may be produced by y—y photon interactions in the inner accretion
disks, and microquasar jets would contain positrons as well as electrons. If this
recent report is confirmed, 1E 1740.7-2942 would be the most prominent compact
source of anti-matter in the Galactic center region.
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1.3 Discovery of Superluminal Motions

If the proposed analogy [25] between microquasars and quasars was correct, it
should be possible to observe superluminal apparent motions in Galactic sources.
However, superluminal apparent motions had been observed only in the neighbor-
hood of super massive black holes in quasars. In 1E 1740.7-2942 we would not
be able to discern motions, as in that persistent source of y-rays the flow of parti-
cles is semi-continuous. The only possibility of knowing if superluminal apparent
movements exist in microquasars was through the observation of a discrete and very
intense ejection in an X-ray binary. This would allow us to follow the displacement
in the firmament of discrete plasma clouds. Indeed, with the GRANAT satellite
was discovered [3] a new source of X-rays with such characteristics denominated
GRS 1915+105. Then with Rodriguez, we began with the VLA a systematic cam-
paign of observations of that new object in the radio domain, and in collaboration
with Pierre-Alain Duc (CNRS-France) and Sylvain Chaty (Paris University) we per-
formed the follow-up of this source in the infrared with telescopes of the Southern
European Observatory and telescopes at Mauna Kea, Hawaii.

Since the beginning, GRS 1915+105 exhibited unusual properties. The observa-
tions in the optical and the infrared showed that this X-ray binary was well absorbed
by the interstellar dust along the line of sight in the Milky Way and that the infrared
counterpart was varying rapidly as a function of time. Moreover, the radio coun-
terpart seemed to change its position in the sky, so that at the beginning we did
not know if those changes were due to radiation, reflection, or refraction in an
inhomogeneous circumstellar medium (“Christmas tree effect”), or rather due to the
movement at very high speeds of jets of matter. For two years we kept on watching
this X-ray binary without exactly understanding its behavior. However, in March
1994, GRS 19154105 produced a violent eruption of X-rays and y-rays, followed
by a bipolar ejection of unusually bright plasma clouds, whose displacement in the
sky could be followed during two months. From the amount of atomic hydrogen
absorbed in the strong continuum radiation we could infer that the X-ray binary
stands at about 30,000 light-years from the Earth. This enabled us to know that the
movement of the ejected clouds in the sky implies apparent speeds higher than the
speed of light.

The discovery of these superluminal apparent movements in the Milky Way
was announced in Nature [23] (Fig. 1.3). This constituted a full confirmation of
the hypothesis, which we had proposed two years before, on the analogy between
microquasars and quasars. With Rodriguez, we formulated and solved the system
of equations that described the observed phenomenon. The apparent asymmetries
in the brightness and the displacement of the two plasma clouds could naturally be
explained in terms of the relativistic aberration in the radiation of twin plasma clouds
ejected in an antisymmetric way at 98% of the speed of light [26]. The superluminal
motions observed in 1994 with the VLA [23] were a few years later reobserved with
higher angular resolution using the MERLIN array [10].

Using the Very Large Telescope of the European Southern Observatory, it was
possible to determine the orbital parameters of GRS 1915+105, concluding that it
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7-111-1394

po-1V- 1994

Fig. 1.3 The journal Nature announced on September 1, 1994 the discovery of the first Galactic
source of superluminal apparent motions [23]. The sequence of images shows the temporal evolu-
tion in radio waves at a wavelength of 3.6 cm of a pair of plasma clouds ejected from black hole
surroundings at a velocity of 98% the speed of the light

is a binary system constituted by a black hole of ~14 solar masses accompanied by
a star of 1 solar mass [13]. The latter has become a red giant from which the black
hole sucks matter under the form of an accretion disk (see Fig. 1.1).

1.4 Disk-Jet Coupling in Microquasars

The association of bipolar jets and accretion disks seems to be a universal phe-
nomenon in quasars and microquasars. The predominant idea is that matter jets are
driven by the enormous rotation energy of the compact object and accretion disk
that surrounds it. Through magneto-hydrodynamic mechanisms, the rotation energy
is evacuated through the poles by means of jets, as the rest can fall toward the grav-
itational attraction center. In spite of the apparent universality of this relationship
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between accretion disks and bipolar, highly collimated jets, the temporal sequence
of the phenomena had never been observed in real time.

Since the time scales of the phenomena around black holes are proportional
to their mass, the accretion—ejection coupling in stellar-mass black holes can be
observed in intervals of time that are millions of time smaller than in AGN and
quasars. Because of the proximity, the frequency, and the rapid variability of ener-
getic eruptions, GRS 1915+105 became the most adequate object to study the con-
nection between instabilities in the accretion disks and the genesis of bipolar jets.

After several attempts, finally in 1997 we could observe [24], on an interval of
time shorter than an hour, a sudden fall in the luminosity in X-rays and soft y-rays,
followed by the ejection of jets, first observed in the infrared, then at radio fre-
quencies (see Fig. 1.4). The abrupt fall in X-ray luminosity could be interpreted as
the silent disappearance of the warmer inner part of the accretion disk beyond the
horizon of the black hole. A few minutes later, fresh matter coming from the com-
panion star comes to feed again the accretion disk, which must evacuate part of its
kinetic energy under the form of bipolar jets. When moving away, the plasma clouds
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Fig. 1.4 Temporal sequence of accretion disk—jet coupling observed for the first time in real
time simultaneously in the X-rays, the infrared, and radio wavelengths in the microquasar
GRS 1915+105 [24]. The ejection of relativistic jets takes place after the evacuation and/or dissi-
pation of matter and energy, at the time of the reconstruction of the inner side of the accretion disk,
corona, or base of the jet. A similar process has been observed years later in quasars [19], but on
timescales of years. As expected in the context of the analogy between quasars and microquasars
[25], the timescale of physical processes in the surroundings of black holes is proportional to their
masses
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expand adiabatically, becoming more transparent to their own radiation, first in the
infrared and then in the radio frequency. The observed interval of time between the
infrared and the radio peaks is consistent with that predicted by van der Laan [39]
for extragalactic radio sources.

Based on the observations of GRS 1915+105 and other X-ray binaries, it was
proposed [11] a unified semiquantitative model for disk—jet coupling in black hole
X-ray binary systems that relate different X-ray states with radio states, including
the compact, steady jets associated with low-hard X-ray states, that had been imaged
[5] using the Very Long Baseline Array of the National Radio Astronomy Observa-
tory.

After 3 years of multi-wavelength monitoring an analogous sequence of X-ray
emission dips followed by the ejection of bright superluminal knots in radio jets
was reported [19] in the active galactic nucleus of the galaxy 3C 120. The mean
time between X-ray dips was of the order of years, as expected from scaling with
the mass of the black hole.

1.5 Can We Prove the Existence of Black Holes?

Horizon is the basic concept that defines a black hole: a massive object that con-
sequently produces a gravitational attraction in the surrounding environment, but
that has no material border. In fact, an invisible border in the space—time, which is
predicted by general relativity, surrounds it. This way, matter could go through this
border without being rejected, and without losing a fraction of its kinetic energy in
a thermonuclear explosion, as sometimes is observed as X-ray bursts of type I when
the compact object is a neutron star instead of a black hole. In fact, as shown in
Fig. 1.4, the interval of time between the sudden drop of the flux and the spike in the
X-ray light curve that marks the onset of the jet, signaled by the starting rise of the
infrared synchrotron emission, is of a few minutes, orders of magnitude larger than
the dynamical time of the plasma in the inner accretion disk. Although the drop of
the X-ray luminosity could be interpreted as dissipation of matter and energy, the
most popular interpretation is that the hot gas that was producing the X-ray emission
falls into the black hole, leaving the observable Universe.

So, have we proved with such observations the existence of black holes? Indeed,
we do not find any evidence of material borders around the compact object that
creates gravitational attraction. However, the fact that we do not find any evidence
for the existence of a material surface does not imply that it does not exist. In fact,
such type I X-ray bursts are only observed in certain range of neutron star mass
accretion rates. That means that it is not possible to prove the existence of black
holes using the horizon definition. According to Saint Paul, faith is the substance of
hope for: the evidence of the not seen. That is why for some physicists black holes
are just objects of faith. Perhaps the intellectual attraction of these objects comes
from the desire of discovering the limits of the Universe. In this context, studying
the physical phenomena near the horizon of a black hole is a way of approaching
the ultimate frontiers of the observable Universe.
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1.6 The Rotation of Black Holes

For an external observer, black holes are the simplest objects in physics since
they can be fully described by only three parameters: mass, rotation, and charge.
Although black holes could be born with net electrical charge, it is believed that
because of interaction with environmental matter, astrophysical black holes rapidly
become electrically neutral. The masses of black holes gravitating in binary sys-
tems can be estimated with Newtonian physics. However, the rotation is much more
difficult to estimate despite it being probably the main driver in the production of
relativistic jets.

There is now the possibility of measuring the rotation of black holes by at least
three different methods: (a) X-ray continuum fitting [41, 20]; (b) asymmetry of the
broad component of the Fe K, line from the inner accretion disk [38]; and (c) quasi-
periodic oscillations with a maximum fixed frequency observed in the X-rays [35].
The main source of errors in the estimates of the angular momentum resides in the
uncertainties of the methods employed.

The side of the accretion disk that is closer to the black hole is hotter and produces
huge amounts of thermal X and y radiations and is also affected by the strange
configuration of space—time. Indeed, next to the black hole, space—time is curved
by the black hole mass and dragged by its rotation. This produces vibrations that
modulate the X-ray emission. Studies of those X-ray continuum and vibrations sug-
gest that the microquasars that produce the most powerful jets are indeed those that
are rotating fastest. It has been proposed that these pseudo-periodic oscillations in
microquasars are, moreover, one of the best methods today to probe General Relativ-
ity theory in the limit of the strongest gravitational fields by means of observations.

Analogous oscillations in the infrared range may have been observed in the
supermassive black hole at the center of the Milky Way. The quasi-periods of the
oscillations (a few milliseconds for the microquasars X-ray emission and a few
tens of minutes for the Galactic center black hole infrared emission) are propor-
tionally related to the masses of the objects, as expected from the physical anal-
ogy between quasars and microquasars. Comparing the phenomenology observed
in microquasars to that in black holes of all mass scales, several correlations among
observables such as among the radiated fluxes in the low-hard X-ray state, quasiperi-
odic oscillations, and flickering frequencies, are being found and used to derive the
mass and angular momentum, which are the fundamental parameters that describe
astrophysical black holes.

1.7 Extragalactic Microquasars, Microblazars,
and Ultraluminous X-Ray Sources

Have microquasars been observed beyond the Milky Way galaxy? X-ray satellites
are detecting far away from the centers of external galaxies large numbers of com-
pact sources called “ultraluminous X-ray sources”, because their luminosities seem



10 LF. Mirabel

to be greater than the Eddington limit for a stellar-mass black hole [9]. Although
a few of these sources could be black holes of intermediate masses of hundreds to
thousands solar masses, it is believed that the large majority are stellar-mass black
hole binaries.

Since the discovery of quasars in 1963, it was known that some quasars could
be extremely bright and produce high energetic emissions in a short time. These
particular quasars are called blazars and it is thought that they are simply quasars
whose jets point close to the Earth’s direction. The Doppler effect produces thus
an amplification of the signal and a shift into higher frequencies. With Rodriguez,
we imagined in 1999 the existence of microblazars, that is to say X-ray binaries
where the emission is also in the Earth’s direction [26]. Microblazars may have been
already observed but the fast variations caused by the contraction of the timescale in
the relativistic jets make their study very difficult. In fact, one question at the time
of writing this chapter is whether microblazars could have been already detected as
“fast black hole X-ray novae” [14]. In fact, the so-called fast black hole X-ray novae
Swift J195509.6+261406 (which is the possible source of GRB 070610 [14]), and
V4541 Sgr [31] are compact binaries that appeared as high energy sources with fast
and intense variations of flux, as expected in microblazars [26].

Although some fast variable ultraluminous X-ray sources could be microblazars,
the vast majority do not exhibit the intense, fast variations of flux expected in rel-
ativistic beaming. Therefore, it has been proposed [15] that the large majority are
stellar black hole binaries where the X-ray radiation is — as the particle outflows —
anisotropic, but not necessarily relativistically boosted. In fact, the jets in the Galac-
tic microquasar SS 433, which are directed close to the plane of the sky, have kinetic
luminosities of more than a few times 10*° erg/s, which would be super-Eddington
for a black hole of 10 solar masses.

An alternative model is that ultraluminous X-ray sources may be compact bina-
ries with black holes of more than 30 solar masses that emit largely isotropically
with no beaming into the line of sight, either geometrically or relativistically [33].
This conclusion is based on the formation, evolution, and overall energetics of the
ionized nebulae of several 100 pc diameter in which some ultraluminous X-ray
sources are found embedded. The recent discoveries of high mass binaries with
black holes of 15.7 solar masses in M 33 [32] and 23-34 solar masses in IC 10 [34]
support this idea. Apparently, black holes of several tens of solar masses could be
formed in starburst galaxies of relative low metal content.

1.8 Very Energetic y-Ray Emission from Compact Binaries

Very energetic y-rays with energies greater than 100 GeV have recently been
detected with ground-based telescopes from four high mass compact binaries [21].
These have been interpreted by models proposed in the contexts represented in
Fig. 1.5. In two of the four sources the y radiation seems to be correlated with the
orbital phase of the binary, and therefore may be consistent with the idea that the
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MICROQUASAR BINARY PULSAR

Fig. 1.5 Alternative contexts for very energetic y-ray binaries [21]. Left: microquasars are pow-
ered by compact objects (neutron stars or stellar-mass black holes) via mass accretion from a
companion star. The interaction of collimated jets with the massive outflow from the donor star
can produce very energetic y-rays by different alternative physical mechanisms [37], depending
on whether the jets are baryonic or purely leptonic. Right: pulsar winds are powered by rotation of
neutron stars; the wind flows away to large distances in a comet-shape tail. Interaction of this wind
with the companion-star outflow may produce very energetic y-rays [8]

very high energy radiation is produced by the interaction of pulsar winds with the
mass outflow from the massive companion star [8, 6]. The detection of TeV emission
from the black hole binary Cygnus X-1 [2] and the TeV intraday variability in M 87
[1] provided support to the jet models [37], which do not require relativistic Doppler
boosting as in blazars and microblazars . It remains an open question whether the
y-ray binaries LS 5039 and LS I +61 303 could be microquasars where the y radi-
ation is produced by the interaction of the outflow from the massive donor star with
jets [37] or pulsar winds [8].

1.9 Microquasars and Gamma-Ray Bursts

It is believed that gamma-ray bursts of long duration (t > 1) mark the birth of
black holes by core collapse of massive stars. In this context, microquasars that
contain black holes would be fossils of gamma-ray burst sources of long duration,
and their study in the Milky Way and nearby galaxies can be used to gain observa-
tional inside into the physics of the much more distant sources of gamma-ray bursts.
Questions of topical interest are (a) Do all black hole progenitors explode as very
energetic hypernovae of type Ib/c?; and (b) What are the birth places and nature of
the progenitors of stellar black holes?

The kinematics of microquasars provides clues to answer these questions. When
a binary system of massive stars is still gravitationally linked after the explosion of
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one of its components, the mass center of the system acquires an impulse, whatever
matter ejection is, symmetric or asymmetric. Then according to the microquasar
movement we can investigate the origin and the formation mechanism of the com-
pact object. Knowing the distance, proper motion, and radial velocity of the center
of mass of the binary, the space velocity and past trajectory can be determined.
Using multi-wavelength data obtained with a diversity of observational techniques,
the kinematics of eight microquasars have so far been determined.

One interesting case is the black hole wandering in the Galactic halo, which
is moving at high speed, like globular clusters [27] (Fig. 1.6). It remains an open
question whether this particular halo black hole was kicked out from the Galactic
plane by a natal explosion, or is the fossil of a star that was formed more than
7 billions of years ago, before the spiral disk of stars, gas, and dust of the Milky
Way was formed. In this context, the study of these stellar fossils may represent
the beginning of what could be called “Galactic Archaeology”. Like archaeologists,
studying these stellar fossils, astrophysicists can infer what was the history of the
Galactic halo.

The microquasars LS 5039 [36] and GRO J1655-40 [29] which contain compact
objects with less than ~7 solar masses were ejected from their birth place at high
speeds, and therefore the formation of these compact objects with relative small
masses must have been associated with energetic supernovae. On the contrary, the
binaries Cygnus X-1 [30] and GRS 1915+105 [7] which contain black holes of at
least 10 solar masses do not seem to have received a sudden impulse. Preliminary
results on the kinematics of the X-ray binaries suggest that low mass black holes are
formed by a delayed collapse of a neutron star with energetic supernovae, whereas
stellar black holes with masses equal or greater than 10 solar masses are the result
of the direct collapse of massive stars, namely, they are formed in the dark. This is
consistent with the recent finding of gamma-ray bursts of long duration in the near
Universe without associated luminous supernovae [4].

Fig. 1.6 A wandering black hole in the Galactic halo [27]. The trajectory of the black hole for the
last 230 million years is represented. The bright dot on the left represents the Sun
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Microquasar Quasar Collapsar

‘7 Microblazar 17 Blazar V Gamma ray burst

Fig. 1.7 The same physical mechanism can be responsible for three different types of objects:
microquasars, quasars, and massive stars that collapse (“collapsars”) to form a black hole pro-
ducing gamma-ray bursts. Each one of these objects contains a black hole, an accretion disk, and
relativistic particles jets. Quasars and microquasars can eject matter several times, whereas the
collapsars form jets only once. When the jets are aligned with the line of sight of the observer
these objects appear as microblazars, blazars, and gamma-ray bursts, respectively. Reproduced
from [28]

There are indications that the mass of the resulting black hole may be a function
of the metal content of the progenitor star. In fact, the black holes with 16 solar
masses in M 33 [32] and more than 23 solar masses in IC 10 [34] are in small
galaxies of low metal content. This is consistent with the fact that the majority of
the gamma-ray bursts of long duration take place in small starburst galaxies at high
redshift, namely, in Galactic hosts of low metal content [16]. Since the power and
redshift of gamma-ray bursts seem to be correlated, this would imply a correlation
between the mass of the collapsing stellar core and the power of the y-ray jets.

Gamma-ray bursts of long duration are believed to be produced by ultra relativis-
tic jets generated in a massive star nucleus when it catastrophically collapses to form
a black hole. Gamma-ray bursts are highly collimated jets and it has been proposed
[28] that there may be a unique universal mechanism to produce relativistic jets in
the Universe, suggesting that the analogy between microquasars and quasars can be
extended to the gamma-ray bursts sources, as illustrated in the diagram of Fig. 1.7.

1.10 Conclusions

Black-hole astrophysics is presently in an analogous situation as was stellar astro-
physics in the first decades of the 20th century. At that time, well before the physical



14 LF. Mirabel

understanding of the interior of stars and the way by which they produce and radiate
energy, empirical correlations such as the HR diagram were found and used to derive
fundamental properties of the stars, such as the mass. Similarly, at present before a
comprehensive understanding of black hole physics, empirical correlations between
X-ray and radio luminosities and characteristic timescales are being used to derive
the mass and spin of black holes of all mass scales, which are the fundamental
parameters that describe astrophysical black holes. Therefore, there are historical
and epistemological analogies between black hole astrophysics and stellar astro-
physics. The research area on microquasars has become one of the most important
areas in high energy astrophysics. In the last fourteen years there have been seven
international workshops on microquasars: four in Europe, one in America, and two
in Asia. They are currently attended by 100-200 young scientists who, with their
work on microquasars, are contributing to open new horizons in the common ground
of high energy physics and modern astronomy.

Apologies: This manuscript is based on short courses given at international
schools for graduate students, intended to give an introduction to this area of
research. It is biased by my own personal choice, and hence it is by no means
a comprehensive review. Because references had to be minimized I apologize for
incompleteness to colleagues working in the field. Part of this work was written
while the author was a staff member of the European Southern Observatory in Chile.
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Chapter 2
X-Ray Emission from Black-Hole Binaries

M. Gilfanov

Abstract The properties of X-ray emission from accreting black holes are reviewed.
The contemporary observational picture and current status of theoretical understand-
ing of accretion and formation of X-ray radiation in the vicinity of the compact
object are equally in the focus of this chapter. The emphasis is made primarily on
common properties and trends rather than on peculiarities of individual objects and
details of particular theoretical models. The chapter starts with discussion of the
geometry of the accretion flow, spectral components in X-ray emission, and black
hole spectral states. The prospects and diagnostic potential of X-ray polarimetry are
emphasized. Significant attention is paid to the discussion of variability of X-ray
emission in general and of different spectral components — emission of the accre-
tion disk, Comptonized radiation, and reflected component. Correlations between
spectral and timing characteristics of X-ray emission are reviewed and discussed in
the context of theoretical models. Finally, a comparison with accreting neutron stars
is made.

2.1 Introduction

The gravitational energy of matter dissipated in the accretion flow around a compact
object of stellar mass is primarily converted into photons of X-ray wavelengths. The
lower limit on the characteristic temperature of the spectral energy distribution of the
emerging radiation can be estimated assuming the most radiatively efficient config-
uration — optically thick accretion flow. Taking into account that the size of the emit-
ting region is r ~ 10r, (r, is the gravitational radius) and assuming a black body
emission spectrum one obtains: k7, ~ (Lx/oggnr2)1/4 ~ 14 L;?/Mll(;z keV. It
is interesting (and well known) that T}, scales as directly proportional to M ~!/2,
This is confirmed very well by the measurements of the disk emission temperature
in stellar mass systems and around supermassive black holes in AGN. It is also
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illustrated, albeit less dramatically, by the comparison of the soft state spectra of
black holes and neutron stars, as discussed later in this chapter. The upper end of the
relevant temperature range is achieved in the limit of the optically thin emission. It is
not unreasonable to link it to the virial temperature of particles near the black hole,
kTyi = GMm/r o mc?/(r/r,). Unlike the black body temperature this quantity
does not depend on the mass of the compact object, but does depend on the mass
of the particle m. For electrons Ty; ~ 25(r/10r,)~! keV and it is correspondingly
mp/m, = 1836 times higher for protons. Protons and ions are the main energy
reservoir in the accretion flow, but for all plausible mechanisms of spectral formation
it is the temperature of electrons that determines the spectral energy distribution of
the emerging radiation. The latter depends on the poorly constrained efficiency of
the energy exchange between electrons and protons in the plasma near the compact
object. The values of the electron temperature typically derived from the spectral fits
to the hard spectral component in accreting black holes, k7, ~ 50 — 150 keV, are
comfortably within the range defined by the two virial temperatures. However, the
concrete value of k7, and its universality in a diverse sample of objects and broad
range of luminosity levels still remains unexplained from first principles, similar to
those used in the derivation of the temperature of the optically thick soft component.

Broadly speaking, significant part of, if not the entire diversity of the spectral
behavior observed in accreting black holes and neutron stars can be explained by
the changes in the proportions in which the gravitational energy of the accreting
matter is dissipated in the optically thick and optically thin parts of the accretion
flow. The particular mechanism driving these changes is however unknown — despite
significant progress in MHD simulations of the accretion disk achieved in recent
years (see Chap. 10) there is no acceptable global model of accretion onto a compact
object. To finish this introductory note, I will mention that non-thermal processes in
optically thin media (e.g., Comptonization on the non-thermal tail of the electron
distribution) may also contribute to the X-ray emission from black holes in some
spectral states.

2.2 Geometry and Spectral Components

The contributions of optically thick and optically thin emission mechanisms can be
easily identified in the observed spectra of accreting black holes as soft and hard
spectral components (Fig. 2.1). Depending on the spectral state of the source one of
these components may dominate the spectrum or they can coexist giving comparable
contribution to the total emission. The soft component is believed to originate in the
geometrically thin and optically thick accretion disk of the Shakura-Sunyaev type
[48]. To zeroth order approximation, its spectrum can be regarded as a superposition
of black body spectra with the temperatures and emitting areas distributed according
to the energy release and the temperature profile of the accretion disk. The simplest
example of this is the so-called multicolor disk black body model introduced by
[35]. Although valid for one particular inner torque boundary condition allowing
easy integration of the total flux, this model has been widely and efficiently used in
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Fig. 2.1 Energy spectra of a black hole Cyg X-1 (left) and a neutron star 4U 1705-44 (right) in the
soft and hard spectral states (left panel adopted from [18])

the era of more limited computer resources due to its simplicity, speed, and early
integration in the XSPEC spectral fitting package. To achieve a higher degree of
accuracy, one would need to consider more realistic inner boundary conditions,
deviations of the gravitational potential from the Newtonian, and to account for
such effects as distortion of the black body spectrum due to Thomson scatterings in
the upper layers and in the atmosphere of the disk, Doppler effect due to rotation of
the matter in the disk, etc. A number of models have been proposed to include these
effects [11, 49, 46, 4], many of them currently implemented in the XSPEC package.

The inadequacy of the optically thick emission mechanism in describing the
hard spectral component present in both spectra in Fig. 2.1 can be easily demon-
strated. Indeed, the size of the emitting region required to achieve a luminosity
of log(Lx) ~ 37 — 38 with black body temperature of ~several tens of keV is
Rew ~ (Lx/mossT*)"? ~ 20LY?/T2 m (Tsy = Ty,/30keV). Obviously this
is much smaller than the size of the region of main energy release near an accret-
ing black hole, ~50r, ~ 500-1500km. The bremsstrahlung emission from a ~
uniform cloud of hot plasma with a filling factor close to unity cannot deliver the
required luminosity either, because the oc N2 density dependence of its emissivity
makes it very inefficient in the low density regime characteristic of the optically thin
accretion flow. Indeed, the optical depth of such a plasma cloud of size ~10-100r,
and emission measure of N2V ~ 10°° cm™ required to explain observed hard X-
ray luminosity of ~10%7 erg/s would greatly exceed unity. However, bremsstrahlung
emission may play a role in the advection-dominated accretion flow [37] in the low
M regime of quiescent state of accreting black holes (log(Lx) < 32-33).

It has been understood early enough that Comptonization is the most plausible
process of formation of the hard spectral component [54, 55]. Thanks to its linear
dependence on the gas density, Comptonization of soft photons on hot electrons
in the vicinity of the compact object can efficiently radiate away the energy dissi-
pated in the optically thin accretion flow and successfully explain the luminosity
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and overall spectral energy distribution observed in the hard X-ray band. Moreover,
Comptonization models of varying degree of complexity do satisfactorily describe
the observed broadband energy spectra of black holes to the finest detail (e.g., [64]).
It is especially remarkable given the high quality of the X-ray data which became
available in the last decade from observations of recent and current X-ray observa-
tories, such as Compton GRO, RossiXTE and Chandra, XMM and Swift.

The Comptonization site — cloud of hot (thermal or non-thermal) electrons is
often referred to as a “corona”. Although it is generally accepted that the Comp-
tonizing corona has to be located in the close vicinity of the compact object, there
is currently no broad consensus on the detailed geometry of the region. The numer-
ical simulations have not reached the degree of sophistication required to perform
full self-consistent global simulations of the accretion flow. Two physically moti-
vated geometries are commonly considered: (i) the “sombrero” configuration (to
my knowledge first introduced in [40]) and (ii) the patchy, flaring corona above the
accretion disk.

One of the variants of the “sombrero” configuration is depicted in Fig. 2.2. It is
assumed that outside some truncation radius the accretion takes place predominantly
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Fig. 2.2 The three main components of the X-ray emission from an accreting black hole (fop) and
a plausible geometry of the accretion flow in the hard spectral state (bottom)
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via the optically thick and geometrically thin accretion disk, whereas closer to
the compact object the accretion disk is transformed into a hot optically thin and
geometrically thick flow with the aspect ratio of H/R~0.5-1. The soft (optically
thick) and hard (optically thin) spectral components are formed in the accretion
disk and the hot inner flow correspondingly. The value of the truncation radius
can be inferred from the observations. Although their interpretation is not unique
and unambiguous, the plausible range of values is between ~3 and a few hundred
gravitational radii. There is no commonly accepted mechanism of truncation of the
disk and formation of the corona, with a number of plausible scenarios having been
investigated recently. Among the more promising ones is the evaporation of the
accretion disk under the effect of the heat conduction. It was initially suggested
to explain quiescent X-ray emission from cataclysmic variables [31] and was later
applied to the case of accretion onto black holes and neutron stars [32]. It not only
provides a physically motivated picture describing the formation of the corona and
the destruction of the optically thick disk but also correctly predicts the ordering
of spectral states vs. the mass accretion rate. Namely, it explains the fact that hard
spectra indicating prevalence of the hot optically thin flow are associated with lower
M values, whereas the optically thick disk appears to dominate the photon produc-
tion in the accretion flow at higher M. As a historical side note I mention that in the
earlier years of X-ray astronomy the presence of the hot optically thin plasma in the
vicinity of the compact object was often associated with disk instabilities, therefore
such a behavior appeared puzzling to many astrophysicists in the view of the M
dependence of these instabilities.

Another geometrical configuration considered in the context of hard X-ray emis-
sion from black holes is a non-stationary and non-uniform (patchy) corona above
the optically thick accretion disk. This scenario has been largely inspired by the
suggestion by Galeev et al. [13], that a magnetic field amplified in the hot inner disk
by turbulence and differential rotation may reach the equipartition value and emerge
from the disk in the form of buoyant loop-like structures of solar type above its
surface. These structures may lead to the formation of a hot magnetically confined
structured corona similar to the solar corona, which may produce hard emission via
inverse Compton and bremsstrahlung mechanisms. The model could also explain
the faintness of the hard emission in the soft state as a result of efficient cooling of
plasma in the magnetic loops via inverse Compton effect due to increased flux of
soft photons at higher M.

Although the original Galeev, Rosner, and Vaiana paper was focused on the ther-
mal emission from hot plasma confined in buoyant magnetic loops, the latter are a
plausible site of particle acceleration responsible for the non-thermal component in
the electron distribution. This is expected on theoretical grounds and is illustrated
very well observationally by the presence of the non-thermal emission component
in the spectra of solar flares (see e.g., [9] and references therein). On the other hand,
a power-law-shaped hard X-ray component is commonly observed in the spectra
of black hole candidates (Fig. 2.3). It reveals itself most graphically in the soft
spectral state but may be as well present in the hard state, along with the thermal
Comptonized spectrum (e.g., [33]). This power-law component has a photon index
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Fig. 2.3 Broadband spectra of Cyg X-1 in the soft and hard spectral state based on the data of
BeppoSAX and Compton GRO missions. Adopted from [33]

of I' ~ 2-3 and, although it may extend into the several hundred keV-MeV range
(e.g., [58]), it is relatively unimportant energetically, contributing a small fraction to
the total radiation output of the black hole. This is in contrast with the hard spectral
component due to thermal Comptonization, observed in the hard spectral state which
accounts for the most of the source luminosity.

There have been attempts to explain the power-law component as a result of
Comptonization in a media with Maxwellian distribution of electrons of large tem-
perature and small optical depth. This seems to be unlikely as in this case humps
due to individual scattering will be seen in the output spectrum, in contrast with the
smooth power-law spectra observed. This qualitative consideration is illustrated by
results of Monte-Carlo simulations shown in Fig. 2.4.

The sombrero configuration is often associated with a predominantly thermal
distribution of electrons, whereas the solar-like flares above the accretion disk may
be the site of electron acceleration producing non-thermal electron distributions and
power-law-like Comptonization spectra. Thermal Comptonization is believed to be
the main mechanism in the hard spectral state, whereas non-thermal Comptoniza-
tion is probaly relevant in the soft state (Fig. 2.3). On the other hand, observations
often indicate presence of both thermal and non-thermal Comptonization compo-
nents suggesting that the two types of corona may coexist (e.g. [23]).

Due to heating of the disk by Comptonized radiation from the corona and soft
photon feedback, the uniform thermal corona above the optically thick accretion
disk cannot explain observed hard spectra with photon index of I'~1.5-2.0. It
has been first proposed by Sunyaev and Titarchuk [56] that the presence of cool
optically thick media — e.g., accretion disk or surface of the neutron star, in the
vicinity of the Comptonization region will affect the parameters of the latter and,
consequently, the shape of the outgoing Comptonized radiation. Indeed, some frac-
tion of the Comptonized radiation will be returned to the accretion disk increas-
ing its temperature and, consequently, the soft photon flux to the Comptonization
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Fig. 2.4 Comptonization spectrum in the case of large temperature and small optical depth. Left
panel: kT, = 100eV, kT, = 300keV, t = 0.01, 0.05, 0.1 from the bottom to the top; right panel:
kTp, = 500eV, kT, = 1 MeV, T = 0.001, 0.01, 0.1. For comparison, the topmost spectrum on the
left panel shows case of T = 1. The left-most peak in all spectra is made of seed photons which left
the Comptonization region without scatterings. The dashed line is a power law with a photon index
of I = 3. These spectra are the results of Monte-Carlo simulations assuming spherical geometry

region. This in turn will increase the cooling rate and will decrease the electron
temperature in the Comptonization region leading to softer and steeper spectra. I
will further illustrate it by the following simple quantitative consideration. In the
sandwich-like geometry, assuming moderate Thompson optical depth of the corona,
7 ~ 1, a fraction f ~ 1/2 of the Comptonized emission will be returned to the
accretion disk. Of this, a fraction of 1—« (¢ ~ 0.2 — albedo) will be absorbed
and will contribute to the heating of the accretion disk, adding to its heating due
to the gravitational energy release. Ignoring the latter, the luminosity enhancement
factor in the Comptonization region, defined as a ratio of its total luminosity to the
luminosity of the seed photons (see more detailed discussion in Sect. 2.8.2) will be
A= (1—a) ' f~! < 2.5. As well known [10], the luminosity enhancement factor is
intimately related to the Comptonization parameter y and the photon index I of the
Comptonized radiation. The above constrain on A implies I > 2.3 (see Fig. 2.15),
which is steeper than the hard state spectra typically observed in black holes. This
conclusion is confirmed by the full treatment of the Comptonization problem in
“sandwich” geometry [22]. In order to produce a harder Comptonized spectrum,
the value of the feedback coefficient f needs to be reduced. This is achieved, for
example, in a non-uniform, patchy and/or non-stationary corona. Another example
suggested by [5] involves bulk motion of the corona with mildly relativistic velocity
away from the disk reducing the feedback coefficient due to the aberration effect
(Sect. 2.8.2). A uniform stationary corona above the accretion disk can, in principle,
be responsible for the steep power-law component often detected in the soft state,
although a non-thermal electron distribution may be a more plausible explanation,
as discussed above. To conclude, I also note that considerations of a similar kind
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involving the neutron star surface can explain the fact that the neutron star spectra
are typically softer than those of black holes (e.g., [56], Sect. 2.6).

2.3 Spectral States and Geometry

The existence of different spectral states is a distinct feature of accreting X-ray
sources, independently of the nature of the compact object (Fig. 2.1, 2.3). Although
their phenomenology is far richer, for the purpose of this chapter I will restrict
myself to the simple dichotomy between soft (high) and hard (low) spectral states
and refer to the next chapter of this book for a more detailed discussion. As
no global self-consistent theory/model of accretion exists, all theories explaining
spectral states have to retreat to qualitative considerations. These considerations,
although phenomenological in nature, usually are based on numerous observations
of black hole systems, simple theoretical arguments, and some simplified solutions
and simulations of the accretion problem. Described below is a plausible, although
neither unique nor unanimously accepted, scenario of this kind based on the “som-
brero” geometry of the accretion flow. There are a number of cartoons and geometry
sketches, illustrating this and other scenarios which I will not repeat here and will
refer the interested reader to the original work, e.g., [68]

As obvious from Fig. 2.1, the spectral states phenomenon is related to the redis-
tribution of the energy released in the optically thick and optically thin components
of the accretion flow. In the sombrero configuration one may associate spectral state
transitions with change of the disk truncation radius — the boundary between the
outer optically thick accretion disk and the inner optically thin hot flow.

In the soft (aka disk-dominated) spectral state, the optically thick accretion disk
extends close to the compact object, possibly to the last marginally stable Keplerian
orbit (r = 3r, for a Schwarzschild black hole), leaving no “room” for the hot opti-
cally thin flow. Therefore, the major fraction of the accretion energy is emitted in the
optically thick accretion disk giving rise to a soft spectrum of the multicolor black
body type. The magnetic activity at the disk surface may (or may not) produce a hard
power law-like tail due to non-thermal Comptonization in the corona. As discussed
in the previous section, this power-law component has a steep slope I"'~2-3 and is
relatively insignificant energetically.

In the hard (aka corona-dominated) spectral state, the accretion disk truncates
at a distance of ~50-100r, or further from the compact object. The major fraction
of the gravitational energy is released in the hot inner flow. Comptonization of the
soft photons emitted by the accretion disk on the hot thermal electrons of the inner
flow leads to the formation of the hard spectrum of the shape characteristic for
unsaturated thermal Comptonization. The typical parameters in the Comptoniza-
tion region — hot inner flow, inferred from observations are: electron temperature of
T, ~ 100keV and Thompson optical depth of 7, ~ 1. The significance of the soft
backbody-like emission from the optically thick disk as well as of the non-thermal
emission due to magnetic flares at its surface varies depending on the disk truncation



2 X-Ray Emission from Black-Hole Binaries 25

radius, increasing as the disk moves inward. There is evidence that both thermal and
non-thermal hard components may coexist in the hard state in the certain range of
the disk truncation radii, as suggested in [23].

2.4 Reflected Emission

After escaping the corona, a fraction of the Comptonized photons may be inter-
cepted by the optically thick accretion disk. Part of the intercepted radiation will
be dissipated in the disk, via inverse Compton effect and photoabsorption on heavy
elements, contributing to its energy balance, the remaining part will be reflected due
to Compton scatterings [3]. The disk albedo depends on the photon wavelength and
on the chemical composition and ionization state of the disk material. Expressed in
terms of energy flux it is ~0.1-0.2 in the case of neutral matter of solar abundance
[30]. Some fraction of the photobsorbed emission will be reemitted in the fluores-
cent lines of heavy elements and may also escape the disk. Thus, combined effects of
photoabsorption, fluorescence, and Compton scattering form the complex spectrum
of the reflected emission, consisting of a number of fluorescent lines and K-edges
of cosmically abundant elements superimposed on the broad Compton reflection
hump [3, 14] (Fig. 2.5). The peak energy of the latter depends on the shape of the
incident continuum and a typical spectrum of a black hole in the hard state is located
at ~30keV (Fig. 2.2).

Due to the dependence of the photoabsorption cross section, element abundances
and fluorescent yield on the atomic number, the strongest among the spectral fea-
tures associated with heavy elements are the K-edge and fluorescent K-« line of
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Fig. 2.5 Spectrum of emission reflected from an optically thick slab of neutral matter of solar
abundance. The solid line shows the spectrum of the incident power-law emission
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iron. For reflection from the neutral media, the centroid of the iron line is at 6.4 keV
and its equivalent width computed with respect to the pure reflected continuum is
~1keV. For a distant observer, the reflected emission is diluted with the primary
Comptonized radiation and the thermal emission of the accretion disk, adding com-
plexity to the observed spectra. It leads to the appearance of characteristic reflection
features in the spectra of X-ray binaries (Fig. 2.5) — the fluorescent K, line from
iron, iron K-edge, and a broad Compton reflection hump at higher energies [3, 14].
Their shape is further modified, depending on the ionization state of the matter in
the disk [47], by strong gravity effects and Doppler and aberration effects due to
the Keplerian rotation of the disk, e.g., [12]. The observed line usually has non-
zero intrinsic width and the K-edge is never sharp (smeared edge). Their amplitude
depends on the ionization state and on the solid angle of the reflector as seen from
the source of the primary radiation. This can change with the spectral state of the
source. The typical value of the iron line equivalent width is ~50-300 eV.

The presence of these features makes the spectra deviate from a power-law shape,
expected for Comptonized radiation with parameters typical for black holes. As their
amplitude depends on the relative configurations of the corona and the accretion
disk and physical conditions in the disk, they have great diagnostics potential for
studying the accretion geometry in different spectral states. This is further discussed
in Sect. 2.8.

2.5 Polarization of X-Ray Emission

As the distribution of matter in the accretion flow is not spherically symmetric, one
may expect some degree of polarization of emerging X-ray radiation. In the conven-
tional scenario of formation of X-ray radiation in the vicinity of a compact object
the polarization is caused by Thompson scatterings of photons on free electrons in
the accretion disk and hot corona and is predicted to be present at the moderate
level of ~ several percent in all three main components of the X-ray emission:
thermal emission of the optically thick disk, Comptonized emission, and reflected
component. A considerably larger degree of polarization may be expected in some
alternative scenarios, for example, in some versions of the jet scenario, discussed
later in this book.

The degree of polarization of the Comptonized emission depends strongly on
the geometry of the corona, the location of the sources of the soft seed radiation,
and the viewing angle [57, 63]. As calculated by Sunyaev and Titarchuk [57], for
the case of Comptonization in the disk it lies in the range between 0 and ~12%,
depending on the optical depth of the corona and viewing angle, i.e., it can slightly
exceed the maximum value of 11.7% for a pure-scattering semi-infinite atmosphere.
Although the disk geometry of the corona is unlikely, this result suggests that a
moderate degree of polarization of the Comptonized continuum, of the order of
~ few percent, may be expected.

Obviously, polarization should also be expected for the reflected emission from
the accretion disk. The pure reflected component can be polarized to ~30% [29].
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The degree of polarization drops to ~ few percent when it is diluted with the Comp-
tonized radiation and the thermal emission from the disk. The degree of polarization
is a strong function of photon energy — it is low at low energy <10keV and reaches
its maximum of ~5% (for a 60° viewing angle) at ~30-50 keV, where the contribu-
tion of the Compton-reflected continuum to the overall spectrum is maximal [29].

The thermal emission generated inside the optically thick accretion disk is ini-
tially unpolarized but attains polarization as a result of Thompson scatterings in the
atmosphere of the accretion disk [8, 27]. Calculations [27] show that the degree
of polarization varies from 0% (face-on disk) to ~5% (edge-on). The polarization
degree depends on the photon energy, being largest in the Wien part of the thermal
spectrum, where scatterings play the most important role. A remarkable property of
polarized radiation from the vicinity of a compact object is that due to relativistic
effects the polarization angle also becomes dependent on the photon energy [8, 27].
This is in contrast with the classical approximation, where symmetry considerations
require that the polarization direction is coaligned with the minor or the major axis
of the disk projection on the plane of the sky. The amplitude and shape of these
dependences are sensitive to the disk inclination and the spin of the black hole. In
combination with spectral information, this can be used to resolve the degeneracy
between the black hole mass, spin and, disk inclination [27].

Polarization measurements are yet an unexplored area of high energy astro-
physics and have great diagnostics potential. With the new generation of polarimet-
ric detectors, X-ray polarimetry will become a powerful tool to study the geometry
of the accretion flow and the properties of the compact object in accreting systems.

2.6 Variability

Variability of X-ray emission is a common and well-known property of X-ray bina-
ries. The amplitude of flux variations depends on the timescale and the photon
energy and can be as large as ~20-30% fractional rms. The dependence of the vari-
ability amplitude on timescale is conventionally characterized by the power density
spectrum, which is a square of the Fourier amplitudes of the time series, renormal-
ized in order to give the answer in desired units, for example (fractional rms)*/Hz.
Power density spectra of X-ray sources often reveal a number of rather narrow
features of various widths superimposed on a broadband continuum of aperiodic
variations, suggesting that both resonances of various degrees of coherence as well
as stochastic processes of aperiodic nature contribute to the observed flux variations.
Some of the narrow features can be clearly associated with the spin frequency of the
neutron star or orbital or precession frequency of the binary. The nature of oth-
ers, broadly referred to as quasi-periodic oscillations (QPO), is poorly understood.
The models range from the beat frequency model proposed by Alpar and Shaham
[2] soon after the discovery of the first QPOs in neutron stars, and the relativistic
precession model [53] relating QPO frequencies with fundamental frequencies of
Keplerian orbits in strong gravity to models employing global oscillation modes in
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the accretion disk [1, 60]. QPOs were first discovered in neutron star systems, but
are also commonly observed in accreting black holes. Their rich phenomenology is
well documented elsewhere (e.g., [61]) and is not discussed in this chapter, which
will focus on the aperiodic variability continuum.

I will conclude these introductory remarks with the following side note. The
interpretation of the energy spectra of celestial X-ray sources has been greatly facil-
itated by the fact that a number of simple physical concepts could be employed in
a straightforward manner, such as black body emission, Comptonization, photoab-
sorption, and fluorescence. No equivalent concepts are easily available to help in
interpreting the power density spectra. This may explain why our understanding of
the power density spectra lags significantly behind our understanding of the energy
spectra. Indeed, spectral analysis can rely on a number of physically motivated
and elaborate models which successfully describe high quality data from modern
observatories. The interpretation of the power density spectra, on the contrary, has
just started to advance beyond “numerology” and simple association of QPO fre-
quencies with characteristic frequencies of test particles in the (strong) gravitational
field. However, it is obvious that timing information (along with the polarization
measurements) presents a completely different dimension which has to be taken
into account in validating any model of formation of radiation in the vicinity of a
compact object.

2.6.1 Propagation of M Fluctuations in the Accretion Disk

The remarkable characteristics of aperiodic variability is its breadth in the frequency
domain. As illustrated by the power density spectra of Cyg X-1 and Cyg X-2
shown in Fig. 2.6, flux variations in the frequency range from log f < —8 to
log f ~ 2 — 3 are present. This suggests that variations of the mass accretion
rate M on an extremely broad range of timescales are present in the innermost
region of the accretion flow, r < 50-100r,, where X-ray emission is produced.
It is to be compared with characteristic timescales in this region which are lim-
ited by two extremes — the dynamical timescale that is of the order of the Kep-
lerian orbital time tx ~ 0.3 (M/10Mg) (r/SOrg)3/ ®s and the viscous timescale
tvise ~ oV (h/r)7? .Q,;l = Qua) ' (h/r) 1k (ais viscosity parameter, i — the
disk thickness). The latter is in the range between #yjsc ~ 10* tx ~ 103s for a gas
pressure-dominated Shakura-Sunyaev disk (/7 ~ 1072) and t,js. ~ 10tx ~ 1-10s
for a thicker hot flow with the aspect ratio of 2/r ~ 1/3.

From the point of view of characteristic timescales, the high-frequency varia-
tions could potentially be produced in the vicinity of the compact object. Longer
timescales, on the contrary, exceed by many orders of magnitude the longest
timescales in the region of the main energy release and cannot be generated there.
The low frequency M variations have to be generated in the outer parts of the
accretion flow and be propagated to the region of the main energy release where
they are converted into variations of the X-ray flux. The power spectra shown in
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Fig. 2.6 Broad band power density spectra of Cyg X-1 and Cyg X-2. The spectra are obtained
from non-simultaneous RXTE/ASM, EXOSAT/ME, and RXTE/PCA data. In the left panel, the
open circles at log(f) > —4 (red in the color version of the plot) show the 1996 high state PDS,
the filled circles (blue) are hard spectral state PDS. The solid lines extending through entire plots
in the left and right panels show a P, o v~!3 power law; normalization is the same on both
panels. The second power law in the left panel giving a better approximation to the soft state data
of Cyg X-1is P, oc v~! power law. The very high frequency data log(f) > 1 are from [43]

Fig. 2.6 maintain the same power-law shape over a broad frequency range, sug-
gesting that the same physical mechanism is responsible for flux variations at all
frequencies. The same slope and normalization of the power-law component in the
power density spectra of different sources — black holes and neutron stars — suggests
that this mechanism is a property of the accretion disk and does not depend on the
nature of the compact object. A plausible candidate for such mechanism may be
viscosity fluctuations caused for example, by MHD turbulence in the accretion disk,
as suggested in [26]. Viscosity fluctuations lead to variations of the mass accretion
rate which after propagating into the innermost region of the accretion flow are
transformed into variations of the X-ray flux.

However, because of the diffusive nature of disc accretion [48], fluctuations of
mass accretion rate on timescales much shorter than the diffusion timescale will not
be propagated inward, but will be damped close to the radius at which they origi-
nated. As demonstrated in [7], the amplitude of the fluctuations on the timescale t
will be significantly suppressed at the characteristic length scale Ar/r ~ /T /tyisc.
As the viscous timescale depends quadratically on the disk thickness, #yis
(h/ r)_2 !21;], fluctuations on the dynamical T ~ t; ~ .Q;l or thermal © ~ ty ~
(a$2x)~ ! timescales will be damped in the thin disk with 2/r < 1 after traveling a
small distance in the radial direction, Ar/r ~ h/r, and will never reach the region
of the main energy release. The inner region itself cannot generate M fluctuations
on the dynamical or thermal timescales either. Indeed, the coherence length for
fluctuations on a timescale T ~ .QI;' is Ar/r ~ h/r ~ 1072 for the gas pressure
supported Shakura-Sunyaev disk. Therefore N ~ r/Ar ~ 100 independent annuli
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regions will contribute to the observed flux, their variations being uncorrelated. The
contribution of each region to the total flux is small, ~1072, and alone cannot cause
significant variability of the total flux. Furthermore, in their combined emission
uncorrelated fluctuations will be suppressed by a factor of ~ 1/4/N ~ 107! due to
the averaging effect. Thus, for the geometrically thin disc, fluctuations of viscosity
(or mass accretion rate) on the dynamical or thermal timescales will not contribute
significantly to observed variability of the X-ray flux. In order to lead to significant
modulation of the X-ray flux, viscosity or accretion rate fluctuations have to propa-
gat inward significant radial distance and cause fluctuations of mass accretion rate in
a significant range of smaller radii, including the region of the main energy release.
This is only possible for fluctuations on timescales equal or longer than the viscous
time of the disk at the radius, where fluctuations are “inserted” into the accretion
flow [26, 7].

Thus, the standard Shakura-Sunyaev disk plays the role of a low-pass filter, at
any given radius r suppressing M variations on timescales shorter than the local
viscous time f,ic(r). The viscous time is, on the other hand, the longest timescale
of the accretion flow; therefore, no significant fluctuations at longer timescales can
be produced at any given radius. Hence, a radius r contributes to M and X-ray flux
variations predominantly at a frequency f ~ tyis.(r)~' [26, 7]. The broad range
of variability timescales observed in the X-ray power density spectra (Fig. 2.6) is
explained by the broad range of radii at which viscosity fluctuations are generated.
If viscosity fluctuations at all radii have the same relative amplitude, a power-law
spectrum P, o v~! will naturally appear [26], in qualitative agreement with obser-
vations (Fig. 2.6). The picture of inward-propagating fluctuations outlined above
also successfully explains the observed linear relation between rms amplitude of
aperiodic variability and total X-ray flux in black holes [62] and the nearly logarith-
mic dependence of the time lag between time series in different energy bands on the
photon energy [25].

2.6.2 Very Low Frequency Break and Accretion Disk Corona

Owing to the finite size of the accretion disk, the longest timescale in the disk is
restricted by the viscous time on its outer boundary #;s.(R,). Below this frequency,
X-ray flux variations are uncorrelated; therefore, the power density spectrum should
become flat at f < tyic(Ry)~". This explains the low frequency break clearly seen
in the power spectrum of Cyg X-2 (Fig. 2.6). If there are several components in the
accretion flow, for example, a geometrically thin disk and a diffuse corona above
it, several breaks can appear in the power spectrum at frequencies corresponding to
the inverse viscous timescale of each component. It can be easily demonstrated [21]
that the break frequency is related to the orbital frequency of the binary via

foreak = 3a(l +q) 2 (h/r)* (Ra/a) ™ fow
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Fig. 2.7 Relation between the break frequency (~ z;slc at the outer edge of the accretion disk)

and the orbital frequency of the binary system. The shaded area shows the dependence fyis. vs.
forw expected for the standard gas pressure supported Shakura-Sunyaev disk (i/r ~ few x 1072).
Straight solid and dashed lines are predictions for larger values of the disk thickness //r, as indi-
cated by the numbers on the plot. The two points for Cir X-1 correspond to the original data (open
circle) and after correction for the eccentricity of the binary orbit (filled circle). Adopted from [21]

For low-mass X-ray binaries (Roche-lobe filling systems) this becomes fyreak
(h/r)* fon. Such very low frequency breaks indeed are observed in a statistically
representative sample of low mass X-ray binaries, and the break frequency is
inversely proportional to the orbital period of the binary (Fig. 2.7, [21]).

However, measured values of the break frequency imply that the viscous time of
the accretion flow is a factor of >10 shorter than predicted by the standard theory of
accretion disks (cf. shaded area in Fig. 2.7). This suggests that significant fraction
of the accretion M occurs through the geometrically thicker coronal flow above the
standard thin disk. Note that the existence of the Shakura-Sunyaev disk underneath
the coronal flow is required by optical and UV observations of LMXBs indicating
the presence of the optically thick media of extent comparable with the Roche-lobe
size [21]. The aspect ratio of the coronal flow implied by the fy,/ for, measurements,
h/r ~ 0.1, corresponds to a gas temperature of 77 ~ 0.01 T.;;. The corona has
moderate optical depth in the radial direction, 7 ~ 1, and contains <10% of the
total mass of the accreting matter (but the fraction of M is much larger, probably
~0.5). These estimates of temperature and density of the corona are in quantitative
agreement with the parameters inferred by the X-ray spectroscopic observations by
Chandra and XMM-Newton of complex absorption/emission features in LMXBs
with large inclination angle.

In this picture, the red noise (power-law) component of the observed variability
of the X-ray flux is defined by the viscosity and/or M fluctuations generated in
the coronal flow rather than in the geometrically thin disk. Fluctuations produced
in the standard Shakura-Sunyaev disk have much smaller amplitude due to a ~10
times longer viscous timescale (see discussion in Sect. 2.6.1) and do not contribute
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significantly to the observed variability of X-ray flux. This is further supported by
the lack of variability in the soft black body component in Cyg X-1, as discussed
below.

2.6.3 High and Very High Frequencies

In addition to the power-law component of red noise dominating in the larger part
of the low frequency range, power density spectra usually have significant excess of
power in the high frequency end, f > 1072 — 10~! Hz (Fig. 2.6). This excess power
is often referred to as a “band-limited noise,” due its limited scope in frequency. It
is this part of the power spectrum that is the subject of investigation in the majority
of “standard” timing analysis projects, for example, in the ones based on a typical
RXTE/PCA observation.

In black holes, this component is most prominent in the hard spectral state and
usually disappears in the soft state (Fig. 2.6, 2.8). Plotted in the v P, units, it shows
several broad humps, separated by a ~0.5-1 decade in frequency (Fig. 2.8). The
centroid frequencies of these bumps vary with time but they usually do correlate
with each other [16, 65]. It has been proposed that they may be identified with the
(much more narrow) QPO peaks observed in the power spectra of accreting neutron
stars. When the proper identifications are made, black hole and neutron star systems
appear to follow the same global relation between QPO frequencies [41, 65, 38, 6].
This suggests that the features on the power density spectra and their frequencies
are the property of the accretion disk, their existence being unaffected by the nature
of the compact object.

Based on the amplitude and timescale considerations, it is plausible to link the
origin of the band-limited noise component to the inner hot optically thin flow in
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Fig. 2.8 Power density spectra of Cyg X-1 in the soft and hard spectral states. The right hand
panel shows the very high frequency part of the power density spectrum. The power is shown in
units of v P, (leff) and v? P, (right). Adopted from [18] and [43] respectively
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the region of the main energy release. For a 10M black hole, the characteristic
time scales in this region (r ~ 100r,) are: tx ~ 1s and tyj,c ~ 10s, the latter was
computed assuming o ~ 0.2 and i/r ~ 0.2. This suggest that the two main peaks
observed in the v P, spectra may (or may not) be related to the dynamical and vis-
cous timescales at the inner edge of the truncated accretion disk and their origin may
be linked to the interaction between the geometrically thin outer accretion disk and
the optically thin hot inner flow. Note that what appears to be the lower frequency
hump in the v P, plot is in fact a break, below which the power density distribution
is flat, down to the frequency where the red noise component becomes dominant
(Fig. 2.6). As a flat power density distribution means lack of correlation between
events on the corresponding timescales, we can draw an analogy with the very low
frequency breaks associated with the viscous timescale at the outer edge of the disk
(Sect. 2.6.2). This further supports the association of the low frequency hump in the
v P, plot, Fig. 2.8 (= break in the power density spectrum) with the viscous timescale
at the outer boundary of the hot inner flow. One can estimate the truncation radius
of the geometrically thin disk (= outer radius of the hot inner flow in the sombrero
configuration, Sect. 2.2) equating the viscous time with the inverse break frequency,
fi ' ~5s: re~10%r, assuming @ = 0.2 and the aspect ratio of the hot inner flow
h/r = 1/3. This number is in a good agreement with the disk truncation radius
inferred by other measurements, e.g., derived from the variability of the reflected
component ([18], Sect. 2.7).

The right panel in Fig. 2.8 also demonstrates that there is considerable power at
very high frequencies, at the level of vP, ~ 1 —3% at f ~ 10? Hz. The millisecond
range includes a number of important characteristic timescales in the vicinity of the
compact object. The Keplerian frequency at the last marginally stable orbit for a
non-rotating black hole is fx ~ 220 (M/10My)~" Hz. The relativistic precession
frequencies associated with Keplerian motion in the vicinity of the compact object
are also in this range [53]. The typical value of the sound crossing time in the gas
pressure-supported thin disk corresponds to the frequency of a few hundred Hz. The
light-crossing time for the region of ~10r, corresponds to the frequency of ~1kHz.
However, the observed power spectra break somewhere between f ~ 20 Hz (soft
state) and f ~ 50-100Hz (hard state) and do not exhibit any detectable features
beyond these frequencies. The upper limit on the fractional rms of aperiodic vari-
ability in the 500-1000 Hz range is ~1%. Similar upper limit can be placed on the
rms amplitude of narrow features anywhere in this range, ~0.9% assuming width
v/Av = 20 (all upper limits at 95% confidence) [43]. This suggests that none of the
above processes leads to a significant variability and, in particular, no resonances are
present at their characteristic timescales. The nature of the high frequency breaks is
unclear. It may be plausible to associate them with the properties of the emission
mechanism of the hard component, for example, with the details and timescales
of heating and cooling of electrons in the Comptonization region. Obviously, these
properties are different for the hard component in the soft and hard states as indi-
cated by the difference in the high frequency power density spectra shown in the
right panel in Fig. 2.8.
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2.6.4 (Lack of) Variability in the Disk Emission

The energy spectra of black holes in the soft state often have two spectral compo-
nents, a soft black body-like component emitted by the optically thick accretion
disk and a hard power-law component of thermal or non-thermal origin formed
in the optically thin media (Sect. 2.3, Figs. 2.1,2.3). The study of the variability
properties of these two components in black hole X-ray novae in the early 1990s
with the Ginga and GRANAT observatories led to the conclusion that most of the
variability of the X-ray emission in the soft state is usually associated with the hard
spectral component (e.g., [36, 58, 15]), the thermal disk emission generally being
much more stable. This conclusion has been later confirmed by a more rigorous and
quantitative analysis [7, 18, 20] whose main results are summarized below.

The energy dependence of the variability can be characterized by the frequency-
resolved energy spectrum [44]. It is defined as a set of Fourier amplitudes computed
from light curves in different energy channels. The Fourier amplitudes are integrated
over the frequency range of interest and expressed in the units of flux. Its advantages
over simple energy-dependent fractional rms are the possibility to use conventional
(i.e., response folded) spectral approximations and to compare its shape with shapes
of various spectral components present in the average energy spectrum of the source.
However, it cannot be always regarded as the energy spectrum of the variable com-
ponent. For this to be possible, certain conditions must be fulfilled [20], for example,
(1) independence of the shape of the frequency-resolved spectrum on the Fourier
frequency and (ii) the absence of time lags between flux variations at different ener-
gies. If these two conditions are satisfied, the spectral variability can be represented
as F(E,t) = So(E) + I(t)S(E).

These conditions are fulfilled in the soft state of Cyg X-1 (Fig. 2.9): therefore,
the Fourier frequency-resolved spectrum represents the energy spectrum of the vari-
able part of the X-ray emission. Remarkably, it coincides with the average source
spectrum at E > 7 — 8 keV where the contribution of the disk emission becomes
small (Fig. 2.10). Moreover, source light curves in different energy channels allow
a linear decomposition in the form F(E,t) = A(E) + I(¢)B(E) [7]. The constant
part of the source emission A(E) coincides with the spectrum of the accretion disk,
while the spectrum of the variable part B(E) coincides with the frequency-resolved
spectrum and can be described by the Comptonization model (Fig. 2.10). Thus,
on timescales from ~100ms to ~500s (at least) the source variability is due to
variations in the flux of the hard component, whose shape is kept constant in the
course of these variations, the amplitude of variability of the disk emission being
significantly smaller.

This can be explained in the model of inward-propagating fluctuations outlined
in Sect. 2.6.1. The hard component is associated with the optically thin hot flow
whose aspect ratio must be comparable to unity, #/r ~ 0.1 — 1. Therefore, the
viscous timescale in the hot flow is ~102-~10* times shorter than in the geomet-
rically thin disk from which the soft component originates (cf. Sect. 2.6.2). This
makes the geometrically thick flow more “transparent” for the high frequency per-
turbations. Depending on the particular value of i/r and of the a-parameter, the
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Fig. 2.9 Frequency-resolved spectra of Cyg X-1 in the soft state (June 16—18, 1996). The numbers
in the upper-right corner of each panel indicate the median frequency. In each panel, the upper his-
togram shows the average spectrum, the lower histogram shows the frequency-resolved spectrum
at low frequencies, 0.002—0.033 Hz (the same data as in the left panel of Fig. 2.10). The spectra are
plotted as ratio to a power-law spectrum with photon index I" = 2.5 and low energy absorption
Ny =6-10* cm™2

viscosity or M fluctuations on the thermal and even dynamical timescales will be
propagated inward without significant damping and will modulate the accretion rate
at all smaller radii, including the region where X-ray emission is formed, leading
to a significant modulation of X-ray flux. This is not the case for the geometrically
thin disk where the viscous timescale is ~ 103-10* times longer than the dynami-
cal and thermal timescales; therefore, high frequency perturbations will be damped
(Sect. 2.6.1). It is plausible to expect that perturbations on the thermal and dynamical
timescales have larger amplitude than perturbations on the viscous timescales, thus
explaining the significantly smaller variability amplitude of the disk emission.

The lack of variability of the disk emission and its interpretation are consistent
with the conclusion of the Sect. 2.6.2 made from completely independent arguments.
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Fig. 2.10 Left: Average and frequency-resolved spectrum of Cyg X-1 in the 1996 soft state. Right:
Spectra of “constant” (open circles — A(E)) and “variable” (solid circles — B(E)) components
derived from the linear fits of the correlation between count rate in different channels. The nor-
malization of the “variable” component B(E) is arbitrary. For comparison, the light grey (yellow
in the color version) curve shows the spectrum of a multicolor disk emission with a characteristic
temperature of 0.5keV. The two upper spectra (solid squares) were averaged over the periods
of time when the count rate above 9 keV was high and low, respectively. The dark grey (green)
lines show that these spectra can be reasonably well (within 10-15%) approximated by a model
M(E) = A(E) + I x B(E) consisting of the stable and variable spectral components where I (the
normalization of the variable component) is the only free parameter. The right panel is adopted
from [7]

Namely, based on the location of the low-frequency break in the power density spec-
tra of neutron stars we concluded that the bulk of variability seen at low frequencies
originates in the optically thin coronal flow with an aspect ratio of #/r ~ 0.1, rather
than in the underlying geometrically thin disk.

Finally, it should be noted that variations of the soft component may also arise
from the variations of the disk truncation radius. Such variations may be absent
if the geometrically thin disk extends to the last marginally stable orbit (3r, for
a Schwarzschild black hole) but appear when the disk truncation radius is larger.
Indeed, detailed study of the 1996 soft state of Cyg X-1 used as an example here
demonstrated that on a number of occasions, mostly at the beginning and in the end
of soft state episodes, the soft component was strongly variable. Notably, the power
density spectrum during these periods had a complex shape, significantly different
form the simple power law shown in Figs. 2.6, 2.8.

2.7 Variability of the Reflected Emission

The reflected component (Sect. 2.4) arises from the reprocessing of the Comp-
tonized emission in the accretion disk (Fig. 2.2), therefore, it should be expected to
show some degree of variability as the Comptonized radiation is strongly
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Fig. 2.11 The two effects defining the response of the reflected emission to variations of the Comp-
tonized emission are the finite light travel time 7, from the hot inner flow to the accretion disk and
the finite size of the accretion disk itself, Ar;/c ~ Az, (left panel). While the first factor introduces
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disk itself leads to the suppression of high frequency variations in the reflected emission. The right
panel shows the Green function of the time response of the geometrically thin disk around a 10M,
black hole (from [18]). The numbers at the curves mark the disk truncation radius and inclination

variable. The characteristic times of absorption/emission processes in the accretion
disk are negligibly small; therefore, the main factors defining the response of the
reflected flux to variations of the Comptonized radiation are related to the light
travel times (Fig. 2.11). Namely, they are (i) the finite light travel time from the
source of primary radiation to the reflector, i.e., from the Comptonization region to
the accretion disk and (ii) the finite size of the reflector. The first will introduce a
time delay between variations of the reflected and Comptonized components. The
amplitude of this delay is t; ~ ry/c ~ 10 (rd / 100rg) (M/10Mg) ms. The finite
size of the disk itself will lead to suppression of the high frequency variations in
the reflected component — the accretion disk acts as a low-pass filter. It seems to
be possible to estimate the cut-off frequency from the size of the accretion disk
making the main contribution to the reflected flux, Ary, ~ r4, thus leading to
Jeu ~ Aty '~ (Arg/e)™' ~ 100 Hz, i.e., beyond the frequency range of the bulk of
observed variability (Fig. 2.8). However, calculations of the transfer function [18]
show that at the frequency fou ~ Az, ! the variability signal is suppressed by a
significant factor of ~10-20, whereas a noticeable suppression of variability by a
factor of ~2 or more occurs at frequencies ~10 times lower. As these effects directly
depend on the mutual location and the geometry of the Comptonization region and
the accretion disk, their observation is a powerful tool in studying the geometry of
the accretion flow.

As suggested in [44, 18], the variability of the reflected emission can be studied
using the methods of frequency-resolved spectroscopy (Sect. 2.6.4). This method
is based on the analysis of Fourier amplitudes and therefore washes out phase
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information, precluding the study of time delay effects. However, it provides a
convenient way to explore the frequency dependence of the variability of the iron
line flux and to compare it with that of the continuum emission which is domi-
nated by the Comptonized radiation. Using this method, [44, 18] showed that in the
soft spectral state, variations of the reflected component have the same frequency
dependence of the rms amplitude as the Comptonized emission up to frequencies
~30Hz (Fig. 2.12). This would be expected if, for instance, the reflected flux was
reproducing, with a flat response, the variations of the primary radiation down to
timescales of ~30-50 ms. The sensitivity of their analysis was insufficient to study
shorter timescales. In the hard spectral state, on the contrary, the variability of the
reflected flux is significantly suppressed in comparison with the direct emission
on timescales shorter than ~0.5-1s. These findings are to be compared with the
predictions of the simple model for the time response of the disk to variations of
the primary emission. Assuming that suppression of the short-term variability of
the reflected emission is caused by the finite light-crossing time of the accretion
disk, one can estimate the truncation radius of the accretion disc, r4 ~ 100r, in the
hard spectral state and r; < 10r, in the soft spectral state (Fig. 2.12). This agrees
well with the interpretation of the spectral states in black holes in the “sombrero”
geometry of the accretion flow (Sect. 2.2).

In order to study the time delay in the reflected emission, one would need to
separate the reflected component from the main emission in time-resolved energy
spectra. This can be done most easily for the fluorescent iron line, while the reflec-
tion continuum is more difficult to separate due to its breadth in the energy domain.
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An attempt to perform such an analysis based on RXTE/PCA data of Cyg X-1 in the
hard state is presented in the right panel in Fig. 2.12. In each bin of the light curve
with 16 ms resolution, the spectrum in the 3—-20keV band was linearly decomposed
into power-law component, reflected continuum, and 6.4keV iron line emission.
The cross-correlation of the light curves of the iron line flux and the power-law
component is shown in Fig. 2.12. The cross-correlation function shows a clear
asymmetry, suggesting a time delay of the order of ~10-15ms. The amplitude of
the possible time delay corresponds to a disk truncation radius of ~100r,, in good
agreement with the number obtained from the analysis of high-frequency variations
in the iron line flux (left panel in Fig. 2.12) and also with the numbers tentatively
suggested by spectral analysis.

The results shown in Fig. 2.12 seem to suggest a rather consistent picture and
favor to the “sombrero”-type configuration of the accretion flow, with the spectral
state transition being related to a change of the disk truncation radius. However, a
caveat is in order. While the rms amplitude behavior of the iron line emission is a
rather robust observational result, the search of the time delay of the reflected com-
ponent requires separation of line and continuum emission components. On ~10 ms
timescales, this cannot be done through direct spectral fitting because of insufficient
statistics, even with the large collecting area of the PCA instrument aboard RXTE
and requires more sophisticated data analysis techniques, for example, the one used
to produce the cross-correlation function shown in Fig. 2.12. Second, although the
interpretation of these results in terms of finite light travel times is the most simple
and straightforward, alternative scenarios are also possible as discussed in length in
[18]. Nevertheless, the former interpretation is, in my view, the simplest and most
attractive one and is further supported by the results of the spectral analysis, as
described in the next section.

2.8 R — I and Other Correlations

Observations show that spectral and timing parameters of accreting black holes
often change in a correlated way, e.g., [16, 42, 39]. One of the most significant
correlations is the one between the photon index of the Comptonized spectrum, the
amplitude of the reflected component, and the characteristic frequencies of aperiodic
variability (Figs. 2.13, 2.16). The correlation between spectral slope and reflection
amplitude is also known as R — I" correlation [16, 66]. Its importance is further
amplified by the fact that it is also valid for supermassive black holes (Fig. 2.14)
[67].

2.8.1 R — I" Correlation

The spectrum formed by the unsaturated Comptonization of low frequency seed
photons with characteristic temperature Tp, on hot electrons with temperature 7,
has a nearly power-law shape in the energy range from ~3kTj;, to ~kT, [55]. For
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the parameters typical for black hole X-ray binaries in the hard spectral state, this
corresponds to the energy range from ~0.5-1keV to ~50-100keV (e.g., Fig. 2.2).
The photon index I" of the Comptonized spectrum depends in a rather complicated
way on the parameters of the Comptonizing media, primarily on the electron temper-
ature and the Thompson optical depth [55]. It is more meaningful to relate I" to the
Comptonization parameter y or, nearly equivalently, to the Compton amplification
factor A. The latter describes the energy balance in the corona and is defined as the
ratio of the energy deposition rate into hot electrons and the energy flux brought into
the Comptonization region by soft seed photons. The concrete shape of the I'(A)
relation depends on the ratio 73,/ T, of the temperatures of the seed photons and the
electrons, the Thomson optical depth, and the geometry, but broadly speaking, the
higher the Compton amplification factor, the harder is the Comptonized spectrum
[56, 10, 22, 15]. This is illustrated by the results of Monte-Carlo simulations shown
in Fig. 2.15.
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Fig. 2.15 Relation between the photon index of Comptonized radiation I" and the Compton ampli-
fication factor A. The symbols show results of Monte-Carlo simulations assuming spherical geom-
etry for different values of parameters of the Comptonization region and soft seed photons. The
solid lines are calculated using Eq. (2.1). Adopted from [17]

The strength of the reflected component in the spectrum depends on the fraction
of the Comptonized radiation intercepted by the accretion disk (Sect. 2.4). The latter
is defined by the geometry of the accretion flow, namely, by the solid angle 245k
subtended by the accretion disk as seen from the corona. In addition, the spectrum
of the reflected emission depends on the ionization state of the disk, in particular, its
low energy part which is formed by the interplay between Thomson scattering and
photoabsorption and fluorescence by metals. The problem is further complicated by
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the fact that the ionization state of the disk can be modified by the Comptonized
radiation.

Observations show that there is a clear correlation between the photon index
of the Comptonized radiation I" (i.e., the Comptonization parameter) and the rel-
ative amplitude of the reflected component R (Fig. 2.13). Softer spectra (lower
value of the Comptonization parameter y and of the Compton amplification factor
A) have stronger reflected component, revealing itself, for example, via a larger
equivalent width of the iron fluorescent line. The existence of this correlation sug-
gests that there is a positive correlation between the fraction of the Comptonized
radiation intercepted by the accretion disk and the energy flux of the soft seed
photons to the Comptonization region [66]. This is a strong argument in favor of
the accretion disk being the primary source of soft seed photons to the Comp-
tonization region. Indeed, in the absence of strong beaming effects a correlation
between $24;sx and the seed photons flux should be expected since an increase in
the solid angle of the disk seen by the hot electrons (= £2g4;5x) should generally lead
to the increase of the fraction of the disk emission reaching the Comptonization
region.

2.8.2 Toy Models

We illustrate the above considerations with two simple and idealized models having
a different cause of change of £24isx. In the first, the disk-spheroid model (cf. “som-
brero” configuration, Sect. 2.2), an optically thin uniform hot sphere with radius
Fsph» the source of the hard Comptonized radiation is surrounded by an optically
thick cold disk with an inner radius 7y, $24ix depending on the ratio rgisk/7sph-
Propagation of the the disk toward/inward the hot sphere (decrease of rgisk/7sph)
leads to an increase of the reflection scaling factor R, a decrease of the the Comp-
ton amplification factor A, and a steepening of the Comptonized spectrum. In such
a context the model was first studied by Zdziarski et al. [66]. In the second, the
plasma ejection model, the value of the £24i is defined by the intrinsic properties
of the emitting hot plasma, particularly by its bulk motion with mildly relativistic
velocity toward or away from the disk, which itself remains unchanged [5]. In the
case of an infinite disk, values of the reflection scaling factor R below and above
unity correspond to the hot plasma moving, respectively, away from and toward the
disk.

Both models predict a relation between reflection R and Compton amplification
factor A which can be translated to I"(R) given a dependence I'(A) of the pho-
ton index of the Comptonized spectrum on the amplification factor. The relation
between I" and A can be approximated by

1—=T (T/Tp)* " =1

A=(1—¢e ). .
( )2—f‘<nnw“f—1

+e . 2.1)




2 X-Ray Emission from Black-Hole Binaries 43

This formula is based on the representation of the Comptonized spectrum by a power
law in the energy range kTp, — kT, and takes into account that a fraction e~ of
the soft radiation will leave the Comptonization region unmodified. Despite its sim-
plicity, it agrees with the results of the Monte-Carlo calculations with reasonable
accuracy for optical depth 77 ~ 1 and Ty, /T, ~ 107> — 1073 (Fig. 2.15).

The expected I"(R) relations are shown in Fig. 2.13. With a proper tuning of the
parameters, both models can reproduce the observed shape of the I"(R) dependence
and in this respect are virtually indistinguishable. The models plotted in Fig. 2.13
were calculated with the following parameters: the disk-spheroid model assumes
the disk albedo @ = 0.1, Thomson optical depth of the cloud 77 = 1, and the ratio
of the temperature of the seed photons to the electron temperature T}/ T, = 1074, 1
note that the latter value is too small for stellar mass black holes, a more realistic one
being in the range T}/ 7, = 10~3. However, this does not invalidate the model as
a number of significant effects are ignored in this calculation which can modify the
I"'(R) dependence, for example, disk inclination, gravitational energy release in the
disk, etc. The exact importance of these factors is yet to be determined. The plasma
ejection model parameters are a = 0.15, 7 = 1, T /T, = 3 - 1073, and p; = 0.3.
The observed range of the reflection R ~ 0.3 — 1 and the slope I" ~ 1.5 — 2.2
can be explained assuming variation of the disk radius from rgjsx ~ 7gph 10 7gisk ~ 0
in the disk-spheroid model or variation of the bulk motion velocity from v ~ 0.4c
away from the disk to v ~ 0 in the plasma ejection model.

Of course these models are very simple and schematic and the real configuration
of the accretion flow is likely to be far more complex. They are presented here with
the only purpose to demonstrate that simple geometrical considerations can success-
fully explain the observed correlation between parameters of the Comptonized and
reflected emission in black holes. More sophisticated scenarios are considered, for
example, in [28].

2.8.3 Characteristic Frequencies of Variability

As discussed in Sect. 2.6.3, the power density spectra of accreting black holes above
f = 1072 Hz have a number of bumps and peaks which define several frequencies
characterizing the variability timescales in the accretion flow. These frequencies
usually correlate with each other, therefore, almost any of them may be used to
represent characteristic variability timescales. As illustrated in Fig. 2.16, a tight cor-
relation exists between the reflection amplitude R and the characteristic variability
frequencies — an increase in the amplitude of the reflected component in the energy
spectrum is accompanied by an increase in the variability frequencies. This correla-
tion covers a remarkably broad dynamical range, nearly two orders of magnitude in
frequency.
Although the precise nature of the characteristic noise frequencies is still unknown,

it is plausible that they are associated with the Keplerian and viscous timescales of
the disk and corona at various characteristic radii, for example, at the truncation
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Fig. 2.16 The correlations between the amplitude of the reflected component R and the charac-
teristic frequencies of aperiodic variability. The frequency of the second peak in the v P, plot
(Fig. 2.8) was used to represent the latter

radius of the disk (Sect. 2.6.3). If this is true, the correlation between R and v can
be easily understood, at least qualitatively. Indeed, in the truncated disk picture the
increase in reflection is caused by the inward propagation of the inner disk boundary,
hence, it is accompanied by an increase in the Keplerian frequency at the disk trun-
cation radius and the corresponding increase in the characteristic noise frequencies.

2.8.4 Doppler Broadening of the Iron Line

The spectrum of the emission, reflected from a Keplerian accretion disk, is modified
by special and general relativity effects [12], in particular, the width of the fluores-
cent line of iron is affected by the Doppler effect due to Keplerian motion in the
disk (Sect. 2.4). If the increase in the reflection amplitude is caused by the decrease
in the inner radius of the accretion disk, a correlation should be expected between
the amplitude of reflected emission and its Doppler broadening, in particular, the
Doppler width of the iron line. Such a correlation is a generic prediction of the trun-
cated disk models and might be used to discriminate between different geometries of
the accretion flow. The energy resolution of RXTE/PCA, whose data have been used
for this study [19], is not entirely adequate for the task to accurately measure the
relativistic smearing of the reflection features. However, the data shown in Fig. 2.17
suggest a correlated behavior of the reflection and the Doppler broadening of the
fluorescent line of iron.
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(left) and the characteristic frequency of variability (right). The straight lines in the right panel
show the dependence AE/E le/ ,?, o €xpected in the truncated disk picture if the characteristic

frequencies of variability were proportional to the Keplerian frequency at the inner boundary of
the accretion disk

Speculating further, if the characteristic frequencies of variability are propor-
tional to the Keplerian frequency at the inner boundary of the disk, they should
scale as

-3/2
VPO X WK X Fyiek -

As the reflected emission is likely to originate primarily from the innermost parts of
the accretion disk, closest to the source of Comptonized radiation, the effect of the
Doppler broadening should be proportional to the Keplerian linear velocity at the
inner edge of the disk:

AE vk .. _ipo.

7 X T Smi: & ¥ disk sinzi.
Therefore, one might expect that the characteristic frequencies of variability and the
Doppler broadening of the fluorescent line should be related via:

(AE/E)®
a e —

VQPO 3

MBH sin l"
where Mgy is the black hole mass and i is inclination of the binary system. The
PCA data indicate that such dependence might indeed be the case (Fig. 2.17, right
panel). However, an independent confirmation by observations with higher energy
resolution instruments is still needed.

Thus, observations speak in favor of the truncated disk scenario. However,
this point of view is not universally accepted and alternative interpretations and
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scenarios are being investigated. The counter arguments are based, for example, on
the possible detection of the relativistic broad Fe K line and cool disk emission com-
ponent in the hard state spectra of several black holes, suggesting that the optically
thick disk might be present in the vicinity of the compact object in the hard state
as well. For the detailed discussion the interested reader is referred to the original
work, e.g., [34] and references therein.

2.9 Comparison with Neutron Star Binaries

Neutron star radii are most likely in the range ~10-15km, i.e., of the order
of ~3—4r, for a ~1.4M object. This is comparable to the radius of the last
marginally stable Keplerian orbit around a non-rotating black hole; hence, the effi-
ciency n = Ly/ Mec? of accretion onto a neutron star is not much different from
that on a black hole. Therefore at comparable M accreting black holes and neutron
stars would have comparable X-ray luminosities (but see below regarding the con-
tribution of the boundary layer). The Eddington luminosity limit, however, is pro-
portional to the mass of the central objects, and the typical maximum luminosity is
by Mgy /Mys ~ 5-10 times smaller for neutron stars. This is in general agreement
with observations of peak luminosities of black hole transients and their comparison
to luminosities of persistent and transient neutron star systems in the Milky Way.

The fact that the size of a neutron star is of the order of ~3r,, i.e., is comparable
to the radius of the last marginally stable Keplerian orbit around a black hole also
suggests that the structure of the accretion disk in both cases may be similar. This
is indirectly confirmed by the existence of two spectral states in accreting neutron
stars, whose properties are qualitatively similar to black holes (Fig. 2.1). A more
direct argument is presented by the similarity of the accretion disk spectra in the
soft state, which can be described by the same spectral models in black holes and
neutron stars (e.g. [20]). Moreover, the power density spectra of the accretion disk
in both types of systems follow a P, o v~* power law with « close to ~1 (Sect. 2.6
and [20]). The strong magnetic field which may exist around young neutron stars
can change the picture, causing disruption of the accretion disk at a large distance
from the neutron star and modifying dramatically the structure of the accretion flow
inside the magnetospheric radius r,, >> rys. This may lead to the phenomenon of
X-ray pulsations common in high-mass X-ray binaries and is not considered in this
chapter.

The main qualitative difference between the two types of compact objects is
obviously the existence of a solid surface of the neutron star which is absent in
the case of a black hole. Neutron star rotation frequencies are typically in the few
hundred Hz range, i.e., ~ several times smaller than the Keplerian frequency near
its surface, vg ~ kHz. Therefore, a boundary or spreading layer will appear near
the surface of the neutron star where accreting matter decelerates from Keplerian
rotation in the accretion disk down to the neutron star spin frequency and settles onto
its surface (Fig. 2.18, left panels). In Newtonian approximation, half of the energy of
the test particle on a Keplerian orbit is in the form of kinetic energy of the Keplerian
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Fig. 2.18 The left panels show the geometry of the spreading layer on the surface of the neutron
star (upper) and radial dependence of the angular velocity of accreting matter (lower). Adopted
from [24]. On the right: Hard state spectra of several weakly magnetized accreting neutron stars
and of a black hole Cyg X-1. Based on the data from RXTE observations

rotation; hence, for a non-rotating neutron star half of the energy release due to
accretion would take place in the boundary/spreading layer. The effects of general
relativity can increase this fraction, e.g., up to ~2/3 in the case of a neutron star
with radius rys = 3rg [52, 50]. Rotation of the neutron star and deviations of the
space—time geometry from Schwarzschild metric further modify the fraction of the
energy released on the star’s surface. A luminous spectral component emitted by
the boundary layer will exist in the X-ray spectrum of an accreting neutron star, in
addition to the emission from the accretion disk. The shape of the spectra of lumi-
nous neutron stars (soft state spectrum in Fig. 2.1) suggests that both the accretion
disk and the boundary layer are in the optically thick regime. As the luminosities of
the two components are comparable, but the emitting area of the boundary layer is
smaller than that of the accretion disk, its spectrum is expected to be harder.

Looking from a different angle we may say that because of the presence of the
stellar surface, at the same M neutron stars are approximately twice more luminous
than black holes. Indeed, in the case of the black hole accretion the kinetic energy of
Keplerian motion at the inner edge of the accretion disk is nearly all advected into
the black hole. If the central object is a neutron star, this energy is released in the
boundary/spreading layer on its surface, approximately doubling the luminosity of
the source.! An interesting consequence of this is that the ratio of L p44/M is larger
for neutron stars than for black holes.

I'A more accurate consideration should take into account geometry of the problem, namely the
emission diagrams and the orientation with respect to the observer of the emitting surfaces of the
boundary layer and accretion disk. This makes the boundary layer contribution to the observed
emission dependent on the inclination of the binary system, see, for example, [20].
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Due to the similarity of the spectra of the accretion disk and the boundary layer,
the total spectrum has a smooth curved shape, which is difficult to decompose into
separate spectral components. This complicates analysis and interpretation of the
neutron star spectra and in spite of a very significant increase in the sensitivity of
X-ray instruments made in the last decade, still often leads to ambiguous and contra-
dicting results, even based on physically motivated spectral models. This degeneracy
may be removed with the help of timing information. It has been noticed already in
the early 1980s that the variability patterns may be different for the boundary layer
and accretion disk [35]. Further progress has been made almost 20 years later, thanks
to the large collecting area of the PCA instrument aboard RXTE and the use of novel
data analysis techniques. Using the method of frequency-resolved spectral analysis
it has been shown that aperiodic and quasi-periodic variability of bright LMXBs —
atoll and Z-sources, on ~ s — ms timescales is caused primarily by variations of the
luminosity of the boundary layer [20]. It was also shown that the boundary layer
spectrum remains nearly constant in the course of the luminosity variations and
is represented to certain accuracy by the Fourier frequency-resolved spectrum. This
permits to resolve the degeneracy in the spectral fitting and to separate contributions
of the boundary layer and disk emission (Fig. 2.19, left panel). Interestingly, the
spectrum of the boundary layer emission has the same shape in different objects and

10 T T

GX340+0 GX340+0

GX17+2
Cyg X-2
4U1820-30
4U1608-52

t
", 7

9 Ve
/
/ .

total __eee e
e

boundary
layer

kev2xphot/sec/cm?/keV
i
|
VF,, photxkeV2/s/cm2/keV

0.1 |

v

~25 Hz QPO

veF |
=)
-

| M . . . M|
10 10
Energy, keV Energy, keV

Fig. 2.19 Left: Points with error bars showing total and frequency-resolved spectra of GX 340+0.
The dashed (blue in the color version of the plot) and upper solid (red) histograms show the disk
and boundary layer spectra, the latter computed as a difference between the (observed) total and
(predicted) accretion disk spectrum. The lower solid histogram is obtained from the upper scaling
it to the total energy flux of the frequency-resolved spectrum. Adopted from [20]. Right: Fourier
frequency-resolved spectra, corrected for the interstellar absorption (*boundary layer spectra) of
five luminous accreting neutron stars. For 4U 1608-52, the frequency-resolved spectrum of the
lower kHz QPO is shown. All spectra were corrected for the interstellar absorption. The thick
short-dashed line shows the best fit Comptonization model with k7; = 1.5, kT, = 3.3 keV, t = 5.
The thin long-dashed line shows a black body spectrum with temperature k Ty, = 2.4 keV. Adopted
from [45]
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is nearly independent of the global mass accretion rate in the investigated range of
M ~ 0.1 — I)MEdd and in the limit of M ~ MEdd is close to a Wien spectrum
with kT ~ 2.4keV (Fig. 2.19, right panel). Its independence on the global value
of M lends support to the theoretical suggestion by [24] that the boundary layer
is radiation pressure supported. With this assumption, one can attempt to measure
gravity on the neutron star surface and hence M/R?, from the shape of the boundary
layer spectrum, similarly to the photospheric expansion (i.e., Eddington limited) X-
ray bursts. This gives results within the range of values obtained by other methods
[45, 51].

As neutron stars have smaller mass than black holes, the linear scale correspond-
ing to the gravitational radius is smaller, r, o M. This has two important conse-
quences. First, the surface area of the emitting region is directly proportional to M2,
therefore at the same luminosity the temperature of black body emission will be
larger, T, oc M~'/2. The spectrum is further modified by the contribution of the
emission from the boundary layer, which has yet smaller emitting region and harder
spectrum. This is illustrated by Fig. 2.1 — the soft state spectrum of the neutron star
4U 1705-44 is noticeably harder than that of the black hole Cyg X-1.

Second, the smaller linear scale in neutron star accretion shifts the characteristic
frequency scales by a factor o« M~!, suggesting ~35 times higher frequencies of vari-
ability in neutron star systems. This is confirmed by observations as demonstrated
in the extensive comparison of black hole and neutron star power density spectra
in [59]. In addition, characteristic timescales in the boundary or spreading layer
are significantly shorter than those in the accretion disk and are in the tens of kHz
frequency domain. It has been suggested that a very high frequency component may
exist in the power density spectra of neutron stars associated with the turbulence in
the spreading layer [59, 24]. If detected, this may become a unique diagnostics tool
of physical conditions in the spreading layer on the surface of the neutron star. So
far, only upper limits have been obtained; they are at the level of ~1072 fractional
rms [59].

The relatively cold surface of the neutron star is a source of copious soft photons.
This is mostly relevant in the hard spectral state — the low energy photons emitted by
the neutron star surface result in a more efficient cooling of electrons in the Comp-
tonization region, thus changing its energy balance and Comptonization parameter
(luminosity enhancement factor, cf. Sect. 2.8.1). Consequently, the energy spectra
of neutron stars in the hard state are significantly softer than those of black holes —
they have larger spectral index (smaller Comptonization parameter) and a smaller
value of the high energy cut-off (lower electron temperature). Both these effects are
clearly seen in the spectra shown in Figs. 2.1, 2.18.

The existence of soft and hard spectral states in neutron stars suggests that, sim-
ilarly to black holes, the accretion flow can change its configuration from optically
thin to optically thick. A remarkable fact is that this change seems to occur to both
accretion disk and boundary layer (quasi-) simultaneously. Indeed, to my knowl-
edge, no two-component (soft + hard) spectrum has been observed in the case of
accreting neutron stars so far.
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Chapter 3
States and Transitions in Black-Hole Binaries

T. M. Belloni

Abstract With the availability of the large database of black-hole transients from
the Rossi X-Ray Timing Explorer, the observed phenomenology has become very
complex. The original classification of the properties of these systems in a series
of static states sorted by mass accretion rate proved not to be able to encompass
the new picture. I outline here a summary of the current situation and show that a
coherent picture emerges when simple properties such as X-ray spectral hardness
and fractional variability are considered. In particular, fast transition in the prop-
erties of the fast time variability appear to be crucial to describe the evolution of
black-hole transients. Based on this picture, I present a state classification which
takes into account the observed transitions. I show that, in addition to transients
systems, other black-hole binaries and Active Galactic Nuclei can be interpreted
within this framework. The association between these states and the physics of the
accretion flow around black holes will be possible only through modeling of the full
time evolution of galactic transient systems.

3.1 Introduction

The presence of two different “states” in the X-ray emission of the first black-hole
candidate, Cygnus X-1, was realized in the early 1970s with the Uhuru satellite [90].
A transition lasting less than 1 month was observed from a soft spectrum to a hard
spectrum: the source intensity decreased by a factor of 4 in the 2-6keV band and
increased by a factor of 2 in the 10-20keV band. The associated radio source was
not detected before the transition and appeared at a flux at least three times higher
after the transition. Because of the large flux swing below 10 keV, where most of
the instrument response was, this led to the identification of a “high” state (with
soft spectrum and no radio detection) and a “low” state (with hard spectrum and
associated radio source). In its “low” state, Cyg X-1 was observed to show strong
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aperiodic noise [91, 71], while the soft state is characterized by a much reduced
noise level.

As we know now, most black-hole binaries (BHB) are transient sources
(black-hole transients, BHT), whose detection depends strongly on the availability
of all-sky monitors and wide-field instruments. The first BHT was A 0620-00 dis-
covered with the Ariel satellite in 1975 [23]. As its flux reached 50 Crab at peak,
the spectral distribution could be followed throughout the outburst [79]. The spec-
trum was hard at the start of the outburst, while the flux peak was observed to be
caused by a strong soft (<10 keV) enhancement, while the hard flux dropped. The
two states recognized in Cyg X-1 appeared to be present also here, as recognized
by [17].

Other sources appeared to follow this bi-modal state classification. The two per-
sistent systems LMC X-1 and LMC X-3 were always observed in the high state
(although it is now recognized that LMC X-3 shows occasional transitions to a
harder state (see [100, 36]). The bright source GX 339-4 was not detected with
Uhuru and was discovered with OSO-7 [54]. The early observations showed that
the source was extremely variable over timescales of 100 days, alternating between
three states: a “high” state with a soft spectrum, a harder “low” state, and an
“off” state, which was later recognized as a low-flux extension of the low state
(see [44]). The similarity of GX 339-4 and Cyg X-1 was also strengthened by the
observation of similar strong aperiodic variability [82]. Since the names “low” and
“high” derive from the 1-10keV flux and the fluxes at higher energies reverse, I
will refer to them as “low-hard” (LHS) and “high-soft” (HSS), respectively (see
Chap. 2).

The all-sky monitor on board the Ginga satellite allowed the discovery of new
X-ray transients, which could then be followed-up with extensive observations
with its large proportional counters. Three major bright transients were observed:
GS 1124-684, GS 20004251, and GS 2023+338 (see [89]). The latter showed very
unusual properties and dramatic variability caused by variable intrinsic absorption.
GS 20004251 showed low and high states similar to those already known. More
interesting was the case of GS 1124-684. Here, in addition to the two known states,
an additional state with different properties was found [47]. This new state had
already been recognized in earlier observations of GX 339-4 [64]: since it appeared
at the brightest flux levels, it was dubbed “very-high” state (VHS). Its spectral
properties were a mixture of those observed in the high and low states, while the
timing properties appeared very complex. Low-frequency quasi-periodic oscilla-
tions (QPO) were observed, but not at all times, and fast transitions could be seen
(see [67, 88]). Properties similar to those of the “very-high” state were seen in the
same two sources, but during observations at a much lower luminosity [4, 60] a new
“intermediate” state (IMS) was therefore proposed.

Overall, the amount of information available until 1995 was scarce and it was
difficult to derive a coherent picture (see [89] for a review). At the very end of 1995,
the Rossi X-Ray Timing Explorer was launched [13]. The presence of an all-sky
monitor (ASM), a large proportional counter (PCA) and a high-energy instrument
(HEXTE), together with an extreme flexibility of operation, make it an ideal mission
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for the study of bright black-hole binaries,' most of which are of transient nature. A
vast database is available, which of course is enhanced by the presence of (sparser)
observations by other X-ray missions. The large amount of new information has
naturally resulted in a burst of publications. Since the observed phenomenology is
complex, it resulted in a number of different classifications in terms of source states,
often evolving with time and difficult to compare with each other. In the following, I
present the current situation, with the aim of guiding the reader through the jungle of
source properties and states. My approach touches the basic properties, intentionally
ignoring all inevitable complications, in order to give an overview of the general
picture that has emerged, pointing to selected publications where the subject can be
examined in more detail. I concentrate on the X-ray properties, since the connection
with other energy bands and with the jet ejection is discussed in other chapters. The
use of the term BHB instead of microquasar is intentional and is aimed at denoting
the complete class of sources, whether relativistic jet ejections have been observed
or not. The ubiquitous presence of radio emission, at least in some states, seems to
indicate that the two definitions probably point to the same set of objects.

3.2 The Fundamental Diagrams

While the HSS and the LHS are relatively well defined and identified (see Chap. 2),
everything else is still a matter of discussion. The light curves of black-hole tran-
sients are quite varied and even the same source can exhibit very different time
evolutions of their flux during different outbursts (see [33, 56]). However, the spec-
tral hardness (defined as the ratio of observed counts in two energy bands) and
the integrated fractional rms variability are quantities which exhibit considerable
regularity [8, 39] and have the additional advantage of being model independent.
Since RXTE provides a large database obtained with the same high-area instrument
(the PCA), after correction for time variations of the instrument gain, it is possible
to compare a large number of sources, a comparison which would be impossible
combining different instruments. Clearly, the interpretation of hardness is not obvi-
ous and need to be supported by spectral fitting, also considering that the observed
spectrum consists of the superposition of different components. However, a careful
selection of the energy bands allows to separate the major components and avoid
complex degeneracies.

Two diagrams are particularly useful for characterizing the behavior of BHT: the
hardness—intensity diagram (HID), where the total count rate is plotted as a func-
tion of hardness, and the hardness—rms diagram (HRD), where the fractional rms,
integrated over a broad range of frequencies, is plotted versus hardness. The HID

! Notice that the original denomination of “black-hole candidate” (BHC) has at some point been
replaced with “black-hole binary” (BHB) without any qualitative breakthrough to justify the
change in nomenclature.
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is equivalent to the color-magnitude diagram of optical astronomy, with the major
difference that for BHT we can follow the movement of a single source on short
timescales. A number of diagrams can be produced from parameters obtained from
X-ray spectral fitting: these can be considered the equivalent of the Herzsprung—
Russell diagram (see e.g., [31, 77]). However, for stellar astronomy the emission
model is better understood, justifying the loss of model independence, while theo-
retical assumptions in the case of BHT are usually far from being agreed upon.

Work on the complete RXTE/PCA sample of BHT shows that, although the time
evolution of the parameters can be quite different, these diagrams allow the identi-
fication of a surprising number of common properties [39, 40]. A full comparative
analysis of the BHT in the RXTE archive is presented by [40]. Here I will base my
description on the 2002-2003 outburst of GX 339-4, as published in two earlier
papers [70, 8]. This source is clearly the clearest example, as confirmed by the
fact that its HID and HRD are extremely similar also for all outbursts observed
with RXTE, but the general statements that can be drawn from it apply to all other
transients observed by RXTE [40].

The HID and HRD of GX 339-4 are shown in Fig. 3.1. From the g-shaped
HID (also referred to as “turtle head”), four distinct branches can be identified,
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Fig. 3.1 Hardness—intensity diagram (HID: top panel) and hardness—-rms diagram (HRD: bottom
panel) for the 2002-2003 outburst of GX 339-4 (adapted from [8]). PCA count rate is in the energy
range 3.8-21.2 keV. Hardness is defined as the ratio of counts in the energy bands 6.3-10.5 and
3.8-6.3 keV. Fractional percentage rms corresponds to the frequency range 0.1-64 Hz and to the
full energy range. Symbols correspond to different types of power density spectra (see Sect. 3.3):
type 1 (filled circles), type 2 (empty circles), type 3 (filled stars), type 4 (empty stars), type 5 (dots)
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corresponding to the four sides of the “q.” These could be associated with the origi-
nal four pre-RXTE states: a LHS on the hard branch to the right, a HSS on the soft
branch to the left, a VHS on the branch on the top and a IMS on the bottom, the last
two with large hardness variations. From a complete analysis of the 1998 outburst of
XTE J1550-564, it was shown that the properties of VHS and IMS are very similar in
all respects and can take place at different luminosity levels, leading to a unification
of these into one likely physical state [41]. This leaves us with three separate states.
However, when timing properties are taken into account, the HRD (bottom panel in
Fig. 3.1) gives a different picture: here most of the points follow a single correlation:
the LHS points have a high level of variability (more than 20%), the HSS points
vary much less (<10%), and the intermediate points are, of course, intermediate.
Interestingly, there is a narrow band in hardness where many points have a lower
variability than those on the main correlation (shown as stars in Fig. 3.1). This dia-
gram suggests the presence of two separate states only, corresponding to the points
on the main correlation (spanning a large range in hardness) and to those deviating
from it.

The diagrams of all other BHT observed by RXTE, although the shape of the HID
deviate from the “q” shown here, are qualitatively in agreement with this picture
[39, 40, 27]. Three examples can be seen in Fig. 3.2.

The general time sequence of the points in the HID is clear: the “q” diagram is
followed in a counterclockwise direction, although there are clearly more complex
movements on the left branch. This will be discussed in Sect. 3.4.

3.3 Aperiodic Variability

The next step is to examine the properties of fast aperiodic variability (see [95]). I
will concentrate on the power density spectra (PDS): although important informa-
tion can be extracted from higher-order timing tools, they are not essential for the
basic determination of states and state transitions.

3.3.1 Classification of Power Density Spectra

The original paper on GX 339-4 reports a number of different PDS shapes, but it
is now clear that we can classify them as belonging to few basic types (see [40,
16, 15]). Furthermore, as we will see below, these types are closely related to the
position on the HID and HRD. All the basic types but two were observed in the PDS
of the 2002-2003 outburst of GX 339-4: they are shown in Fig. 3.3.

e PDS labeled 1 in Fig. 3.3 corresponds to the hard points in the HID. Its shape can
be fitted with a small number, 3—4, of very broad Lorentzian components, plus in
some case a low-frequency QPO peak [72, 7, 8]. The characteristic frequencies
of all these components increase with source flux, while since the HID branch
is almost vertical, the hardness remains almost unchanged, with only a minor
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Fig. 3.2 Light curves (left) and HIDs (right) of three transients observed with the RXTE/PCA

(from [39])
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Fig. 3.3 Examples of the five types of PDS described in the text (labeled on the /eff). The data are
from the 2002/2003 outburst GX 339-4 [8] and correspond to the energy range 3.8-21.2keV. The
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softening at high flux. As it can be seen in the HRD, the total fractional rms
on the right branch is rather high, larger than 20%. As a function of energy, the
fractional rms shows a slight decrease (see e.g., [32]). This is the band-limited
noise typical of the LHS [72, 74].

PDS 2 in Fig. 3.3 can be considered a high-frequency extension of PDS 1 and can
be found at intermediate hardness values, notably along the horizontal branches.
It can be decomposed into a number of Lorentzian components which correspond
to those found in the LHS (see e.g., [8]). The most prominent feature is a QPO
with centroid frequency varying between ~0.01 and ~20 Hz. All Lorentzian
components vary together, including the QPO. Unlike the previous case, they are
strongly correlated with hardness: softer spectra correspond to higher frequencies
and also to lower integrated rms variability (see Fig. 3.1). The low-frequency
QPO (LFQPO) observed here is termed “type-C” QPO (see [16] for precise def-
initions of QPO types): its most important property for our description is that
it always appears together with moderately strong (~5-20% rms) band-limited
noise. The total fractional rms increases with energy, in marked difference with
PDS 1 [32]. It is usually accompanied by at least two peaks harmonically related:
one at half the frequency and one at twice the frequency. Although the QPO
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frequency is correlated with spectral hardness, on short (<10 s) timescales, it is
rather stable.

The frequency of the type-C QPO is very strongly correlated with the charac-
teristic (break) frequency of the underlying broad-band noise components [99, 7],
a correlation which also extends to neutron-star binaries (see [95]). The two main
band-limited noise components have break frequencies which are one at the same
frequency of the QPO and the other a factor of 5 lower [99, 7]. Often, only one
broad-band component is detected, depending on the energy band considered, as
their energy dependence is rather different (see Fig. 3.4 in [18]).

e PDS 3 in Fig. 3.3 (found over a rather narrow range of intermediate hardnesses)
also shows a QPO (called “type-B” QPO), but with very different characteristics
than the one discussed above. A detailed discussion of the difference between
QPO types can be found in [16]. The fact that type-B QPOs are not simply
an evolution of type-C QPOs is demonstrated by the fast transitions observed
between them (see [15]) and by the few cases of simultaneous detection (i.e.,
GRO J1655-40 observed by RXTE on May 18, 2005). The total fractional vari-
ability is lower, due mainly to the fact that the band-limited components are
replaced by steeper and weaker components. As for PDS 2, the fractional rms
increases with energy. Type-B QPOs show a harmonic structure similar to that of
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Fig. 3.4 The first 6 min of the PCA observation of GX 339-4 from May 17, 2002. Top panel: light
curve with 1-s binning. Bottom panel: corresponding spectrogram in the 4-8 Hz range; darker
regions correspond to higher power. The onset of a sharp and strong type-B QPO at around 6 Hz
is evident, as well as the variability of its centroid frequency. In the first 2 min, a type-A QPO is
present, but it is too weak to show in the spectrogram. Adapted from [70]
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type-C QPOs (two harmonic peaks are visible in Fig. 3.3, while often a peak at
half the frequency of the main peak is observed). While type-C QPOs span large
range in frequency, type-B QPOs are limited to the range 1-6 Hz, but detections
during high-flux intervals are concentrated in the narrow 4-6 Hz range [16].
The centroid frequency appears positively correlated with source intensity rather
than hardness (as they are associated with a very narrow range of hardness,
see below).

A closer look at Fig. 3.3 will reveal that the shape of the type-B peak is differ-
ent from that of type-C. While the latter can be fitted with a Lorentzian model,
type-B QPOs are consistent with a Gaussian shape, with broader wings. This is
due to the fact that type-B QPOs jitter in time on short timescales to the effect
that in the average PDS its peak is smoothed [70]. This can be seen in Fig. 3.4,
where a spectrogram of 6 min of PCA observation of GX 339-4 is shown: the
jitter in frequency takes place on a timescale of 10s [70].

e The last PDS in Fig. 3.3 showing a QPO is #4, found at hardness values sys-
tematically slightly lower than those of PDS 3. Here, a so-called type-A QPO is
shown. Being a much weaker and broader feature, we know less details about
this oscillation; sometimes it is only detected by averaging observations. Its fre-
quency is always in the very narrow range 6-8 Hz and it is associated with an
even lower level of noise than type B. In fact, the three types of QPO can be
separated by plotting them against the integrated fractional rms of the PDS in
which they appear [16].

e Finally, PDS 5 in Fig. 3.3 shows a weak steep component, which often needs
a long integration time for a detection. Weak QPOs at frequencies >10 Hz are
sometimes observed, as well as a steepening/break at high frequencies. The total
fractional rms can be as low as 1%, increasing with energy [32]. This PDS corre-
sponds to the soft points at the extreme left of the HID.

e As mentioned above, in addition to the PDS shapes in Fig. 3.3, there are two
types of PDS which were not observed in GX 339-4. Examples from the 2005
outburst of GRO J1655-40 can be seen in Fig. 3.5, together with PDS 1 and 5
from Fig. 3.3. The integrated fractional rms of both is intermediate. One PDS
has a featureless curved shape, the other is similar below a few Hz, but shows an
additional bump and a QPO. As we will see, these “anomalous” PDS shapes are
associated with anomalous “flaring states.”

3.3.2 Fast Transitions

The PDS described in the previous section have been obtained as averages over
hundreds or thousands of seconds of observations. While for most cases this aver-
aging procedure is justified, there are observations where very fast transitions are
observed, requiring a time-resolved analysis. An example is shown in Fig. 3.4. Not
only the centroid frequency of the QPO jitters with time, but the oscillation is clearly
not visible in the first 2 min of data. Averaging the first part, a type-A QPO appears
[70]. These transitions are common and have been observed with RXTE in many
sources [8, 15, 40]: they correspond to those already discovered with Ginga [67, 88].
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Fig. 3.5 Examples of the two types of PDS which have not been found in GX 339-4 (see text).
The top and bottom PDS are # 1 and 5 from Fig. 3.3, shifted in power for clarity. The middle ones
correspond to two observations of GRO J1655-40 from its 2005 outburst: the one with a QPO from
May 24, 2005 the other from May 8, 2005. The middle ones are not shifted in power

All of them, with no exception, involve a transition between a type-B and a type-A
QPO, or between a type-B and a type-C QPO. A number of detailed transitions
from XTE J1859+4-226 can be found in [15]: there, an exponentially time-decaying
threshold in count rate was found for the occurrence of the three types of QPO. This
is clearly not a common case, since from Fig. 3.4 it is evident that the count rate
corresponding to the type-A QPO for GX 339-4 is lower than that of the type-B
QPO, opposite to the case of XTE J1859+4226.

3.4 The Time Evolution

In what presented above, the time evolution of the X-ray properties was not shown,
as the attention was focused on the different classes of hardness and variability
properties. The light curves of transient BHB can be quite diverse (see e.g., [39, 56,
40]). GX 339-4 has had three major outbursts in the past 5 years. In the bottom panel
of Fig. 3.6 one can see that the time evolution of the three events is very different.
Despite these differences, a general behavior can be identified, leading to basic facts
shared by all sources. The top panel of Fig. 3.6 shows that the three outbursts of
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Fig. 3.6 Top panel: HIDs for the three recent outbursts of GX 339-4. In order to compare different
epochs the spectra have been divided by a simulated Crab spectrum for each observation date.
Therefore, the count rate is in Crab units in the 3.8-21.2 keV band and the hardness of 1 corre-
sponds to a Crab spectrum. The symbols identify the three outbursts (2002/2003: filled circles;
2004/2005: empty circles; 2007: gray stars). The dashed line indicates long time gaps. Bottom
panel: corresponding light curves plotted on the same scale. Symbols are the same

GX 339-4 had a very similar evolution, despite the differences in the time domain.
Other sources show a HID qualitatively similar to the g-shaped diagram of GX 339-4
(see [39] and Fig. 3.2), while others behaved more erratically (see [56, 40]).

The basic properties of the time evolution of outbursts are the following:

e All sources start from quiescence, become bright for a period typically of several
months, then faint again and return to quiescence (with the exception of the three
persistent bright BHB Cyg X-1, LMC X-3, and LMC X-1, and of GRS 19154105
which is still very bright after 15 years). This is the definition of transient X-ray
sources.

e For some sources, the initial rising part of the outburst was not observed (see
for instance XTE J1650-500 in Fig. 3.2). The first pointed RXTE observations
already show a high flux level. All sources are observed in the later parts of the
outburst to become faint down to the minimum detectable levels with the RXTE
PCA. This is obviously due to the fact that an unknown source or outburst must
be discovered, leading to a delay in pointed observations. However, the typical
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reaction time is at maximum a few days. This means that the initial rise can be as
fast as a couple of days in these sources.

e In all sources for which the initial rise is observed, the start of the outburst is hard
and so is the end of the outburst (see Fig. 3.6). There are a number of sources for
which pointed observations started late and that were initially observed with a
low hardness. Since the initial rise was fast, this is compatible with a hard rise.

e Most sources do show significant changes in hardness, extending to the left
branch in the HID, corresponding to a soft spectrum. Intermediate values of hard-
ness are observed. A few sources, such as XTE J1118+480, did not leave the hard
branch and move in the HID on a roughly vertical hard track (see [28, 55]). This
also applies to some outbursts of BHB which have shown other outbursts with
a complex structure. An example is XTE J1550-564: its first two outbursts were
complex and showed spectral variations (see [41, 80]), while the next (fainter)
two did not (see [6, 87]).

e A good number of sources followed an evolution similar to that of GX 339-
4 (Figs. 3.2 and 3.6): the g-shaped pattern was followed in counterclockwise
direction. While there can be many state transitions, the q shape identifies two
main ones: a hard-to-soft one at high flux in the first part of the outburst, and a
soft-to-hard one at the end of the outburst (see below). The first one is particu-
larly important since it has been shown to be associated with main ejections of
relativistic jets (see with [25]).

e From the analysis of data from the Ginga satellite, the presence of a hysteretic
behavior in the evolution of transient BHB was noticed [68]: the transition from
the right to the left branch, namely from hard to soft, takes place at higher lumi-
nosities than the reverse transition later in the outburst. This was also found with
RXTE data of transient BHB and the neutron-star transient Aql X-1 [52] and
is evident from Fig. 3.6 for the case of GX 339—4. Other cases can be seen in
[41, 39, 77, 40]. In the case of GX 339-4, which showed three outbursts qualita-
tively similar to each other, it appears as the luminosity difference between the
bright and the faint transition (the two horizontal branches in the HID) is related
to the level of the first. It was suggested that the flux at the initial hard peak
(roughly corresponding to the top of the right branch in the HID) is correlated
with the time from the final hard peak (the return to the LHS at the end of the
outburst) of the previous outburst [104]. This correlation is also followed by the
2007 outburst.

3.5 Definitions of Source States

From what discussed in the previous sections, we can identify a number of source
states that must be examined separately. As shown above, many observed properties
change smoothly throughout the basic diagrams, but some do not. In particular,
it is the inspection of the fast-variability properties which indicates the presence
of abrupt variations. It is these sharp changes that must be taken as landmarks to
separate different states. Whether these correspond to actual physical changes in
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the accretion flow is obviously not a priori clear and must be determined with the
application of models. This approach has the advantage of being phenomenological
and completely model independent and is meant to provide theoreticians with a
solid observational framework on which to base their investigation. Below, I present
a revised state classification, together with the observed transitions between them.
This classification is similar but not identical to that presented in [39]. A graphical
summary can be seen in Fig. 3.7.

e Low-Hard State (LHS): 1t is associated only with the early and late phases of an
outburst and it corresponds to the vertical branch at the extreme right of the HID.
At the end of an outburst, once this state is reached, no more transitions have ever
been observed. In the spectral domain, it is characterized by a hard spectrum,
with a power-law index of 1.6-1.7 (in the 2-20keV band) and little moderate
variations (right-most zone in the HID). A high level of aperiodic variability is
seen in the form of strong band-limited noise components (PDS 1 in Fig. 3.3),
with typical rms values of ~30%, anti-correlated with flux and positively corre-
lated with hardness. The PDS can be decomposed into a number of Lorentzian
components (see [72, 7, 74, 48]), whose characteristic frequencies increase with
flux. One of these components can take the form of a type-C QPO peak. The
time spent in this state, both at the beginning and at the end of the outburst, can
be quite variable.

o Transition to the Hard-Intermediate State: From the HID and HRD, it is difficult
to mark a precise end of the LHS and the start of the HIMS. As shown in the
next bullet, the properties of the HIMS are compatible with being an extension of
those of the LHS. Changes in the speed of increase of the timing components, or
in the frequency—frequency correlations can be seen [8], but the clearest marker
for the transition has been observed in the IR/X-ray correlation for GX 339-4: the
change in the correlation was very fast and marked and provided a precise marker
for the transition [42]. Without making use of observations at other wavelengths,
the time of the transition can only be identified with an uncertainty of a few days.

e Hard-Intermediate State (HIMS): At the start of the outburst, if the source ever
leaves the LHS, it enters the HIMS, moving along the top horizontal branch in the
HID. The spectrum is softer, the softening being due to two simultaneous effects:
an increase of the power-law index that can reach 2.4-2.5 and the appearance
of a thermal disk component. The fast aperiodic variability corresponds to PDS
B in Fig. 3.3, with a band-limited noise and a strong type-C QPO. The total
fractional rms is lower than in the LHS (10-20%) and decreases with softening.
The PDS can be decomposed into the same Lorentzian components as in the
LHS, with characteristic frequencies that are higher than in the LHS. In the LHS,
the frequencies increased with flux, with little spectral variations, in the HIMS
they increase with softening of the energy spectrum. The top branch in the HID
is traveled rather fast and lasts at most a dozen days. This state is also observed
in the central and final parts of the outburst (see below).

o Transition to the Soft-Intermediate State (Jet line): This transition is marked only
by the timing properties. The overall level of noise drops (see HRD) and a type-B
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tom), with the HID regions corresponding to the states described in the text
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QPO appears in the PDS (PDS 3). All this takes place with a minor softening of
the spectrum: this abrupt transition associated with a small change in hardness
is associated with the “jet line” in the HID [8, 25]. The time coincidence of the
crossing of the jet line and the HIMS—SIMS transition is however not exact [27].

o Soft-Intermediate State (SIMS): Although spectrally below 20 keV the energy
spectrum is only slightly softer than in the HIMS, as shown by the similar hard-
ness, the timing properties are radically different and mark a clearly different
state. The lower level of variability, which can be as low as a few percent is a
clear indication of this state (see the HRD). A QPO is often present, either of
type A or of type B (PDS 3 and 4 in Fig. 3.3). It is not clear whether it is always
present, since observations without clear QPO peaks could feature an undetected
type-A QPO.

o Transitions from and to the Soft-Intermediate State: Once the SIMS is reached,
a number of transitions can be seen. All of them involve moving from or to the
SIMS. In Fig. 3.7 this is exemplified with a short return to the HIMS, but the
situation can be much more complex. Very fast transitions such as that shown in
Fig. 3.4 can be observed, all of them involving a type-B QPO (see also [15]). In
particular, the jet line can be crossed more than once.

e High-Soft State (HSS): This soft state corresponds to the softest spectrum, dom-
inated by a thermal disk component, with only a small contribution to the flux
by a hard component. The variability is in the form of a weak (down to 1% frac-
tional rms) steep component. Weak QPOs are sometimes detected in the 10-30
Hz range. The hardness variations shown in Fig. 3.1 are due to changes in the
hard component.

o “Anomalous” State: In some sources, a different class of PDS has been seen at
high flux (see Fig. 3.5). Although the hardness corresponds to that of the HSS
(and sometimes to that of the SIMS), there is evidence that the energy spectrum
is different (see below). The anomalous PDS are also accompanied by a higher
integrated variability (see HRD).

e Transitions back to the Low-Hard State: The HIMS presents itself again at the
end of the outburst, with very similar properties, preceding the final LHS. The
timing properties along this transition are smoother, also because of the lower
statistics associated with the lower flux of these observations. The range in hard-
ness of the HIMS is similar at low fluxes, but not identical, as the SIMS appears
to cover a smaller extent in hardness. These transitions during outburst decay are
extensively presented in [46] and references therein.

As mentioned above, the source states outlined above stem from the hard-
ness/timing properties observed in all systems observed with RossiXTE. They do
not necessarily correspond to markedly different physical conditions. Indeed, the
only transition which marks sharp changes in the timing properties is the HIMS—
SIMS one. Moreover, looking at the HRD, it appears that LHS, HIMS, and HSS
follow a single path, suggesting that they have something in common. As mentioned
above, the HIMS can be seen as an extension of the LHS, but also the HSS shows
similar timing properties (a low-frequency QPO, aperiodic noise decreasing as the
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source softens). The only states which are radically different are the SIMS and the
anomalous one. In Sect. 3.9, we will see what the situation is in terms of broad-band
emission and spectral models.

3.5.1 Comparison with Other State Classifications

Although different authors use different terms, even mixing nomenclatures, there
are only two other state classifications in addition to the one presented here. It is
important to compare them in order to clarify similarities and differences.

3.5.1.1 Ginga Canonical States

The original “canonical” states introduced on the basis of observations made by
Ginga were the following. A hard (called low) state and a soft (called high) state
were defined in a similar fashion as was done before. The hard state [65] was
identified with strong variability in the form of a band-limited noise whose break
frequency is correlated with the flat-top level (see [2, 60]), with hard phase lags
increasing with energy and a 2-20 keV energy spectrum characterized by a power
law with photon index ~1.5. The soft state by a strong thermal accretion disk
energy spectrum associated with a very low level of aperiodic variability. The new
“very-high” state (VHS) was originally identified in the brightest observations of
GS 1124-684 and GX 339-4 on the basis of a different PDS, with lower variability,
higher characteristic frequencies, and a QPO [65]. Subsequently, a second “flavor”
of VHS was reported, with a different PDS shape and a lower integrated fractional
rms [66]. This was obviously associated with a different type of QPO [88]. Finally,
all the characteristics of the original VHS were discovered in both GX 339-4 and
GS 1124-684 at much lower fluxes, observed after a long interval of soft state. This
led to the tentative inclusion of an intermediate state taking place between the soft
and the hard states [4, 60].

Given the relatively sparse time coverage obtained by Ginga, it was not possible
to follow in detail transitions between states (with the exception of fast “flip—flops”,
which were not recognized as transitions [64]). This prevents a precise comparison.
However, in addition to the obvious identification of the LHS and HSS, the two
VHS flavors can be identified with the HIMS and the SIMS. The need for a separate
intermediate state was removed by the discovery that mass accretion rate is not the
only parameter driving the evolution of the outbursts [41].

3.5.1.2 Quantitative State Classification

More recently, a state classification based on the determination of timing and spec-
tral parameters has been proposed (see [56, 77]). The underlying idea is to have a
definition based on instrument-independent parameters, with a precise definition of
states which makes possible a comparison between sources. An updated definition
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of states can be found in [57]. Three states are presented: hard, thermal, and steep
power law (SPL), which are identified with the LHS, HSS, and VHS of the Ginga
classification, respectively. Their definition is based on the precise boundaries of a
number of parameters such as integrated fractional rms and the presence of a QPO
in the PDS, power-law photon index, and disk fraction in the energy spectra. These
three states do not fill the complete parameter space and all observations which do
not qualify are generically classified as “intermediate.” Among the RXTE obser-
vations of the 2003 outburst of H 1743-322, about 17% of the observations were
intermediate between two states. A large fraction of observations of 4U 1630-47
also did not fit the three-state classification [94]. Therefore, this classification is not
meant to be exhaustive like the one presented above, but rather to guide through gen-
eral parameters of emission, such as flux ratio between main spectral components,
spectral indices, and fractional rms of QPOs. Whether to adopt one or the other is
dependent on what one’s final aim is.

As mentioned above, the LHS and HSS are normally undisputed (but see below
for the HSS): what is difficult to identify is their boundary. As I have shown in
Sect. 3.5, there are sharp changes in some observable, which can be taken as markers
of state transitions (IR/X correlation for LHS—-HIMS, rms drop for other transitions).
It is not clear at this stage whether the boundaries in this classification can reproduce
these transitions. In particular, the SPL is defined in a rather complex way which
involves the presence of a QPO of either type and the presence of a power-law
component with photon index >2.4. The HIMS—SIMS transitions of GX 339-4 were
observed at different power-law indices: in 2002 the index was 2.44 before and after
the transition [70], in 2004 it varied from 1.9 to 2.3 [10]. It appears as this transition
falls well within a single state. On the other hand, the spectral analysis of 5 years of
RXTE observations of Cyg X-1 showed that a photon index of 2.1 indeed marks a
transition between the LHS and a softer state [101].

As to the comparison with the system presented here, independent of the precise
parameters adopted for the states, which have evolved with time, it is clear that the
Hard and Soft can be identified with the LHS and HSS, respectively. The SPL and
the different intermediate states would then correspond (roughly) to the SIMS and
HIMS.

3.6 High-Frequency QPOs

Particular importance is attached to the high-frequency (>30 Hz) QPOs (HFQPO)
detected in the PDS of some BHB. There are few instances of such detections, yet
the situation here is entangled and even though few publications are available, it is
difficult to derive a clear pattern. Here I summarize the basic information available,
relying on significant detections of narrow (Q>2) features with a centroid frequency
above 20 Hz (references can be found in [9]). Single QPO peaks have been detected
from three sources: XTE J1650-500 (250 Hz),4U 1630-47 (variable frequency), and
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XTE J1859+4-226 (90 Hz). From four other sources, pairs of QPO peaks have been
detected: GRO J1655-40 (300/400 Hz), XTE J1550-564 (184/276 Hz), H 1743-322
(165/241 Hz), and GRS 19154105 (41/69 Hz). The case of GRS 19154105 is more
complex and will be discussed below. All detected peaks are weak, with a fractional
rms of a few percent and strongly dependent on energy. In some cases, only a few
detections are available, but in others many peaks have been found: the centroid
frequencies are not always constant, as one can see in the case of XTE J1550-564
and 4U 1630-47. However, it has been first noticed by [1] that when two simul-
taneous peaks are detected, their frequencies are in a 3:2 ratio in three cases out
of four, while for GRS 1915+105 the ratio is 5:3. It is interesting to note that
for XTE J1550-564, a double peak was discovered averaging a few observations
from the 2000 outburst [61], while for the previous outburst in 1998 many single
detections were reported [78]: those associated with type-B QPOs cluster around
180 Hz, while those associated with type-A QPOs are around 280 Hz. The fact that
some sources appear to have preferred frequencies suggests that they are associated
with basic parameters of the black hole. Indeed, a degree of anti-correlation with the
dynamically determined black-hole mass has been found (see [77] but also [9]).

The comparison with kHz QPOs in neutron-star X-ray binaries shows that these
are most likely different features: unlike the BHB HFQPO, which are mostly
observed at the same frequency and have never been detected together with type-C
WPOs, kHz QPOs span a large range in frequency and are correlated with the low-
frequency QPOs which are the NS counterparts of type-C (see [95, 7]). Moreover,
the kHz QPOs have been shown not to have preferred frequencies [11, 12].

For this paper, we are interested in where observations with an HFQPO are
located in the HID and HRD and with which PDS shape they are associated. From
the literature, many HFQPOs correspond to observations in the SIMS, i.e., associ-
ated with power-law noise and often type-A/B QPOs. There exist a a few exceptions,
notably the case of XTE J1550-564, where one detection was reported together
with a type-C QPO [41]; in this case, the frequency of the type-C QPO was high,
indicating that the source was close to the SIMS.

3.7 Other Sources

The paradigm presented above has been derived from black-hole transients. These
constitute the large majority of known black-hole binaries, but there are a few other
systems that need to be examined. There are persistent systems, such as Cyg X-1,
LMC X-1, and LMC X-3. Because of their large distance, the latter two are weak
sources in our instruments, which means that the statistical level of the signal is
much lower. LMC X-1 appears to be locked in the HSS, as does LMC X-3, which
however has shown brief transitions to a harder state, even so extreme as not to be
detected with RossiXTE. It is difficult to say more about them [100, 73, 36]. More-
over, it is impossible to ignore the prototypical microquasar GRS 19154-105 (see
[24]) which, despite its peculiarity, needs to be compared with other systems. Here
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I present these two sources, Cyg X-1 and GRS 19154105 in a similar framework,
analyzing the differences and similarities with those outlined above.

3.7.1 Cygnus X-1

Cygnus X-1 is not a transient system: it is found most of the time in the LHS (the
original definitions of the states come from this source), with occasional transitions
to a softer state, usually interpreted as a HSS, and a series of “failed state transitions”
(see [74, 101]). However, already the first state-transition observed with RossiXTE
in 1996 showed properties which were not compatible with those of a full-fledged
HSS [3]. The total integrated fractional rms is rather high even as the source softens
and does not go down to a few percent as in transients (see [34]). Spectrally, the hard
component does become rather soft [101], but no sharp QPO like those shown above
has been observed (see e.g., [74]). In the energy spectrum, a change of properties
has been identified corresponding to a low-energy photon index of 2.1 (see above),
which was then taken as a marker of state transitions [101].

We can compare the properties of Cyg X-1 with those of transient systems by
analyzing in the same way, through the production of HID/HRD. The result can be
seen in Fig. 3.8, where the points corresponding to 1065 RossiXTE observations
ranging from February, 1996 to October, 2005 are plotted over the points from
GX 339-4. The count rate here has been corrected also for the difference in distance
between the two sources. Most of the observations found Cyg X-1 in the LHS, as
shown by the hardness histogram. Clearly, the histogram features a second peak at
softer values, which can also be identified with a bend in the HID. However, Cyg X-
1 does not show type-C QPOs as would be expected on that branch. It is interesting
to note that the SIMS region is reached only for a few observations, termed “failed
state-transitions”, but also no type-B QPOs were seen [74]. In correspondence to
most of these events, a small radio flare was observed [74]. The HRD shows a
strong similarity with GX 339-4: the points are well correlated and match those
for GX 339-4, besides the few soft points which do not show evidence for a rms
drop. The rms difference between the first and the subsequent LHS observations
reported by [74] is present but invisible in the HRD due to the number of points.
Interestingly, a transient relativistic jet has been observed from Cyg X-1 [26]. It
corresponds in time to one of the excursions to a soft spectrum, but only observed
down to hardness ~0.3 and not to the extreme values in Fig. 3.8.

Another major difference is the absence of observable hysteresis (see [52]). Only
a single branch is seen, which travels in both directions. However, GX 339-4 has
shown that the weaker the outburst is, the smaller is the difference in flux between
the hard-to-soft and soft-to-hard transitions (see Fig. 3.6). As Cyg X-1 never reaches
very high accretion rate values, its behavior would be compatible with a very small
unmeasurable level of hysteresis. Clearly, this system has somewhat different prop-
erties, probably related to the fact that it is not a transient. Nevertheless, its behavior
in the HID and the HRD is not very different from that of other sources.
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Fig. 3.8 Top panel: HID of all the RXTE/PCA observation of Cygnus X-1 (gray circles), plotted
over the HID of the 2002/2003 and 2004/2005 outbursts of GX 339-4 (black circles). The gray
histogram shows the distribution of hardness values on the same X-axis. The presence of two
separate peaks is evident. Note that the GX 339-4 points have been shifted to bring the source to
the same distance as Cygnus X-1. Bottom panel: HRD of the same observations, plotted over a few
of the GX 339-4 from the 2002/2003 outburst (see bottom panel of Fig. 3.1)

3.7.2 GRS 1915+105

On the topic of microquasars, it is not possible not to discuss GRS 1915+4105. This
system shows very peculiar properties, which however can be successfully com-
pared with those of other sources [24]. Three separate states were defined for this
source, with a naming convention that in this context appears particularly unfortu-
nate: states A, B, and C [5]. Both from the energy spectra and the PDS, it is clear that
GRS 19154105 never reaches a LHS: the high-energy end of the spectrum does not
reach the typical 1.6 photon index, the thermal accretion disk is always present with
a measured inner temperature >0.5 keV, and a strong type-C QPO is present during
state C. A comparative analysis of the PDS in the three states of GRS 1915+105
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not only shows that the LHS is never reached, but also suggests that states A and B
correspond to the “anomalous state” described above [76].

Until recently, only a type-C QPO was observed from GRS 19154105 in its
hardest state, state C. However, a time-resolved analysis of fast varying light curves
has led to the discovery of a type-B QPO in correspondence to state transitions,
confirming the association between this oscillation and spectral changes [86]. It
would be interesting to compare the HID and HRD of GRS 1915+105 with those of
other more conventional transient sources in order to ascertain whether its peculiar
states can be associated with the states outlined above and whether their evolution
is compatible. The presence of type-C QPOs in state C suggests that it would cor-
respond to the HIMS, while the softer states could be associated with the HSS.
The fast (<1 s) transitions would include the SIMS, as shown by the detection of a
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Fig. 3.9 Top panel: HID of two “plateau” observations of GRS 19154105, plotted over the HID of
the 2002/2003 and 2004/2005 outbursts of GX 339—4 (black circles). The GRS 19154105 points
correspond to the observations of classes x; and x3 (gray circles) and class x, (empty circles) from
[5]. Note that the GX 339-4 points have been shifted to bring the source to the same distance as
GRS 1915+105. Bottom panel: HRD of the same observations, plotted over a few of the GX 339-4
from the 2002/2003 outburst (see bottom panel of Fig. 3.1)
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type-B QPO. However, the typical choice of X-ray energy bands for the production
of hardness fails for this system: in its A and B states, the thermal accretion disk
component is so hot that it extends well into the high-energy band. As a result, the
hardness of these states is higher than that of state C. Moreover, the fast transitions
would require a large amount of additional analysis effort.

However, one can accumulate the intensity/hardness/rms of observations during
the so-called plateaux, which are long (one to few months) intervals of state C,
usually followed by a major radio ejection [24]. During these observations, the flux
only shows white noise on timescales longer than 1 s and the hardness can be com-
pared with other sources as the thermal component is not dominant in the energy
spectrum. Figure 3.9 shows the points of the observations corresponding to two of
the plateaux examined in detail by [93]: the long one Oct 1996—Apr 1997 and the
shorter during October 1997. The first one corresponds to variability class y», the
second to classes x; and 3 (see [5]). The HID shows points which lie, as expected,
in the HIMS region, with the x; points at a higher count rate, probably as a result of
a higher accretion rate. As in the case of Cyg X-1, the count rate has been corrected
also for the difference in distance between the two sources and the high brightness
of GRS 19154105 even during plateaux is evident. Their distribution is elongated
in count rate more than in hardness, at variance with the points of GX 339-4. In the
HRD, the points from classes x; and 3 overlap with those from GX 339-4, while x,
points lie above. This was also noted by [93], who showed that the difference is due
to the presence of an additional broad component at high frequencies (50-100 Hz).
This is the same component that was associated with lower-kHz QPO oscillations
from neutron-star X-ray binaries (see [7]). Moreover, the x3 points correspond to a
plateau with higher radio flux than that observed for x, [24, 93]. GRS 1915+105
does therefore show some differences with other black-hole transients while in its
HIMS, but overall the emerging picture is compatible.

3.8 Neutron-Star Binaries

Many neutron-star low-mass X-ray binaries display a transient nature similar to that
of black-hole systems (see [95]). Their outbursts can also be characterized by the
presence of two states, a hard and a soft one, with the hard state associated with
low-flux intervals at the beginning and at the end of the outburst. Once a HID is
produced, the similarity appears even stronger. Examples of HIDs for Aquila X-1
can be found in [95, 50] (see also Chaps. 4 and 5 of this book). A HID produced
in the same way as the ones shown above can be seen in Fig. 3.10 (left panel).
It represents three well-sampled outbursts of Aql X-1 as observed by RXTE. The
similarity with Fig. 3.6 is evident. The similarities between X-ray outbursts of black-
hole and neutron-star transients were explored by [51, 102, 103] and clearly suggest
that the overall phenomenon of outburst evolution is similar. A similar evolution
was recently found in the X-ray emission of a persistent neutron-star X-ray binary,
4U 1636-53 [12]. Systems of this class, called “atoll sources” alternate two states,
characterized by spectral and timing features, a soft and a hard one, and accretion
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Fig. 3.10 Left panel: HID for three outbursts of the transient neutron-star binary Aquila X-1 as
observed by RXTE/PCA. Stars, circles, and asterisks indicate outbursts from 1999, 2000, and
2004, respectively. Right panel: HID from 305 RXTE/PCA pointings of the persistent neutron-star
binary 4U 1636-53. The lines connect the observations in time sequence: solid line means time
evolution from soft to hard, dotted line the reverse. From [12]

rate is thought to be higher in the soft state than in the high state [95]. During the
RXTE lifetime, 4U 1636-53 started long-term oscillations with a period of ~45
days, which decreased with time to about ~30 days [83, 12]. These oscillations cor-
respond to regular state transitions: the production of a HID showed that the source
travels a counterclockwise path very similar to that of transients (see Fig. 3.10, right
panel) [12]. The similarities were also extended to cataclysmic variables (see [50]
and Chap. 5).

3.9 Active Galactic Nuclei

The similarities between galactic X-ray binaries and AGN are an important tool for
the study of both systems. The inner region of the accretion disk is expected to be
independent of the nature of the accreting system. When appropriate scaling laws
are applied, comparison must be possible (see e.g., [29]). The aperiodic timing prop-
erties of AGN have been studied in detail with long-term projects, needed because
of the long timescales involved (see Chap. 8). From the analysis of 12 years of
monitoring campaigns of AGN, two Seyfert 1 systems can be identified displaying
variability properties similar to those of the HIMS. These are Ark 564 and Ton S180
[59, 22].

A similar approach can be attempted through spectral/hardness analysis. How-
ever, there is a fundamental problem to be addressed before producing an AGN HID:
the temperature of the thermal component from the inner radius of an optically thick
accretion disk scales with the black-hole mass as M ~1/4. Therefore, for AGN this
component does not appear in the X-ray band and the resulting HID would not be
comparable to that of a galactic system. Recently, a comparison has been proposed
based on “disk-fraction luminosity diagrams” (DFLDs), where in place of an X-ray
color the fraction of the overall spectral distribution attributed to the accretion disk
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is used [49]. Although this is a promising approach, it requires a very different type
of analysis and is not directly comparable with BHB.

The HID of a galactic system is made of hard observations, soft observations,
and transitions between them. The softening at the beginning of a transient outburst
is due to two combined effects: the appearance of a strong thermal disk component
and the steepening of the hard component. The hardening at the end of the outburst
is the reverse effect. This means that even ignoring the disk component, the HID
would have a similar shape, although the source would never reach very soft values
of hardness. In other words, after the thermal disk is removed, the LHS points would
not change (no strong disk component is detected there) and the HSS points would
become considerably harder (and weaker, since here the flux is almost all thermal
disk). In this respect, it appears meaningful to produce HIDs for AGN using the
same procedure used for binaries. From the analysis of all Seyfert 1 AGN in the
RXTE database, two systems emerge as rather different in their HID: not surpris-
ingly, they are Ark 564 and Ton S180, the same ones singled out by the timing
analysis. As an example, Fig. 3.11 shows the results for Ark 564. The top panel
shows the light curve (one point per RXTE observation) over the period 1999-2003.
The flux here is in the 3.8-21.2 keV, renormalized to the flux at Eddington accre-
tion rate measured in the same band (i.e., an Eddington-normalized flux without a
bolometric correction). The top axis shows the same ~4-year scale linearly scaled
from the mass of the black hole in Ark 564 to 10 M: 4 years for the AGN corre-
spond to 500 s for a typical galactic black hole. The bottom panel is the HID with
the same flux as in the top panel and a hardness corrected for the spectrum of the
Crab nebula at the time of the observation, in order to compensate for gain changes
throughout the RXTE lifetime. The dots show the points for the 2002/2003 outburst
of GX 339-4, where the hardness is similarly corrected. It is evident that the points
of Ark 564 are distributed along the horizontal HIMS line of the galactic binary. As
explained above, their range is naturally limited and cannot reach very low values
of hardness as those of the HSS of GX 339-4.

Notice however that GX 339-4 moved through the HID branch on a timescale of
days and in a right-to-left direction. Ark 564 moves erratically and its points span
a mere 500s after correction for the black-hole mass. This means that, while the
average value of hardness indicates Ark 564 as a good candidate for an AGN in
the HIMS, the elongated shape of the distribution represents change on a different
timescale than what is observed from GX 339-4. In this sense, AGN offer a unique
chance to explore short timescales for which galactic sources do not have sufficient
statistics.

While the two “intermediate” AGN can be identified both from timing and hard-
ness analysis, there is a problem for the others. All Seyfert 1 AGN are located on
the hard branch, corresponding to the LHS, while time variability suggests that they
are all in the HSS (see e.g., [58]).

Recently, a 1-hour QPO was discovered in the Narrow-Line Seyfert 1 RE J10344-
396 through a long XMM observation (see Chap. 8), opening an important win-
dow for comparison of timing properties of supermassive and stellar-mass systems
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Fig. 3.11 Top panel: RXTE/PCA light curve (one point per observation) of the Seyfert 1 AGN
Ark 465. The Y-axis is in units of Eddington luminosity for a mass of 3.2 x 10° M, with no bolo-
metric correction from the 3.8-21.2keV band. The top axis indicates the corresponding dynamical
timescale if the mass of the black hole was 10 M. Bottom panel: corresponding HID, plotted over
the 2002/2003 points of GX 339-4

[33]. Given its relatively high frequency, this oscillation would correspond to high-
frequency QPOs in BHBs.

3.10 Models and Interpretation

In the previous sections, I have presented a phenomenological picture for the evo-
Iution of hardness and timing properties in galactic black-hole transients and have
compared it with those of other stellar-mass systems and AGN. In order to derive a
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physical picture, energy spectra must be extracted and theoretical models applied. It
appears as the timing properties are crucial, but to date we do not have a complete
theoretical framework for them (see [95] for a review). The emission mechanisms
associated with the LHS and the HSS were discussed in Chap. 2, together with the
geometry of the accretion flow in those states. Here, I will once again concentrate
on the variations along the diagram, with particular emphasis on the state transi-
tions. The picture presented in the previous sections is based on the emission in the
4-20keV energy band, while a physical interpretation cannot be attempted without
information on a much broader energy range.

3.10.1 Energy Spectra

All outbursts probably start with a LHS period, although in some case we do not
observe it because it is too short. The general direction of accretion rate along the
path in Fig. 3.7 is vertical: higher points correspond to a higher accretion rate. When
a source moves horizontally, accretion rate should be higher on the left, but this
is clear only along the main transitions at the top and bottom of the HID. Since
accretion rate drives the movement along in the HID, a different physical parameter
must be responsible for the position, i.e., accretion rate threshold, of the LHS-HIMS
transition, which can vary between outbursts of the same source. The nature of this
second parameter is very important, but still unclear (see Chap. 9).

Over the right branch in the HID, the broad-band energy spectrum is hard, with
a high-energy cutoff around 100 keV, see [37]. However, an INTEGRAL observa-
tion of GRO J1655-40 has failed detecting a high-energy cutoff [14]. In the few
cases when the level of interstellar absorption is low, a soft thermal disk com-
ponent is also detected, with a large disk inner radius [28, 55]. Recently, a hot-
ter thermal disk has been detected from a few sources, suggesting that the inner
disk radius might always be close to the innermost stable orbit [62, 63]. The issue
of the truncation of the inner disk radius is still unsolved. A Suzaku observa-
tion of Cygnus X-1 in the LHS from 2005 shows that the inner disk radius is
indeed large, larger than that measured in the HSS [53]. Moreover, a reanalysis
of the RXTE and XMM data for Swift 1753.5-0127 showed that a receded disk
cannot be ruled out [38]. The hard component is usually interpreted as the result
of thermal Comptonization or a combination of thermal/non-thermal Comptoniza-
tion (e.g., [43]). Over the left branch, in the HSS, the energy spectrum is domi-
nated by a hot thermal accretion disk, together with a (variable) hard component.
This hard component has been observed as a power law without a cutoff up to 1
MeV [37].

What is the shape of the broad-band energy spectrum in the HIMS/SIMS and
does anything change during the fast transitions? In other words: how does the
energy spectrum change from the LSS to the HSS? The energy spectrum in these
states is a combination of those of LSS and HSS. The thermal disk is clearly present
and it is responsible for part of the horizontal excursion in the HID. Whether the
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inner disk radius moves inward as a source softens through the HIMS is still debated
(see above). Significant radius changes were observed from GRS 19154105 [5].
The hard component steepens as the disk fraction increases. Across transitions,
the 2-20keV spectrum does not change appreciably. For transients, a broader-band
spectrum of good quality is only possible for the hard-to-soft transitions at high
luminosities.

Recent RXTE/INTEGRAL observations of GX 339-4 have given conflicting
results as to whether the high-energy cutoff increases/decreases/disappears across
a HIMS-SIMS transition [10, 19]. Recent observations of GX 339-4 [69] and
GRO J1655-40 [45] show that the situation is more complex than a simple increase
or disappearance of the cutoff. More observations are needed. These observations
are difficult as the transition is fast and can only be predicted with an accuracy
of weeks. More information is available from GRS 1915+105, which as we saw
above is only found in intermediate states. Simultaneous RXTE/OSSE observa-
tions showed spectra without a measurable cutoff up to ~600 keV, which could
be interpreted with a hybrid thermal/non-thermal Componization model [105]. An
RXTE/INTEGRAL campaign on GRS 19154105 showed that the energy depen-
dence of the type-C QPO (a HIMS signature) can be explained also with a hybrid
emission model [81]. In addition, quasi-simultaneous ASCA/RXTE/OSSE data of
XTE J1550-564 during the HIMS were found also to require a hybrid thermal/non-
thermal model [30]. The RXTE database of GX 339-4, including the 2002/2003
outburst shown in the previous sections, has been analyzed with spectral models by
[106].

The HIMS—SIMS transition corresponds to the crossing of the “jet line”, which
approximately marks the time of the ejection of a fast relativistic jet from the sys-
tem (see the following chapters). This correspondence is not precise, as shown
by [27], see Chap. 5. However, this event takes place in a short interval of time
(minutes to hours). It is possible that the transient annihilation line detected from
GS 1124-684, which was seen only over an interval of ~12 h, was indeed associated
with such a transition, since the observation took place well within the Very-High
State of the source, corresponding to HIMS/SIMS [35]. However, no evidence for
such a spectral feature was found in the INTEGRAL data of the 2004 transition of
GX 339-4.

As to the anomalous state, detailed spectral fitting needs to be performed. Here
the flux is high, associated with high luminosity and, since the energy spectrum
is soft, mass accretion rate is probably also high. GRO J1655-40 showed a well
populated anomalous branch in both its outburst covered by RXTE. XTE J1550-564
in 1998 showed a very high flux in a single observation, exceeding a flux of 6 Crab
[85], which could be interpreted as belonging to the same “state” [25]. What these
observations have in common are a high inner-disk temperature, a steep hard com-
ponent, a very small derived inner disk radius, and a small percentage contribution
of the disk to the overall flux [84, 85]. The same effect was measured in 4U 1630-47
in a number of RXTE observations [94]. These were interpreted as a signature to the
transition to a slim disk regime [94, 98]. The issue of the shape of the soft compo-
nent has been discussed by various authors; in particular, the distortion effects due
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to Comptonization have been investigated [20]. A comprehensive physical picture
of the accretion flow onto black holes and neutron stars has been proposed [21],
but it is not yet clear how this corresponds to the states presented above and the
phenomenology is mixed with the modeling.

3.10.2 Time Variability

The fast aperiodic variability appears to be a crucial element for our understanding
of the accretion (and jet ejection) properties in black-hole binaries. In particular, the
most important state-transition (HIMS—SIMS) associated with the crossing of the
jet line is identified only through the changes in the timing properties.

The PDS of the LSS and the HIMS is compatible with a smooth evolution of
power-spectral components. The band-limited noise components and the type-C
QPO follow very tight correlations which can be extended to neutron-star binaries
and possibly to cataclysmic variables [99, 7, 97, 95]. It is clear now that for these
features, the distinction between noise and QPO components is somewhat arbitrary
(see [7]). An interesting theoretical approach that does not discriminate between
them has been presented, based on a dynamical model that investigates the filtering
effect of the presence of a transition radius in the accretion disk [75]. Moreover,
the frequencies of these components correlate with spectral parameters. A strong
general correlation was found between the frequency of the type-C QPO and the
photon index of the hard power-law component in the energy spectrum [96]. This
correlation has been suggested as a possible way to estimate the compact-object
mass from X-ray data (see e.g., [92]). The fact that these correlations appear to
extend also to the HSS indicates that the nature of the fundamental frequencies
driving the variability is the same from the LHS across the HIMS to the HSS. It
is also possible that the actual emission process is the same in the hard and soft
states. This would indicate that the “corona” which some models associate with the
hard-state emission would be present in the soft state. More analysis is needed in
order to establish this fact.

Definitely different is the case of the SIMS. Here the timing properties are dif-
ferent: there is no band-limited noise and the QPOs have different characteristics,
notably are rather stable in frequency. At the same time, high-frequency QPOs are at
times observed. What happens during this state, the onset of which is associated with
the launch of fast relativistic jets, is still unexplored. The sharp and fast transitions
observed from and to this state show that probably some type of instability is at
work here, but no modeling has been attempted.

Unlike in the HID, the source track in the HRD does not show evidence of
hysteresis (see Figs. 3.1 and 3.7). The main difference between the high-flux and
low-flux branches is related to the small extent of the SIMS in the latter. However,
detailed analysis does show that the two HRD paths are different [8]. Therefore, the
timing properties seem to depend only weakly on the flux, provided that the energy
spectrum is the same. This contributes to indicate that time variability provides a
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powerful and direct approach to basic parameters in the accretion flow.?> This also
applies to the elusive HFQPOs, which are observed in or near the SIMS. Unfortu-
nately, the scarcity of detections does not allow more thorough investigations on the
nature of these oscillations and their relation to the spectral characteristics of the
associated emission.

3.11 Conclusions: How Many States?

The phenomenology of the evolution of outbursts of black-hole transients appears
complex, but not impossible to treat. The use of diagrams such as HID and HRD
allows to disentangle most of the properties and to compare the behavior of different
systems. This paradigm can also be applied to other stellar-mass systems and even
to supermassive objects. Although the state classification presented in the previous
sections manages to capture all the essential timing/hardness properties of these
systems, a major question which still remains open is that of physical states. The
original picture, still widely applied today, interprets observations in terms of two
separate physical states: a hard one dominated by thermal Comptonization and a
soft one dominated by an optically thick accretion disk with a contribution by a
non-thermal hard component. The study of state transitions and global timing prop-
erties suggests that the differences between hard and soft states are not so marked.
They could be considered as evolving smoothly from the hardest energy spectra
associated with strong variability to the softest energy spectra with only a few per-
cent variability. The energy spectra also do not seem to show strong transitions:
the INTEGRAL observation of the HIMS—SIMS transition of 2004 shows a hint
of a change in the high-energy cutoff, but the spectral index at low energies is
unchanged (see also [70]). The only interruption is the presence of the SIMS, which
is marked by a fast drop in variability and the appearance of specific types of QPOs.
This picture suggests that the only physically different state is the SIMS, which is
also associated with the ejection of relativistic jets. As mentioned at the beginning,
this picture and the corresponding state classification are meant only to present a
coherent picture: the development and application of theoretical models will identify
physically meaningful states and lead to a full classification. This will be possible
only if the complete evolution of transient black-hole binaries is considered.

Acknowledgments A large number of colleagues have contributed to the shaping of the concepts
which I have put in this chapter, and of course also to the results. Impossible to list them here, but
easy to identify them as coauthors of many papers (and of other chapters of this book). The main
one is certainly Jeroen Homan, whose work has started the new wave in black-hole states and is
now consolidating it.

2 Notice that the different energy dependence of the fractional integrated variability corresponding
to the different states [32] means that the HRD looks different at different energies. In particular,
the different energy dependence on the LHS and HIMS breaks the continuity of the path in the
HRD at high energies.
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Chapter 4
Radio Emission and Jets from Microquasars

E. Gallo

Abstract To some extent, all Galactic binary systems hosting a compact object are
potential “microquasars”, so much as all Galactic nuclei may have been quasars,
once upon a time. The necessary ingredients for a compact object of stellar mass
to qualify as a microquasar seem to be: accretion, rotation, and magnetic field. The
presence of a black hole may help, but is not strictly required, since neutron star
X-ray binaries and dwarf novae can be powerful jet sources as well. The above
issues are broadly discussed throughout this chapter, with a rather trivial question in
mind: Why do we care? In other words: are jets a negligible phenomenon in terms
of accretion power, or do they contribute significantly to dissipating gravitational
potential energy? How do they influence their surroundings? The latter point is
especially relevant in a broader context, as there is mounting evidence that outflows
powered by supermassive black holes in external galaxies may play a crucial role
in regulating the evolution of cosmic structures. Microquasars can also be thought
of as a form of quasars for the impatient: what makes them appealing, despite their
low number statistics with respect to quasars, are the fast variability timescales. In
the first approximation, the physics of the jet-accretion coupling in the innermost
regions should be set by the mass/size of the accretor: stellar mass objects vary
by 10°-108 times shorter timescales, making it possible to study variable accretion
modes and related ejection phenomena over average Ph.D. timescales. At the same
time, allowing for a systematic comparison between different classes of compact
objects — black holes, neutron stars, and white dwarfs — microquasars hold the key
to identify and characterize properties that may be unique to, e.g., the presence (or
the lack) of an event horizon.
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MIT Kavli Institute for Astrophysics and Space Research, 70 Vassar Street, Bldg 37-685,
Cambridge, MA 02139, USA, egallo@mit.edu

Gallo, E.: Radio Emission and Jets from Microquasars. Lect. Notes Phys. 794, 85-113 (2010)
DOI 10.1007/978-3-540-76937-8_4 (© Springer-Verlag Berlin Heidelberg 2010



86 E. Gallo
4.1 Radio Observations of Black Holes

The synchrotron nature of the radio emission from X-ray binaries is generally
inferred by the non-thermal spectra and high brightness temperatures. The latter
translate into minimum linear sizes for the radio emitting region which often exceed
the typical orbital separations, making the plasma uncontainable by any known
component of the binary. If coupled to persistent radio flux levels, this implies
the presence of a continuously replenished relativistic plasma that is flowing out
of the system [58, 95, 30]. Thanks to aggressive campaigns of multi-wavelength
observations of X-ray binaries in outbursts over the last decade or so, we have now
reached a reasonable understanding of their radio phenomenology in response to
global changes in the accretion mode.

For the black holes (BHBs), radiatively inefficient, low/hard X-ray states are
associated with flat/slightly inverted radio-to-mm spectra and persistent radio
flux [39] (the reader is referred to Chap. 3 of this book for a review of X-ray states
of black hole X-ray binaries, as well as [80, 60]). In analogy with compact extra-
galactic radio sources, the flat spectra are thought to be due to the superimposition
of a number of peaked synchrotron spectra generated along a conical outflow, or jet,
with the emitting plasma becoming progressively thinner at lower frequencies as it
travels away from the jet base [11, 69]. The jet interpretation has been confirmed
by high resolution radio maps of two hard state BHBs: Cygnus X-1 [114] (Fig. 4.1,

Fig. 4.1 Top left: steady, milliarcsec scale jet from the high mass black hole X-ray binary Cyg X-1.
From [114]. Top right: transient, arcsec-scale radio jets from the superluminal Galactic jet source
GRS 1915+105. From [98]. Bottom left: arcsec-scale radio jets from the first Galactic source
discovered: SS 443. The binary orbit is almost edge-on; the precessing accretion disk of SS 433
causes its jets to trace a “corkscrew” in the sky every 162 days. From [12]. Bottom right: fossil,
arcmin-scale radio jets around the Galactic center black hole in 1E 140.7-2942. From [99]
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top left panel) and GRS 1915+105 [25, 42] are both resolved into elongated radio
sources on milliarcsec scales (tens of A.U.) implying collimation angles smaller
than a few degrees. Even though no collimated radio jet has been resolved in any
BHB emitting X-rays below a few percent of the Eddington limit, Lgqg, it is widely
accepted, by analogy with the two above-mentioned systems, that the flat radio spec-
tra associated with unresolved radio counterparts of X-ray binaries are originated in
conical outflows. Yet, it remains to be proven whether such outflow would maintain
highly collimated at very low luminosity levels, in the so-called quiescent regime
(Lx/Lgaa < 1075; see Sect. 4.5.1).

Radiatively efficient, high/soft (thermal dominant) X-ray states, on the contrary,
are associated with no flat-spectrum core radio emission [41]; the core radio fluxes
drop by a factor at least 50 with respect to the hard state (e.g., [41, 18]), which is
generally interpreted as the physical suppression of the jet taking place over this
regime. While a number of sources have been detected in the radio during the soft
state [14, 18, 48, 13], the common belief is that these are due to optically thin syn-
chrotron emission — until proven otherwise.

Transient ejections of optically thin radio plasmons moving away from the binary
core in opposite directions are often observed as a result of bright radio flares asso-
ciated with hard-to-soft X-ray state transitions (Fig. 4.1, top right panel). These
are surely the most spectacular kind of jets observed from X-ray binaries, in fact,
those which have inspired the term “microquasar” [96]. As proven by the case of
GRS 19154105, and more recently by Cygnus X-1 as well [31], the same source can
produce either kind of jets, persistent/partially self-absorbed, and transient/optically
thin, dependently on the accretion regime.

4.2 Coupling Accretion and Ejection in Black Holes

The question arises whether the flat-spectrum, steady jet, and the optically thin dis-
crete ejections differ fundamentally or they are different manifestations of the same
phenomenon. This issue has been tentatively addressed with a phenomenological
approach [34]. Broadly speaking, this model aims to put together the various pieces
of a big puzzle that were provided to us by years of multiwavelength monitoring
of BHBs, and to do so under the guiding notion that the jet phenomenon has to be
looked at as an intrinsic part of the accretion process. Reference [34] collected as
many information as possible about the very moment when major radio flares occur
in BHBs, and proposed a way to “read them” in connection with the X-ray state
over which they took place as well as the observed jet properties prior and after the
radio flare.

The study makes use of simultaneous X-ray (typically Rossi X-ray Timing
Explorer, RXTE) and radio (Australia Telescope Compact Array, ATCA, and/or the
Very Large Array, VLA) observations of four outbursting BHB systems: GRS 1915+
105, XTE J1550-564, GX 339-4, and XTE J1859+4-229. X-ray hardness-intensity
diagrams (HID) have been constructed for the various outbursts and linked with the
evolution of the jet morphology, radio luminosity, total power, Lorentz factor, and
SO on.
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Fig. 4.2 Schematic of radio properties of black hole X-ray binaries over different accretion
modes (see Chap. 3 for a description of X-ray states). See http://www.issibern.ch/
teams/proaccretion/Documents.html for a more detailed illustration and [34, 32] for
the relative science papers

Figure 4.2 (naively) illustrates our understanding of the so-called jet-accretion
coupling in BH X-ray binaries. It represents the HID of a well-behaved outburst,
with the time arrow progressing counterclockwise. Starting from the bottom right
corner, the system is a low-luminosity, quiescent X-ray state, producing a (suppos-
edly) mildly relativistic, persistent outflow, with flat radio spectrum. Its luminosity
starts to increase at all wavelengths, while the X-ray spectrum remains hard. Around
a few percent of the Eddington X-ray luminosity, a sudden transition is made (top
horizontal branch) during which the global properties of the accretion flow change
substantially (hard-to-soft state transition), while a bright radio flare is observed,
likely due to a sudden ejection episode [97]. This can be interpreted [34] as the
result of the inner radius of a geometrically thin accretion disk moving inward. The
Lorentz factor of the ejected material, due to the deeper potential well, exceeds that
of the hard state jet, causing an internal shock to propagate through it, and to possi-
bly disrupt it. Once the transition to the high/soft (thermal dominant) state is made,
no core radio emission is observed, while large scale (hundreds of A.U.), rapidly
fading radio plasmons are often seen moving in an opposite direction with respect to
the binary system position, with highly relativistic speed. Toward the end of the out-
burst, the X-ray spectrum starts to become harder, and the compact, flat-spectrum,
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core radio source turns on once again. A new cycle begins (with timescales that vary
greatly from source to source).

The bright radio flare associated with the state transition could coincide with the
very moment in which the hot corona of thermal electrons, responsible for the X-ray
power law in the spectra of hard state BHBs, is accelerated and ultimately evacuated.
This idea of a sudden evacuation of inner disk material is not entirely new, and in fact
dates back to extensive RXTE observations of the rapidly varying GRS 1915+105:
despite their complexity, the source spectral changes could be accounted for by the
rapid removal of the inner region of an optically thick accretion disk, followed by
a slower replenishment, with the timescale for each event set by the extent of the
missing part of the disk [7, 8]. Subsequent, multi-wavelength (radio, infrared, and
X-ray) monitoring of the same source suggested a connection between the rapid
disappearance and follow-up replenishment of the inner disk seen in the X-rays,
with the infrared flare starting during the recovery from the X-ray dip, when an
X-ray spike was observed [97].

Yet, it remains unclear what drives the transition in the radio properties after
the hard X-ray state peak is reached. Specifically, radio observations of GX 339-4,
XTE J1550-564, and GRS 19154-105 indicate that in this phase the jet spectral
index seems to “oscillate” in an odd fashion, from flat to inverted to optically thin,
as if the jet was experiencing some kind of instability as the X-ray spectrum soft-
ens. Recent, simultaneous RXTE and INTEGRAL (The INTernational Gamma-Ray
Astrophysics Laboratory) observations of GX 339-4 [6] have shown that the high
energy cutoff typical of hard state X-ray spectra, either disappears or shifts toward
much higher energies within timescales of hours (<8 h) during the transition.

Finally, there are at least a couple of recent results that might challenge some
of the premises the unified scheme is based on. The first one is the notion that, for
the internal shock scenario to be at work and give rise to the bright radio flare at
the state transition, whatever is ejected must have a higher velocity with respect to
the pre-existing hard state steady jet. From an observational point of view, this was
supported, on one side, by the lower limits on the transient jets’ Lorentz factors,
typically higher than I" = 2 [35], and, on the other hand, by the relative small
scatter about the radio/X-ray correlation in hard state BHBs [49] (see Sect. 4.3.1).
The latter has been challenged on theoretical grounds [56].

The second premise has to do with the existence of a geometrically thin accre-
tion disk in the low/hard state of BHBs. Deep X-ray observations of hard state
BHBs [84, 85, 110, 116] (see also [52]) have shown evidence for a cool disk compo-
nent extending close to the innermost stable orbit already during the bright phases
of the hard state that is prior to the horizontal brunch in the top panel of Fig. 4.2
(Lx/Lggq 2 1073 — 1072). This challenges the hypothesis of a sudden deepening of
the inner disk potential well as the cause of a high Lorentz factor ejection. Possibly,
whether the inner disk radius moves close to the hole prior or during the softening
of the X-ray spectrum does not play such a crucial role in terms of jet properties;
if so, then the attention should be diverted to a different component, such as the
presence/absence, or the size, of a Comptonizing corona [62], which could in fact
coincide with the very jet base [76]. It is worth mentioning that a recent paper [67]
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gives theoretical support to the survival of a thin accretion disk down to low Edding-
ton ratios: within the framework of the disk evaporation model (e.g., [66]), it is
found that a weak, condensation-fed, inner disk can be present in the hard state
of black hole transient systems for Eddington-scaled luminosities as low as 10~
(depending on the magnitude of the viscosity parameter).

Here I wish to stress that, in addition to solving the above-mentioned issues,
much work needs to be done in order to test the consistency of the internal shock
scenario as a viable mechanism to account for the observed changes in the radio
properties, given the observational and theoretical constraints for a given source
(such as emissivities, radio/infrared delays, and cooling times).

Finally, one of the most interesting aspects of the proposed scheme — assuming
that is correct in its general principles — is obviously its connection to super-massive
BHs in active Galactic nuclei (AGN), and the possibility to mirror different X-ray
binary states into different classes of AGN. This is explored in detail in Chap. 5.

4.3 Empirical Luminosity Correlations

4.3.1 Radio/X-Ray

In a first attempt to quantify the relative importance of jet vs. disk emission in BHBs,
[49] collected quasi-simultaneous radio and X-ray observations of ten low/hard state
sources. This study established the presence of a tight correlation between the X-ray
and the radio luminosity, of the form Lg oc L%"*%!, first quantified for GX 339-4
[19]. The correlation extends over more than three orders of magnitude in Lx and
breaks down around 2%Lgqq, above which the sources enter the high/soft (thermal
dominant) state, and the core radio emission drops below detectable levels. Given
the nonlinearity, the ratio radio-to-X-ray luminosity increases toward quiescence
(below a few 1073 Lggq ). This leads to the hypothesis that the total power output of
quiescent BHBs could be dominated by a radiatively inefficient outflow, rather than
by the local dissipation of gravitational energy in the accretion flow [37, 74].

Even though strictly simultaneous radio/X-ray observation of the nearest quies-
cent BHB, A 0620-00, seems to confirm that the nonlinear correlation holds down
to Eddington ratios as low as 10~® [46], many outliers have been recently been
found at higher luminosities [18, 16, 13, 15, 106, 45], casting serious doubts on the
universality of this scaling, and the possibility of relying on the best-fitting relation
for estimating other quantities, such as distance or black hole mass.

4.3.2 Optical-Infrared/X-Ray

The infrared (IR) spectra of BHBs with a low mass donor star are likely shaped
by a number of competing emission mechanisms, most notably: reprocessing of
accretion-powered X-ray and ultraviolet photons, either by the donor star surface



4 Radio Emission and Jets from Microquasars 91

or by the outer accretion disk, direct thermal emission from the outer disk, and
non-thermal synchrotron emission from a relativistic outflow. Reference [109] have
collected all the available quasi-simultaneous optical and near-IR data of a large
sample of Galactic X-ray binaries over different X-ray states. The optical/near-IR
(OIR) luminosity of hard/quiescent BHBs is found to correlate with the X-ray lumi-
nosity to the power ~0.6, consistent with the radio/X-ray correlation slope down
to 10~ 8Lgyq [46]. Combined with the fact that the near-IR emission is largely sup-
pressed in the soft state, this leads to the conclusion that, for the BHBs, the spectral
break to the optically thin portion of the jet takes place most likely in the mid-IR
(2-40 pm). A similar correlation is found in neutron stars (NSs) in the hard state. By
comparing the observed relations with those expected from models of a number of
emission processes, [109] are able to constrain the dominant contribution to the OIR
portion of the spectral energy distribution (SED) for the different classes of X-ray
binaries. They conclude that for hard state BHs at high luminosities (above 10~
times the Eddington limit) jets are contributing 90% of the near-IR emission. The
optical emission could have a substantial jet contribution; however, the optical spec-
tra show a thermal spectrum indicating X-ray reprocessing in the disk dominates in
this regime. In contrast, X-ray reprocessing from the outer accretion disk dominates
the OIR spectra of hard state NSs, with possible contributions from the synchrotron
emitting jets and the viscously heated disk only at very high luminosities.

4.4 Jet—ISM Interaction

4.4.1 Jet-Driven Nebulae

It is worth stressing that none of the above scaling relations deals with actual mea-
surements of the total jet power, which is a function of the observed radio lumi-
nosity, corrected for relativistic effects, and of the unknown radiative efficiency.
A fruitful method, borrowed from the AGN community, is that to constrain the jet
power x lifetime product by looking at its interaction with the surrounding interstel-
lar medium (ISM). Beside the arcmin-scale, fossil jets around the so-called Great
Annihilator (Fig. 4.1, bottom right panel; [99]), a well-known case is that of the
nebula around the first Galactic jet source discovered: SS 433. The “ears” of W50
(Fig. 4.3, top right panel) act as an effective calorimeter for the jets’ mechanical
power, which is estimated to be greater than 10°° erg s~! [9]. Similarly, the neutron
star X-ray binary in Circinus X-1 is embedded in an extended, jet-driven radio neb-
ula (see Fig. 4.3, top left panel). In this particular case, it is likely that we are actually
looking toward the central X-ray binary system through the jet-powered radio lobe,
making this the only known case of a Galactic microblazar. Results from modeling
suggest an age for the nebula of <10° yr and a corresponding time-averaged jet
power in excess of 103 erg s~!. During flaring episodes, the instantaneous jet power
may reach values of similar magnitude to the X-ray luminosity [119].

More recently, a low surface brightness arc of radio/optical emission has been
discovered around Cygnus X-1 [47, 108] (Fig. 4.3, bottom panels) and interpreted
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Fig. 4.3 Top left: the jet-powered radio nebula of the “microblazar” Circinus X-1 imaged with
the Australia Telescope Compact Array; from [119]. Top right: W50 nebula surrounding SS 433
(see Fig. 4.1, bottom left panel for an image of the arcsec-scale radio jets). The jets of SS 433
are drilling their way into the supernova remnant and give rise to these characteristic “ears” [27].
Bottom left: a jet-powered radio nebula around the black hole X-ray binary Cygnus X-1, as seen
by the Westerbork Synthesis Radio Telescope at 1.4 GHz. From [47]. Bottom right: the optical
counterpart to the Cyg X-1 nebula, as observed with the 2.5m Isaac Newton optical telescope.
From [108]

in terms of a shocked compressed hollow sphere of free—free emitting gas driven by
an under-luminous synchrotron lobe inflated by the jet of Cygnus X-1. The lack of a
visible counter arc is ascribed to the lower interstellar matter density in the opposite
direction. In fact, there exist to date relatively few cases where jet—-ISM interactions
have been directly observed [87]. Carrying the analogy of AGN jet—ISM interactions
over to microquasars, it has been argued that microquasars are located, dynamically
speaking, in much more tenuous atmosphere. As a consequence, compared to AGN,
microquasar jets require particularly dense environments to produce visible signs of
interaction with the surroundings [54, 57].

4.4.2 X-Ray Jets

It is well known that, in AGN, optical and X-ray jets are also frequently seen. With
the exception of the large-scale (tens of pc) diffuse X-ray emission detected from the
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X-ray binary SS 433 with the Einstein Observatory [112], X-ray jets were not seen
for Galactic systems prior to the launch of the Chandra X-Ray Observatory in 1999.
With a large improvement in angular resolution over previous missions, Chandra
detected arcsec-scale (~0.025 pc) X-ray jets for the first time in SS 433 [75]. This
was the first of a number of discoveries.

Perhaps the most extreme case in terms of energetics has been the detection of
decelerating arcsec-scale X-ray (and radio) jets in the microquasar XTE J1550-564,
a few years after the ejection event [21, 117, 68]. The detection of optically thin syn-
chrotron X-ray emission from discrete ejection events implies in situ particle accel-
eration up to several TeV, possibly due to interaction of the jets with the interstellar
medium. More recently, a similar large-scale jet has been reported in H 1743-322
[17] (Fig. 4.4, left panels). As for XTE J1550-564, the spectral energy distribution
of the jets during the decay phase is consistent with a classical synchrotron spectrum
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Fig. 4.4 Left panels: arcsec-scale, transient X-ray plasmons ejected by the BH candidate H 1743-
322 (Chandra ACIS-S). The detection of optically thin synchrotron X-ray emission implies in situ
particle acceleration up to several TeV. From [17]. Top right: arcmin-scale fossil X-ray jets in the
field of 4U 1755-33 [5] (XMM-Newton image). Bottom right: arcsec-scale transient X-ray jet from
Circinus X-1 seen with the Chandra gratings. From [53]. The X-ray jet direction coincide with that
of the ultra-relativistic radio jets [33]
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of a single electron distribution from radio up to X-rays, implying the production of
very high energy (>10TeV) particles in those jets.

Another interesting example is that of a fossil arcmin-scale X-ray jet seen by the
XMM-Newton telescope in the surroundings of 4U 1755-33 [5] (Fig. 4.4, top right
panel). Finally, evidence for a transient X-ray jet has been recently claimed in the
neutron star Circinus X-1 during a 50 ks Chandra gratings observation (Fig. 4.4,
bottom right panel), taken during a low flux state [53]. The direction of this X-ray
feature is consistent with the direction of the northwestern jet seen in the radio [33],
suggesting that it originates either in the jet itself or in the shock that the jet is driving
into its environment. The inferred jet kinetic power is significantly larger than the
minimum power required for the jet to inflate the large-scale radio nebula.

4.5 Quiescence (to Eject or Not to Eject?)

The role of outflows is especially interesting at very low X-ray luminosities, in the
so-called “quiescent” regime, i.e., below a few 10 Lgyq. Persistent steady radio
counterparts to BHBs appear to survive down to low quiescent X-ray luminosi-
ties (as low as 10789 Lggq [46]), even though sensitivity limitations on current radio
telescopes make it extremely difficult to reach the signal-to-noise ratios required to
assess their presence for systems further than 2 kpc or so.

In the context of X-ray binaries, as well as super-massive black holes, the term
“jet” is typically used as a synonym for relativistic outflow of plasma and implies a
high degree of collimation. As a matter of fact, high spatial resolution radio obser-
vations of BHBs in the hard state have resolved highly collimated structures in
two systems only: Cyg X-1 [114] and GRS 19154105 [25, 42] are both resolved
into elongated radio sources on milliarcsec scales — that is tens of A.U. — implying
collimation angles smaller than a few degrees on much larger scales than the orbital
separation. Both systems display a relatively high X-ray (and radio) luminosity, with
GRS 19154105 being persistently close to the Eddington luminosity [32], and Cyg
X-1 displaying a bolometric X-ray luminosity around 2%Lgqq [26].

This, however, should not be taken as evidence against collimated jets in low
luminosity, quiescent systems: because of sensitivity limitations on current high
resolution radio arrays, resolving a radio jet at microJy level simply constitutes an
observational challenge. In addition, at such low levels, the radio flux could be easily
contaminated by synchrotron emission from the donor star.

In principle, the presence of a collimated outflow can also be inferred by its
long-term action on the local interstellar medium, as in the case of the hard state
BHBs 1E 1740.7-2942 and GRS 1758-258, both associated with arcmin-scale radio
lobes [99, 79]. Further indications can come from the stability in the orientation
of the electric vector in the radio polarization maps, as observed in the case of
GX 339-4 over a 2-year period [22]. This constant position angle, being the same
as the sky position angle of the large-scale, optically thin radio jet powered by
GX 339-4 after its 2002 outburst [48], clearly indicates a favored ejection axis in
the system. However, all three systems emit X-rays at “intermediate” luminosities
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(1073-10"%Lgqq ), and tell us little about outflows from quiescent BHs. On the other
hand, failure to image a collimated structure in the hard state of XTE J1118+4-480
down to a synthesized beam of 0.6 x 1.0 mas” at 8.4 GHz [94] poses a challenge
to the collimated jet interpretation, even though XTE J1118+4-408 was observed at
roughly one order of magnitude lower luminosity with respect to, e.g., Cyg X-1
(1073 Lggq ). Under the (naive) assumption that the jet size scales as the radiated
power, one could expect the jet of XTE J1118+408 to be roughly ten times smaller
than that of Cyg X-1 (which is 2x6 mas® at 9 GHz, at about the same distance),
i.e., still point-like at Very Long Based Array (VLBA) scales [94].

In fact, [50] have pointed out that long period (X1 day) BHBs undergoing out-
bursts tend to be associated with spatially resolved optically thin radio ejections,
while short period systems would be associated with unresolved, and hence phys-
ically smaller, radio ejections. If a common production mechanism is at work in
optically thick and optically thin BHB jets, then the above arguments should apply
to steady optically thick jets as well, providing an alternative explanation to the
unresolved radio emission of XTE J1118+480 (which, with its 4 h orbital period,
is one of the shortest known). By analogy, a bright, long period system, like for
instance V404 Cyg, might be expected to have a more extended optically thick jets.
This is further explored in the next section.

4.5.1 The Brightest: V404 Cyg

In order to eventually resolve the radio counterpart to a quiescent X-ray binary, the
black hole V404 Cyg was observed with the High Sensitivity Array (HSA, com-
posed of VLBA plus the Green Bank Telescope, Effelsberg, and the phased VLA)
in December, 2007 for 4.25h [86]. These observations failed to resolve the radio
source (Fig. 4.5, left panel), yielding an upper limit of 1.3 milliarcsec on the 8.4 GHz
source size — 5.2 A.U. at 4 kpc — and a corresponding lower limit of 7 x 10% K on its
brightness temperature (confirming that the radio emission must be non-thermal).
Interestingly, the inferred upper limit on the radio source size is already two times
smaller than the steady jet resolved in Cyg X-1 with the VLBA (Fig. 4.1, top left
panel).

A small flare was detected from V404 Cyg with both the VLA and the VLBA,
on a timescale of 1h (Fig. 4.5, right panel), in which the source flux density rose
by a factor of 3. As the brightest black hole X-ray binary in quiescence (few 107>
Lggq in X-rays, 0.4 mJy at GHz frequencies), V404 Cyg is the only source in which
such flaring activity has been detected in the quiescent state (the flare is certainly
intrinsic to the source and cannot be caused by interstellar scintillation [86]). The
question of whether flares are unique to this source, or are common in such systems,
has direct implications for the nature of the accretion process at low luminosities.
Observations of XTE J11184-480 and GX 339-4 in their hard states have shown evi-
dence for fast variability in the optical and X-ray bands [65, 64, 63], with properties
inconsistent with X-ray reprocessing and more indicative of synchrotron variability.
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Fig. 4.5 Left: the quiescent black hole V404 Cyg was observed with the High Sensitivity Array
for 4.25 hr at 8.4 GHz. The radio source is unresolved, yielding an upper limit of 5.2 A.U. to the
size of the emitting region. Right: the source radio light curve during the observation, showing a
flare with 30 min rising time. From [86]

The timescales are shorter than seen in V404 Cyg and there were no high-time
resolution radio data for comparison. A better comparison is the quiescent BH in
the center of the Milky Way, Sgr A*. It shows radio and infrared flaring activity,
which has been explained as an adiabatic expansion of a self-absorbed transient
population of relativistic electrons [121]. Whether there is a truly steady underlying
jet as assumed by standard jet models [11, 69] or whether the emission is composed
of multiple overlapping flares [70] remains to be determined. More sensitive instru-
ments are necessary to probe these short timescale arcs and to determine the nature
of the quiescent jet emission (see Sect. 4.11).

4.5.2 The Faintest: A 0620-00

In spite of the large degree of uncertainty on the overall geometry of the accretion
flow in this regime, there is general agreement that the X-ray emission in quies-
cent BHBs comes from high-energy electrons near the BH. The SEDs of quiescent
BHBs and low-luminosity AGN are often examined in the context of the advection-
dominated accretion flow (ADAF) solution [103, 102], whereby the low X-ray lumi-
nosities are due to a highly reduced radiative efficiency, and most of the liberated
accretion power disappears into the horizon. Here, due to the low densities, a two-
temperature inflow develops, a significant fraction of the viscously dissipated energy
remains locked up in the ions as heat, and is advected inward, effectively adding
to the BH mass. The ADAF model successfully accounts for the overall shape of
the UV-optical-X-ray spectra of quiescent BHBs (see e.g., [81] for an application
to the high quality data of XTE J1118+480). Nevertheless, alternative suggestions
are worth being considered. Reference [10] elaborated an “adiabatic inflow—outflow
solution” (ADIOS), in which the excess energy and angular momentum are lost
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to an outflow at all radii; the final accretion rate into the hole may be only a tiny
fraction of the mass supply at large radii.

Alternatively, building on the work by [28] on AGN jets, a jet model has been
proposed for hard state BHBs [78, 77, 76]. Figure 4.6, (top panel) shows a fit to the
radio-to-X-ray SED of A 0620-00, the lowest Eddington-ratio BHB with a detected
radio counterpart (Lx/Lgqq =~ 1078, Fygu, = 50 pJy) with such a “maximally
jet-dominated” model [44]. This is the first time that such a complex model was
applied in the context of quiescent BHBs, and with the strong constraints on the jet
break frequency cutoff provided by the Spitzer Space Telescope data in the mid-
IR regime (see Sect. 4.7 for more details). In terms of best-fitting parameters, the
major difference with respect to higher luminosity sources for which this model
has been tested [78, 77] (see Chap. 6) is in the value of the acceleration parameter
f compared to the local cooling rates, which turns out to be two orders of mag-
nitude lower for A 0620-00. This “weak acceleration” scenario is reminiscent of
the Galactic Center super-massive BH Sgr A*. Within this framework, the SED of
Sgr A* does not require a power law of optically thin synchrotron emission after
the break from its flat/inverted radio spectrum. Therefore, if the radiating particles
have a power-law distribution, it must be so steep as to be indistinguishable from a
Maxwellian in the optically thin regime. In this respect, they must be only weakly
accelerated. In the framework of a jet-dominated model for the quiescent regime,
it appears that something similar, albeit less extreme, is occurring in the quiescent
BHB A 0620-00; either scenario implies that acceleration in the jets is inefficient at
10~°-10"8 Lgaq.

4.6 Neutron Stars

The mechanism(s) of jet production, from an observational point of view, remains
essentially unconstrained. While in the case of super-massive BHs in AGN it is
often implicitly assumed that the jets extract their energy from the rotation of the
centrally spinning black hole via large-scale magnetic field lines that thread the
horizon; in the case of X-ray binaries, the relatively low (lower limit on the) jets’
Lorentz factors [35] do not appear to require especially efficient launching mecha-
nisms. While on the “experimental” side, substantial improvements are being made
with fully relativistic magneto-hydrodynamic simulations (e.g., [82], and references
therein), from the observer perspective it seems that a fruitful — and yet relatively
unexplored — path to pursue is that to compare in a systematic fashion the properties
of jets in blackhole systems to that of e.g., low magnetic field NSs.

A comprehensive study comparing the radio properties of BHs and NSs [91] has
highlighted a number of relevant difference/similarities (see Fig. 4.7): (i) Below a
few per cent of the Eddington luminosity (in the hard, radiatively inefficient states)
both BHs and NSs produce steady compact jets, while transient jets are associated
with variable sources/flaring activity at the highest luminosities. (ii) For a given
X-ray luminosity, the NSs are less radio loud, typically by a factor of 30 (Fig. 4.7,
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top panel). (iii) Unlike BHs, NSs do not show a strong suppression of radio emis-
sion in the soft/thermal dominant state. (iv) Hard state NSs seem to exhibit a much
steeper correlation between radio and X-ray luminosities.

Highly accreting NSs, called Z-type (Fig. 4.7, bottom left panel), show periodic
X-ray state transitions on timescales of a few days. Z sources can be considered
the NS counterparts of transient, strongly accreting BHs such as GRS 19154105.
At the same time, they are known to display hard non-thermal tails in the X-ray
energy spectra. The physical origin of this non-thermal component is still an area
of controversy, with two main competing models: (1) inverse Compton scattering
from a non-thermal electron population in a corona [105] and (2) bulk motion
Comptonization [115]. Recently, simultaneous VLA/RXTE observations of the Z
source GX 1742 have shown a positive correlation between the radio emission
and the hard tail power-law X-ray flux in this system (Fig. 4.7, bottom right panel,
[89]). If further confirmed with a larger sample and improved statistics, this rela-
tion would point to a common mechanism for the production of the jet and hard
X-ray tails.

4.7 Jet Power: The Mid-IR Leverage

Observations of hard state BHBs have established that synchrotron emission from
the steady jets extends all the way from the radio to the mm-band [40], above which
the break to the optically thin portion of the spectrum is thought to occur. However,
even for the highest quality SED, disentangling the relative contributions of inflow
vs. outflow to the radiation spectrum and global accretion energy budget can be
quite challenging, as exemplified by the emblematic case of XTE J1118+480 [81,
77, 122]. Estimates of the total jet power based on its radiation spectrum depend cru-
cially on the assumed frequency at which the flat, partially self-absorbed spectrum
turns and becomes optically thin, as the jet “radiative efficiency” depends ultimately
on the location of the high-energy cutoff induced by the higher synchrotron cooling
rate of the most energetic particles. From a theoretical point of view, the “break

<&
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Fig. 4.6 Top: radio-to-X-ray SED of the quiescent black hole X-ray binary A 0620-00 fit with
a “maximally-dominated” jet model. Solid gray line: total spectrum; dot-long-dashed line: pre-
acceleration inner jet synchrotron emission; dotted line: post-acceleration outer jet synchrotron;
triple dot-dashed line: Compton emission from the inner jet, including external disk photons as
well as synchrotron self-Compton; double-dot-dashed line: thermal multicolor-blackbody disk
model plus single blackbody representing the star. The symbols represent the data, while the solid
black (red in the color version) line is the model fit in detector space. From [44]. Bottom: evidence
for optically thin synchrotron emission from a jet in the NS 4U 0614+091. By comparison, if the
mid-IR excess detected in the BHs A 0620-00 is indeed due to jet emission, this means that the
power content of the BH jet is at least 10 times higher than in the NS, where the jet spectrum breaks
to optically thin already at mid-IR frequencies. From [90]
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Fig. 4.7 Top: radio vs. X-ray luminosity for (two representative) black holes (fop left) and neutron
stars (bottom right). On average, neutron stars are 30 times fainter in the radio band. From [91].
Bottom left: sketch of the disk-jet coupling in Z-type sources, which are believed to be the NS
equivalents of the BH GRS 19154105, constantly emitting near Lggg and producing powerful
jets associated with rapid state transitions. From [91]. Bottom right: a correlation between the core
radio flux density and the X-ray flux in the hard X-ray in the Z source GX 17+2. From [89]

frequency”, here defined as the frequency at which the partially self-absorbed jet
becomes optically thin, is inversely proportional to the BH mass: as jet spectral
breaks are often observed in the GHz/sub-mm regime in AGN, they are expected to
occur in the IR-optical band for 10°~7 times lighter objects. We know however from
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observations of GX 339-4, the only BHB where the optically thin jet spectrum has
been perhaps observed [20, 61], that the exact break frequency can vary with the
overall luminosity, possibly reflecting changes in the magnetic field energy density,
the particle density, and the mass loading at the jet base. Determining the location of
the jet break as a function of the bolometric luminosity is also important to assess the
synchrotron contribution to the hard X-ray band. As an example, that the optically
thin jet IR-emission in GX 339-4 connects smoothly with the hard X-ray power
law has led to challenge the “standard” Comptonization scenario for the hard X-ray
state [77].

Because of the low flux levels expected from the jets in this regime (tens to
hundreds of pJy based on extrapolation from the radio band), combined with the
companion star/outer disk contamination at near-IR frequencies, the sensitivity and
leverage offered by Spitzer is crucial in order to determine the location of the jet
break. In fact, Spitzer observations of three quiescent black hole X-ray binaries,
with the Multi-band Imaging Photometer (MIPS), have shown evidence for excess
emission with respect to the Rayleigh-Jeans tail of the companion star between 8 and
24 pm. This excess, which has been interpreted as due to thermal emission from
cool circumbinary material [100], is also consistent with the extrapolation of the
measured radio flux assuming a slightly inverted spectrum, typical of partially self-
absorbed synchrotron emission from a conical jet [44]. If so, then the jet synchrotron
luminosity exceeds the measured X-ray luminosity by a factor of a few in these
systems. Accordingly, the mechanical power stored in the jet exceeds the bolometric
X-ray luminosity at least by four orders of magnitude (based on kinetic luminosity
function of Galactic X-ray binary jets [55]).

Despite their relative faintness with respect to BHs at low (radio) frequencies,
the same multi-wavelength approach can be undertaken in NSs, in the hope to detect
excess mid-IR emission. Indeed, coordinated radio (VLA), mid-IT (Spitzer), optical
(YALO SMARTS), and X-ray (RXTE) observations have yielded the first spectro-
scopical evidence for the presence of a steady jet in a low-luminosity, ultra-compact'
neutron star X-ray binary (4U 06144091 [90]). The Spitzer data (Fig. 4.6, bottom
panel) show a neat optically thin synchrotron spectrum (F, oc v~"%), indicating
that the jet break occurs at much lower frequencies in this neutron star system with
respect to blackhole X-ray binaries. As a consequence, unlike in the black holes, the
jet cannot possibly contribute significantly to the X-ray emission.

The Spitzer results on low-luminosity X-ray binaries (three BHs and one NS; [90,
441) seem to point toward different energy dissipation channels in different classes
of objects, namely: the former seem to be more efficient at powering synchrotron
emitting outflows, having partially self-absorbed jets which extend their spectrum
up to the near-IR band. However, it is worth reminding that the most relativistic jet
discovered in the Galaxy so far is the neutron star X-ray binary Circinus X-1 [33],
for which the inferred Lorentz factor exceeds 15 (see Fig. 4.8).

! That is, with orbital period shorter than 1 h.
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Fig. 4.8 An ultra-relativistic jet powered by the neutron star X-ray binary Circinus X-1. From
[33]. The inferred bulk Lorentz factor exceeds I" = 15, making this the most relativistic Galactic
jet source to date

4.8 Jets, Advection, and Event Horizon

One of the most cited accomplishments of the ADAF model is to naturally account
for the relative dimness of quiescent BHBs with respect to quiescent NS X-ray bina-
ries [101], whereas in the case of a BH accretor all the advected energy disappears
as it crosses the horizon, adding to the BH mass, the same energy is released and
radiated away upon impact in the case of an accretor with solid surface. Under the
ADAF working hypothesis, such luminosity difference — which is indeed observed
in X-rays [51] — is actually taken as observational evidence for the existence of a
horizon in BHBs.

However, while the observed luminosity gap may well be a natural byproduct
of advection of energy through the BH horizon, the possibility exists that the very
mechanism of jet production differs between the two classes and that the observed
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Fig. 4.9 Left: in the ADAF scenario, the minimum luminosity around a few 10°° erg s~ corre-
sponds to roughly two-thirds of the outer accretion rate lost to a wind/outflow. From [83]. Right:
quiescent X-ray luminosities/upper limits for 15 BH X-ray binaries, plotted against the systems’
orbital periods. From [43]

luminosity difference is due to the different channels for dissipating a common
energy reservoir, with the black hole “preferring” jets (as discussed in Sect. 4.6,
the NSs are indeed fainter than the BHs in the radio band).

Out of 15 BHB systems with sensitive X-ray observations while in the qui-
escent regime, 12 have now been detected in X-rays (see Fig. 4.9, right panel;
updated from [118] after [18, 46, 59]). For those 12, the quiescent luminosities
range between a few 10°° and 10°3 erg s~!. The nearest BH, A 0620-00, has been
steadily emitting at ~2-3 x 10 erg s~ at least for the past 5 years [46]; this is
approximately the same luminosity level as XTE J1650-500 [43], XTE J1118+480
[81], and GS 2000425 [51], suggesting that this might be some kind of limiting
value.

In fact, for low-mass X-ray binaries one can make use of binary evolution theory,
combined with a given accretion flow solution, to predict a relation between the
minimum quiescent luminosity and the system orbital period, Py, [83, 66]. Inde-
pendently of the actual solution for the accretion flow in quiescence, the existence of
a minimum luminosity in low-mass X-ray binaries stems directly from the existence
of a bifurcation period, Py, below which the mass transfer rate is driven by gravi-
tational wave radiation (j-driven systems), and above which it is dominated by the
nuclear evolution of the secondary star (n-driven systems). As long as the luminosity
expected from a given accretion flow model scales with a positive power of the outer
accretion rate, systems with orbital periods close to the bifurcation period should
display the lowest quiescent luminosity. As an example, the left panel of Fig. 4.9
(from [83]) illustrates how the predicted luminosity of quiescent BHs powered by
ADAFs depends on the ratio between the outer mass transfer rate and the ADAF
accretion rate. The lower band, for instance, corresponds to ~1/3 of the outer mass
transfer being accreted via the ADAF, implying that the remaining 2/3 is lost to an
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outflow (effectively making this inflow an ADIOS [10]). Interestingly, this lower
band roughly reproduces the observed luminosities of three representative systems
spanning the whole range of detected systems ((1) A 0620-00, (2) GRO J1655-40,
and (3) V404 Cyg — marked in both panels).

4.9 White Dwarfs

Accreting WDs come in three main classes: cataclysmic variables (CVs), super-
soft X-ray binaries, and symbiotic stars. Perhaps the best understood of all accre-
tion disks are those in cataclysmic variables (CVs). Although outflows have been
observed from an increasing number of accreting WDs in symbiotic stars and super-
soft X-ray sources [113, 71], these are generally not spatially well resolved, and
questions on the jet-accretion coupling remain open. Most WD ejecta have velocities
of hundreds to thousands of km s~!, and even in those cases when the emission can
be spatially separated from the binary core, it usually appears to be due to free—free
emission from shocks. However, a handful of observations suggest that the out-
flowing particles can be accelerated to high enough energies that non-thermal radio
and/or X-ray emission can also be produced [23, 104].

Two recent works [107, 72] have provided us with the best observational evi-
dence for synchrotron emission from a WD jet. As illustrated in Fig. 4.10, VLBA
observations of the recurrent nova RS Ophiuchi, taken about 21 and 27 days after
the outburst peak, have imaged a resolved synchrotron component well to the east
of the shell-like shock feature.? Interestingly, the inferred jet velocity is comparable
to the escape velocity from a WD.

A second example is the detection of a transient radio jet erupting from the
dwarf nova SS Cyg [72]. Radio observations of this system, conducted during its
April 2007 outburst with the VLA, revealed a variable, flat-spectrum source with
high brightness temperature, most likely due to partially self-absorbed synchrotron
emission from a jet [72]. As apparent from Fig. 4.11, the behavior of SS Cyg (right
panel) during the outburst closely resembles that of X-ray binaries hosting rela-
tivistic compact objects. Plotted here, from left to right, are the “disk-fraction vs.
luminosity diagrams” (which can be seen as the generalization of HIDs generally
adopted for X-ray binaries; see [73]) for three different accreting objects: a BH,
NS, and the WD SS Cyg. Unlike for BHs and NSs, where the x-axis is the X-ray
spectral hardness, for the WD case this variable has been replaced by the power-law
fraction, which quantifies the prominence of the power-law component over the
boundary layer/thermal disk component of the energy spectrum, as measured in
the optical/UV band. Evidently, the three systems occupy the same region of the
parameter space during a typical outburst (see Fig. 4.2 for a schematic of typical
BH outburst HID, and Fig. 4.7, bottom left panel, for Z-type NSs), the most notable

2 Typically, post-outburst radio emission from RS Ophiuchi originates from dense ISM that is
swept up, compressed, and shocked by the relatively rarefied shell that has been ejected [111].
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Fig. 4.10 Two epoch, post-outburst, radio observations of the recurrent nova RS Ophiuchi
(VLBA). The second epoch observations (bottom) show evidence for an additional resolved com-
ponent to the east of the shell-like feature visible already in the first epoch (fop). From [107]

difference being that — for the BHs — the core, flat-spectrum radio emission drops
below detectable levels when in the soft/thermal dominant state, while it seems to
be only somewhat weakened in NSs and WDs.

These results provide further support to the hypothesis that the mere existence of
accretion coupled to magnetic fields may be sufficient ingredient for a jet to form
independently of the presence/absence of an horizon. However, the latter (or, put
it another way, the presence of a physical surface) could play a role in (i) making
the jets more radio loud and (ii) enhancing the magnitude of the jet suppression
mechanism during bright soft states.

4.10 Jet Production, Collimation, Matter Content

It is often assumed that the velocity of the steady jet is only mildly relativistic, with
I" ~ 2 [49]. This comes from the relative spread about the radio/X-ray correlation,
interpreted as evidence for a low average Lorentz factor. However, this argument has
been confuted on theoretical grounds [56]. As far as the transient jets are concerned,
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Fig. 4.11 Disk fraction vs. luminosity diagrams for Galactic binary stellar systems and micro-
quasar sources hosting different compact objects: a BH, NS, and WD. From [72]. This study
provides the strongest observational evidence to date for a synchrotron-emitting outflow from a
dwarf nova system and strengthens the similarities between jet sources across the whole mass
spectrum

there is a high degree of uncertainty in estimating their Lorentz factors, mainly
because of distance uncertainties [35].

A recent work [88] made a substantial step forward in constraining the Lorentz
factor of microquasars by means of the observational upper limits on the jets’
opening angles. This method relies on the fact that, while the jets could undergo
transverse expansion at a significant fraction of the speed of light, time dilation
effects associated with the bulk motion will reduce their apparent opening angles.
Reference [88] have calculated the Lorentz factors required to reproduce the small
opening angles that are observed in most X-ray binaries, with very few exceptions,
under the crucial assumption of no confinement. The derived values, mostly lower
limits, are larger than typically assumed, with a mean I3, >10. No systematic dif-
ference appears to emerge between hard state steady jets and transient plasmons
(Fig. 4.12). If indeed the transient jets were as relativistic as the steady jets, as
already mentioned, this would challenge the hypothesis of internal shocks at work
during hard-to-thermal state transitions in BHBs. In order for that scenario to be
viable, the transient jets must have higher Lorentz factor; in other words, steady jets
ought to be laterally confined. The issue of the jets’ matter content remains highly
debated. Perhaps with the exception of SS 433 [120, 92], where atomic lines have
been detected as optical at X-ray wavelengths along the jets (see Fig. 4.13), various
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Fig. 4.13 Chandra image of SS 433 with the projected precession cycle of the jets superimposed
on it. These observations reveal evidence for a hot continuum and Doppler-shifted iron emission
lines from spatially resolved regions. From [92]
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studies come to different conclusions for different sources. For example, circular
polarization, which in principle can provide an excellent tool for investigating the
baryonic content of the jets, is only detected in a handful of sources [38], where
no strong conclusion could be placed yet. Entirely different studies (e.g., based on
modeling large-scale jet—-ISM interaction structures by means of self-similar jet fluid
models) also draw different conclusions: in the case of Cygnus X-1 for instance,
some authors [47, 54] argue for cold baryons in the flow, while an electron/positron
jet seems to be favored in GRS 1915+ 105 based on energetics arguments [36].

4.11 Future Prospects

In this last section, I choose to briefly introduce a number of observational capabil-
ities that are about to become available to the community — or have just started to —
that I believe will literally revolutionize our understanding of microquasars (and not
only).

4.11.1 Next Generation Radio Interferometers

With an imaging resolution of 50 milliarcsec at 40 GHz, the imaging capability
of the VLA is comparable with the highest resolution of Advanced Camera for
Surveys onboard the Hubble Space Telescope. However, the fundamental data-
processing capabilities of the VLA remained essentially unchanged since the 1970s.
The Expanded VLA (EVLA?) will dramatically improve its ability to make high-
sensitivity and high-resolution images. The EVLA will attain unprecedented image
quality with 10 times the sensitivity and 1000 times the spectroscopic capability of
the existing array. Finally, the addition of eight new antennas will provide an order
of magnitude increase in angular resolution. At the time of writing, the number of
EVLA antennas continues to increase at a rate of one every 2 months. Each upgraded
EVLA antenna produces 100 times more data than an original VLA antenna. When
completed in 2012, the EVLA will be the most powerful centimeter-wavelength
radio telescope in the world. The technology developed for the EVLA will enable
progress on the next generation radio telescope: the Square Kilometer Array.

With baselines of up to 217 km, the Multi-Element Radio Linked Interferom-
eter Network (MERLIN) provides cm-wavelength imaging at 10-150 milliarcsec
resolution, effectively covering the gap between arrays such as the Westerbork Syn-
thesis Radio Telescope (WSRT) and the VLA, and Very Long Based Interferom-
etry (VLBI) arrays such as the VLBA and the European VLBI Network (EVN).
e-MERLIN* is a major UK project aimed at increasing the bandwidth and thus the
sensitivity of MERLIN by about an order of magnitude. This increased sensitivity,
together with the high resolution provided by the long baselines, will enable a wide

3 http://www.aoc.nrao.edu/evla/
4 http://www.jb.man.ac.uk/research/rflabs/eMERLIN.html
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range of new astronomical observations, including of course Galactic microquasars.
One other major development which is part of the upgrade is frequency flexibility,
as e-MERLIN will be able to switch rapidly between 1.4, 5, 6, and 22 GHz. The
e-MERLIN telescope array is now nearing completion and will soon start to acquire
data for its approved legacy programs.

In terms of microquasar studies, the EVLA and e-MERLIN will be simply a rev-
olution. They will allow for the detection of faint quiescent systems in short expo-
sures, enabling us to test whether collimated jets survive in quiescent blackholes
(such as V404 Cyg). It will be possible to perform systematic searches for radio
counterparts to NSs. Radio outbursts will hopefully receive the same daily coverage
as X-rays outbursts do, and with amazingly fast frequency switching capabilities.
Deep searches for low surface brightness jet-powered nebulae will be carried out at
relatively (comparatively) limited expenses in terms of telescope time. Finally, we
will be able to perform spectroscopic studies of microquasars jet, search for lines,
possibly constrain the jet baryon content directly.

LOFAR? (Low Frequency Array) is a next-generation radio telescope currently
under construction in The Netherlands, with baseline stations under development
over a number of EU countries. The array will operate in the 30-80 and 120-
240 MHz bands, thus representing the largest of the pathfinders for the lowest fre-
quency component of the Square Kilometer Array (SKA) project (see [29]). Core
Station One of LOFAR is currently operating; according to the plan, 36 stations will
be deployed by the end of 2009.

LOFAR will literally revolutionize the study of bursting and transient radio phe-
nomena at low radio frequencies. So far, the primary instruments for detecting
extragalactic Gamma-ray bursts and Galactic microquasars have been orbiting satel-
lites, such as BeppoSAX, INTEGRAL, RXTE, Swift, and others. One of the break-
throughs in this field was the localization of Gamma-ray burst and their subsequent
identification with supernovae/galaxies at high red shifts. From the empirical rela-
tion between radio and X-ray emission for these systems (see Chap. 5) it is apparent
that the all-sky monitoring with LOFAR will be a factor of 5-10 more effective in
discovering such events than previous all-sky-monitors [29]. Furthermore, LOFAR
will allow much more accurate localization of these events, enabling fast response
science and follow-ups at other wavelengths.

4.11.2 y-Ray Binaries
A new observational window has just been opened by ground-based Cherenkov

telescopes, HESS® (High Energy Stereoscopic System) and MAGIC’ (Major Atmo-
spheric Gamma-ray Imaging Telescope), that survey the sky above 100 GeV. Because

5 http://www.lofar.org/
6 http://www.mpi-hd.mpg.de/hfm/HESS/HESS.html
7 http://wwwmagic.mppmu.mpg.de/
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of their high sensitivity, and high angular and energy resolution, these telescopes
are revealing and identifying a plethora of new extragalactic and Galactic sources of
very high energy (>100 GeV) radiation. The Galactic Center, supernovae remnants,
pulsar-wind nebulae, and some “y -ray binaries” have all been identified as very high
y-ray sources in the Galaxy [93]. The HESS collaboration reported the detection
of TeV y-ray emission from the Be-type binary system PSR B1259-63, close to
the periastron passage [1]. Also TeV y-rays have been detected from LS 5039 [2]
and LS I +61 303 [4]. The idea of Galactic jet sources as capable of accelerating
particles up to very high energies has been strengthened by the direct detection of
large-scale X-ray jets resulting from in situ shocks where electrons are accelerated
up to TeV energies [21, 17]. The synergy between very high energies and lower
frequency observations is exemplified by the recent detection of a y-ray flare from
the BH X-ray binary Cygnus X-1, reported by the MAGIC collaboration. The flare,
seen simultaneously with RXTE, Swift, and INTEGRAL, was compatible with a
point-like source at a position consistent with the binary system, thus ruling out
its arcmin-scale jet-driven radio nebula [3]. Alternatively, relativistic particles can
be injected in to the surrounding medium by the wind from a young pulsar (see,
e.g., the case of LS I 461 303 [24]). Coordinated multi-wavelength monitoring can
discriminate between competing models, as they predict different emission regions
for the radio and y-ray radiation (core vs. arc-minute scale y emission can now be
resolved by high resolution y -ray facilities), as well as different flux variations with
the orbital phase.

Finally, scheduled to launch in the mid-2008, the Gamma-ray Large Area Space
Telescope® (GLAST) is an international and multi-agency space mission which will
study the cosmos in the energy range 10keV-300 GeV, complementing ground-
based Cherenkov telescopes with wider field. In the 90s, EGRET (the Energetic
Gamma Ray Experiment Telescope) made the first complete survey of the sky in
the 30 MeV-10 GeV range, showing the y-ray sky to be surprisingly dynamic
and diverse. Most of the EGRET sources remain unidentified (170 over 271): this
outlines the importance and potential for new discoveries of the GLAST mission,
whose Large Area Telescope (LAT) has a field of view about twice as wide (more
than 2.5 steradians) and sensitivity about 50 times at 100 MeV.

The future is bright.
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Chapter S
‘Disc—Jet’ Coupling in Black Hole X-Ray
Binaries and Active Galactic Nuclei

R. Fender

Abstract In this chapter I will review the status of our phenomenological under-
standing of the relation between accretion and outflows in accreting black hole
systems. This understanding arises primarily from observing the relation between
X-ray and longer wavelength (infrared, radio) emission. The view is necessarily a
biased one, beginning with observations of X-ray binary systems, and attempting to
see if they match with the general observational properties of active galactic nuclei.

Black holes are amongst the most esoteric objects conceived of by man. They do
not however lurk only in our imaginations or at the fringes of reality but appear, as
far as we can tell from the objective interpretation of astrophysical observations, to
play a major role in the history of the entire Universe.

In particular, feedback from accreting black holes, in the form of both radiation
and kinetic energy (i.e., jets and winds) has been a key element throughout cosmic
evolution. This is summarized in Fig. 5.1 and some key phases can be identified as
follows:

e Reionization: By redshift of z ~ 10, less than a billion years after the Big Bang,
UV and X-ray radiations from the first accreting black holes (as well as the first
stars) undoubtedly played a key role in ending the so-called “Dark Ages” and
reionizing the Universe.

o The epoch of Active Galactic Nuclei: Following reionization, supermassive black
holes at the centers of active galactic nuclei (AGN) grew rapidly, probably fed
by galactic mergers. The peak of AGN activity occurred around a redshift of
z ~ 2, around 4 billion years after the big bang. Radiation from the accretion
flows around these AGN formed what we now observe as the cosmic X-ray back-
ground. Kinetic feedback from AGN also acted to stall and reheat cooling flows
at the centers of galaxies and to regulate the growth of galaxies.
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Fig. 5.1 The role of feedback from black hole accretion, in the form of both radiation and kinetic
energy, has played a key role in the evolution of our Universe

o The epoch of stellar-mass black holes: In the nearby Universe, feeding of the
supermassive black holes has declined and their feedback to the ambient medium
is dominated by kinetic power. The X-ray luminosity of galaxies is now domi-
nated by accretion onto black holes of mass Mgy ~ 105 in binary systems (as
well as neutron stars).

Black holes, it seems, despite their oddness, are a key formative component of the
Universe. It is essential for our understanding not only of the history of the Universe
to this point, but also of the future evolution of the Universe that we understand
how these objects behave. In fact, they do one thing, and one thing only, of major
significance!: they convert gravitational potential energy to radiation and kinetic
energy, which feeds back into the Universe.

1 Not counting information trapping on their surfaces (e.g. [87])
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This accretion process is in principle quite simple, as outlined in the next sec-
tion. However, observationally we find that it has its subtleties and nuances, which
manifest themselves most clearly in how the black hole distributes its feedback
between radiation and kinetic power. The rest of this chapter explores what we
can learn about these idiosyncrasies of black hole accretion by studying low-mass
(M < 20Mg), rapidly varying, black holes in binary systems in our galaxy, and how
we might apply that to understanding how supermassive black holes have helped
shape the observable Universe.

In addition to the flow of energy and feedback, which are the foci of this review,
the physics associated with jet formation and the associated particle acceleration,
as well as potential tests of general relativity associated with studying black hole
accretion are all extremely interesting astrophysical topics in their own right. See
suggestions for further reading at the end of the chapter.

5.1 Simple Physical Theory

The maximum energy release associated with the accretion of matter from infinity
to a body of mass M and radius R is given by GM/R. It is the ratio M /R which
determines the efficiency of the accretion process.

A non-rotating or Schwarzschild black hole has an event horizon at

ry =2GM/c* = 2r,,

where r, is referred to as the gravitational radius.

This linear dependence on black hole mass means that all non-rotating black
holes have the same maximum potential accretion efficiency, regardless of their
mass. There is an innermost stable circular orbit, or ISCO, around such black holes,
within which matter will plummet rapidly across the event horizon, and this is at
3rg, also independent of mass.

Spinning black holes have smaller event horizons and ISCOs than non-rotating
black holes: a maximally rotating or Maximal Kerr black hole has an event horizon
and ISCO both at r, = %rx. This means that for a black hole of any mass, the ratio
M /R is the same to within a factor of 6. This ratio is dwarfed by the enormous
range of masses of black holes we have observed in the Universe, from < 10Mg, to
> 10° M. Beyond mass and spin, black holes possess only one more property that
of an electric charge. Given the lack of observation of large-scale charged objects
in the Universe, it is assumed that black holes are electrically neutral. Figure 5.2
summarizes the relative sizes of neutron stars, non-rotating, and maximally rotating
black holes.

This amazing scale invariance of the theoretical accretion efficiency coupled with
the inability of a black hole to possess any other distinguishing characteristics drives
us to speculate that the process of accretion onto black holes of all scales should be
very similar.
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Fig. 5.2 Relative sizes of a neutron star, non-rotating, and maximally rotating black hole in units
of gravitational radii RG = G M /c?. The figure is correct for black holes of any mass. A neutron
star of 1.4 Mg mass and 10 km radius has a surface at about 4.8 Rg. The accretion disc may extend
all the way to the surface where there will be a boundary layer between the inner disc edge and the
surface, which will be rotating more slowly. For a non-rotating black hole the event horizon will lie
at 2Rg and there will be an innermost stable circular orbit (ISCO) at 6 Rg. Inside the ISCO matter
will plunge across the event horizon. For a maximally rotating black hole the event horizon and
ISCO lie at 1 Rg. Most black holes will be somewhere between these two extremes. If we naively
assume radiation only from a disc-like radiatively efficient accretion flow, we can see that accretion

onto a neutron star can be more efficient than that onto a non-rotating black hole, but that accretion
onto a black hole with significant spin can be the most efficient process
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However, the physical conditions in the innermost regions of the accretion flow
are not expected to be identical. The fixed M /R ratio necessarily implies that the
density of the inner accretion flow (and in fact of the black hole itself) must decrease
with increasing mass. Put very simplistically, unless there are strong changes in
accretion geometry with mass, the surface area through which matter with signifi-
cant angular momentum will accrete will scale as M 2. So for two black holes, one
“stellar mass” (~10M) and one “supermassive” (~10° M), accreting at the same
Eddington ratio, which scales linearly with mass, the density of the accreting matter
should scale as p « 14'1/M2 o« M~ ie., afactor of 10’ more dense in the case of
the stellar-mass black hole. Similarly, the effective temperature of the accretion disc
varies with mass. This can be illustrated simply as follows: for the same Eddington
ratio the luminosity is released in radiatively efficient accretion L o« M and is
emitted over a disc area which scales as M?. For black body radiation L o« AT*
(where A is the emitting area and T the temperature), and so we find T oc M~1/4,
Therefore, accretion discs in the most luminous AGN should be 100 times cooler
than those in the most luminous X-ray binaries [83]. In Fig. 5.3 we present the
expected simple scaling of size (both of the black hole and inner accretion disc),
luminosity, disc temperature, disc density (also mean density of the matter within

1e+20 T . T . ' ! ' :
Disc area
Luminosity
1e+15 - Disc temperature -- ]

Disc density and orbital frequency -

1e+10

100000

lonisation potentials for
luminous inner disc

BH property normalised to 1 at one solar mass

1e-05

1e-10 MY TP SR B ST B Y SR S
10 100 1000 10000 100000 1e+06 1e+07 1e+08 1e+09 1e+10

Black hole mass

Fig. 5.3 The simple scaling of area (both of event horizon and inner disc), luminosity, disc tem-
perature, disc orbital frequency, and disc density (also mean density within event horizon) with
black hole mass for black holes accreting radiatively efficiently at the same Eddington ratio (the
combination of which requirements probably means an Eddington ratio > 0.01) and with the
same spin. Also indicated are the ionization potentials for H and both Hel and Hell based on a
temperature of 1 keV for an Eddington rate 10, black hole (i.e., the temperature scale is the actual
temperature in keV)
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the event horizon), and also orbital frequency as a function of mass for black holes
accreting radiatively efficiently at the same Eddington ratio and with the same spin.
As we shall see later in this chapter, the requirement for radiative efficiency probably
implies an Eddington ratio > 0.01.

How the energy density and organization of the magnetic field in the accretion
flow, which are likely to be important both for effective viscosity and jet formation,
vary with black hole mass is less well understood.

5.2 Observations of Black Hole X-Ray Binaries

More than 20 objects consistent with black holes of mass ~10M, have been iden-
tified in X-ray binary systems within our galaxy (e.g., [52]). This population may
be the tip of an iceberg of ~108 stellar-mass black holes within our galaxy (i.e., a
far larger total black hole mass than that associated with the ~10°M, black hole,
Sgr A*, at our galactic center). These binary systems show semi-regular outbursts
in which they temporarily brighten across the electromagnetic spectrum by many
orders of magnitude. The origin of these outbursts is believed to be a disc instability
driven by the ionization of hydrogen above a given temperature (e.g., [19]). However
while describing general outburst trends, there are many difficulties in explaining all
the observational characteristics. When comparing to AGN, we imagine that X-ray
binaries near the peaks of their outbursts correspond to the high Eddington ratio
systems such as Quasars and that when in quiescence (the most common phase for
most systems) they correspond to low-luminosity AGN (LLAGN) such as Sgr A*
at the center of our own galaxy.

The evolution of two outbursts from the binary GX 339-4 is illustrated in Fig. 5.4.
In very brief summary, most black hole X-ray binaries spend most of their time in a
“quiescent” state with X-ray luminosities as low as ~10* erg s™! (<107° Lgyg; e.g.
[26]). The mass transfer from the companion star, usually via Roche-lobe overflow,
progresses at a higher rate than that at which matter is centrally accreted onto the
black hole (or neutron star) and so the mass (and temperature) of the disc increase.
At some point the effective viscosity of the disc increases, perhaps due to the hydro-
gen ionization instability mentioned above, and the matter in the disc rapidly drains
toward the central accretor. During this phase the central accretion rate is much
higher than the time-averaged mass accretion rate from the companion star, and the
source becomes very luminous, often approaching the Eddington luminosity.>

At an early stage in the outburst the source X-ray spectrum begins to soften
(motion to the left in the HIDs in Fig. 5.3). Within a few weeks or months, when
some significant fraction of the disc mass has been accreted, the disc cools, and the

2The E ddington luminosity corresponds to the luminosity at which the outward radiation force
from accretion balances the inward force of gravity. For spherical accretion of hydrogen it is
approximately Lggg ~ 1.4 x 103(M/Mg)ergs™".
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Fig. 5.4 Outbursts of the black hole binary GX 339-4. Top panel: the X-ray light curve of GX 339-
4 as measured with the PCA instrument onboard the RXTE satellite. Gaps in the data coverage
between major outbursts usually indicate low/quiescent flux levels. The outbursts in 2002/2003
and 2004/2005 are covered in the greatest detail and are represented in hardness—intensity diagrams
(HIDs) in the lower panels. In these HIDs the abscissae (x-axes) indicate X-ray “color” or hardness
ratio, whereas the ordinates (y-axes) indicate luminosity. In the left panel the time evolution of the
two separate outbursts are indicated; triangles indicate those spectra where a strong accretion disc
(black body-like) component was required in the spectral fit. Two different outbursts are overplot-
ted — both show hysteretical patterns of behavior, in that the transition from hard — soft states
occurs at higher luminosities than the soft — hard transition, but they also clearly differ in that
the earlier outburst reached a higher luminosity in the initial stages. The right panel indicates the
variation of fitted accretion disc temperature (gray scale) in the soft X-ray state, decreasing with
luminosity. Adapted from [9]

source returns toward quiescence.’ In doing so it makes the X-ray spectral transition
away from the soft state at a lower luminosity than that at which it entered the
state. This results in a hysteretical track in the HID. For more details on black hole
outbursts see Chaps. 3, 4 and 6 in this volume.

3 It is worth bearing in mind that two of the sources we use most in our studies of black hole
binaries do not really fit this pattern: GX 339-4 does not ever really settle into extended quiescent
periods (see Fig. 5.4) and Cyg X-1 is not accreting via simple Roche-lobe overflow.
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5.2.1 Relations Between Accretion “State” and Radio Emission

Most of our insights into the relation between modes/rates of accretion and the type
and power of any associated feedback (also known as the “disc-jet” coupling*) come
from (near-)simultaneous radio (also sometimes infrared) and X-ray observations
of rapidly varying systems. The radio (and, often, infrared) emission is assumed to
arise via synchrotron emission in a jet-like outflow, and the X-ray emission to be a
tracer of the accretion flow (rate, geometry, temperature, even composition). It has
also been suggested that a significant fraction of the X-ray emission in some states
may arise in the jet (see Chap. 6).

A good example of coupling between X-ray state and radio emission is given in
Fig. 5.5. In this figure several hours of overlapping radio and X-ray observations of
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Fig. 5.5 Radio—X-ray coupling in the binary black hole system GRS 1915+105. The top panel
shows radio monitoring at 15 GHz from the Ryle Telescope, the middle panel shows the X-ray
flux as measured by RXTE, with the light curve subdivided into “soft” (A and B) and “hard” (C)
X-ray states. The radio oscillation events, which we think are associated with individual relativistic
ejection events, only occur when long hard (state C) dips are followed by rapid transitions to soft
states (e.g., the first and third phases of X-ray coverage) and not when more rapid fluctuations
occur, albeit at the same luminosity. While GRS 1915+105 is a complex case, the general pattern
of behavior — major ejection events during state transitions — is consistent with other accreting
black hole binaries. From [40]

4 This expression now has confusing connotations because people sometimes take the word “disc”
in this context to mean only the geometrically thin, optically thick component of the accretion flow.
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the powerful jet source and black hole binary GRS 1915+105 are presented (from
[40]). The radio emission shows clear phases of oscillatory behavior during periods
of strong dips in the hard X-ray light curve, and far less activity when the X-rays,
although at the same luminosity, are not showing the long hard-state dips. Similar,
maybe identical, patterns are observed at widely separated epochs, demonstrating a
clear and repeating pattern of accretion: outflow coupling.

5.2.2 Toward Unified Models for Accretion—Ejection Coupling

Based on more than a decade of X-ray and radio observations, attempts were made
in the past few years to find simple and unified patterns for the accretion—outflow
(“disc-jet”) coupling in black hole X-ray binaries. Our analysis is heavily based on
the assumption that radio emission is associated with jet-like outflows, something
argued in more detail in e.g. [30] and by many other authors. In terms of relations
to X-ray states, [13] demonstrated that during the high/soft X-ray state of the binary
GX 339-4 the radio emission was suppressed with respect to the hard state at com-
parable luminosities. In fact this phenomenon had been observed more than two
decades earlier by [86] in the case of Cygnus X-1. Around the same time, [28, 7, 8]
demonstrated that while in the hard X-ray state (right-hand side of the the HID) the
same binary, GX 339-4, repeatedly displayed a correlation of the following form:

b

LGHzradio &8 LsoftX-ray’

where b = 0.7 & 0.1. Reference [14] demonstrated that steady, flat-spectrum radio
emission (spectral index « = Alog S, /Alogv ~ 0) such as observed from GX 339-
4 in the hard X-ray state was observed from all hard-state black hole binaries
(this characteristic post-outburst radio behavior had been noted by e.g. [31] but not
clearly associated with X-ray state).

In a wider-ranging study, [22] found that another binary V404 Cyg (GS 2023+338)
displayed the same correlation (b ~ 0.7) and the same normalization, within uncer-
tainties. Radio and X-ray measurements for several other black hole binaries in the
hard state were also consistent with the same “universal” relation, and repeated sup-
pression of the radio emission in softer X-ray states of Cygnus X-1 was reconfirmed.
More recently however, several hard-state black hole binaries have been discovered
which are underluminous in the radio band (see [20], and Chap. 4 in this volume for
more discussion).

These hard-state, flat-spectrum jets are in fact very powerful, and not just an
interesting sideshow to the main event of X-ray production [14]. In fact the com-
bination of two non-linear couplings, Lo O L%7 (observed) and L,,q;0 X Pj!c£4
(theoretical), where Pj is total jet power, but also observed in [43], implies that
Piet L%, and that as the X-ray luminosity of a source declines the jet may come
to dominate over radiation in terms of feedback from the accretion process [15].
The key goal then was to determine the normalization for the jet power, which a
variety of methods have established as being comparable to the X-rays luminosity
at high Eddington ratios, dominating at lower Eddington ratios (e.g. [24, 29]). The
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current consensus is therefore that in the hard X-ray state black hole binaries pro-
duce powerful, flat-spectrum relatively steady jets, whose strength correlates in a
(near-)universal way with the X-ray luminosity.

However, really spectacular radio ejection events, during which relativistic,
sometimes apparently superluminal radio components were observed to propagate
away from the binary, were also known (e.g. [74, 32]). These jets also carry away
a large amount of power (see [16] and references therein). How did these relate
to the steady radio emission in the hard state, and the apparently suppressed radio
emission in the soft state?

Careful examination of X-ray data compared to radio monitoring and imaging
observations revealed the answer: such bright ejection events occurred during the
transition from hard to soft X-ray states. Combining our knowledge of the hystereti-
cal outburst behavior of black hole binaries (see Chap. 3) with these insights into
the coupling to radio emission allowed a first attempt at a “unified model” for the
disc-jet coupling, which was put forward by [16], see Fig. 5.6.
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Fig. 5.6 A schematic of the simplified model for the jet—disc coupling in black hole binaries
presented by [16]. The central box panel represents an X-ray hardness—intensity diagram (HID);
“HS” indicates the “high/soft state”, “VHS/IS” indicates the “very high/intermediate state,” and
“LS” the “low/hard state”. In this diagram, X-ray hardness increases to the right and intensity
upward. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with
hardness — in the LS and hard-VHS/IS the jet is steady with an almost constant bulk Lorentz factor
I' < 2, progressing from state (i) to state (ii) as the luminosity increases. At some point — usually
corresponding to the peak of the VHS/IS — I' increases rapidly producing an internal shock in
the outflow (iii) followed in general by cessation of jet production in a disc-dominated HS (iv).
At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of
a simple X-ray transient outburst with a single optically thin jet production episode. The dashed
loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in
repeatedly hardening and then crossing zone (iii) — the “jet line” — from left to right, producing
further optically thin radio outbursts. Sketches around the outside illustrate our concept of the
relative contributions of jet, “corona” and accretion disc at these different stages
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Fig. 5.7 Moments of five radio flare ejection events from the black hole binary XTE J1859+226
(from [5]) as a function of position in the HID. The left panel indicates the overall HID for the
source which traveled in a generally anti-clockwise direction in the figure, typical for such out-
bursts. In the right panel we focus on the region (indicated by a box in the left panel) around
the time of the radio ejections. Triangles indicate the estimated moments of ejection, and arrows
indicate the temporal evolution in the HID. It is clear that all five radio ejection events took place
at approximately the same hardness. Most notable is the last event, number 5, which is associated
with a brief excursion back to harder states even as the source is in a softening trend. These data
support the idea of a near-constant jet line on the upper branch of the HID, at least within one
outburst loop. From [17]

Since this model was first proposed, nearly 5 years ago, we have repeatedly
attempted to test whether or not any of the basic empirical relations were wrong.
In particular, we have sought to confirm that the major radio outbursts always occur
during the hard — soft transitions (i.e., left to right motion at the top of the HID). In
a study of over 16 black hole outbursts (compared to four in [16]) we [17] have found
no clear exceptions to this. In fact in revisiting the case of the black hole transient
XTE J1859+226 we find strong evidence that all of the five recorded radio flare
events (which we associate with an ejection) occurred at ~ same X-ray hardness
(Fig. 5.7).

While [16] attempted to provide a simple physical interpretation of the empirical
relations, several more detailed theoretical models have arisen based on the emerg-
ing phenomenology (e.g. [23, 62]; see also Chap. 9). A very interesting combined
observational/theoretical result was also presented by [63] who analyzed optical and
X-ray observations of the hard-state black hole XTE J1118+480. What they found
(see also [34]) was that the very rapid correlated optical and X-ray variability in this
source could be explained by a strong synchrotron component in the optical, which
arose in a jet/coronal outflow which dominated the feedback or accretion energy in
this state — the same conclusion as reached from radio studies (see above).

Reference [16] only really connected the X-ray spectral properties and long-term
(i.e., hours and longer) evolution to the state of the jet. Since then several groups
have been trying to see if the moment of ejection may be better determined by
examining the timing properties, as measured by X-ray power spectra (see also
Chap. 3). Certainly the hard to soft transition at the top of the HID is both the time
when the major ejections occur and the region when dramatic changes in the power
spectra, including the strongest QPOs, are observed (see [39]). In Fig. 5.8 we plot
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Fig. 5.8 Location of
observed radio flare events
(probably connected with
relativistic ejections) in the
hardness—r.m.s. diagram
(which does not show the
same hysteresis as the HID).
Dramatic drops in X-ray
r.m.s. are associated in many
cases with the sharpest
changes in X-ray power
spectra during the overall
hard — soft state transition
and have been speculatively
linked with the relativistic
ejections. In the case of
XTE J1550-564 (top panel)
the ejection appears to occur
at the beginning of the drop
to the low-r.m.s. “zone,” and
in XTE J1859+226 (middle
panel) the sequence of five
ejection events all happen
close to the “zone.” However
in the case of GX 339-4
(bottom panel), a major radio
flare event was observed to
occur several days before the
r.m.s. drop, casting into doubt
any direct causal connection
between them. From [17]

R. Fender
XTE J1550-564
100 T
10 ¢ ot § E
oar ¥ 'j
e ey
* ! zong
1k R , J
01 .
0.01 0.1
Colour
XTE J18594226
100 T
! "
10 ¢ ) 4 @
c b 2%
1t & zone
01 .
0.01 0.1 1
Colour
GX339-4
100 T
&,
| .. .,»"_©
10 : e
TS
B Set e .
R S 4
1t l:‘ zone
f ecd b a
01 L
0.01 0.1 1

Colour



5 “Disc—Jet” Coupling in Black Hole X-Ray Binaries and Active Galactic Nuclei 127

X-ray r.m.s. variability as a function of X-ray color for three sources in outburst.
We indicate the moments of bright radio flares (probably associated with relativistic
ejection events). Dips in the r.m.s. — color relation, roughly indicated in the figures,
have been associated with the sharpest changes in the X-ray timing properties, so
they are related directly to the ejections? The result of the comparison is tantalizing:
in the case of XTE J1550-564 the bright radio flare occurred between the low-r.m.s.
“zone” and an earlier very sharp dip, and in the case of XTE J1859+226 the five
radio flares all occurred around the “zone”. However, in GX 339-4, the radio flare
reported by [23] occurred days before the “zone”. Currently therefore the relation
of major ejections to source timing properties remains unclear.

5.3 Connections to Active Galactic Nuclei

As the wealth of data on the coupling between accretion and ejection in black hole
X-ray binaries grew, more serious attempts were made to scale physical properties
up to the AGN. The binary studies had made it clear that there was a strong depen-
dence on accretion rate for a given black hole (not surprisingly), and of course a
strong dependence of a variety of properties with black hole mass was also expected
(e.g. Fig. 5.2). Therefore some of the first attempts to quantitatively scale properties
between black hole binaries and AGN involved black hole mass M, accretion rate m
(or some proxy for it), and some other property (namely radio luminosity or power
spectral break frequency).

5.3.1 Luminosity Scalings

As noted above, Corbel et al. and Gallo et al. reported a non-linear correlation
between radio and X-ray luminosities in a number of hard-state black hole binaries.
Shortly afterward two groups [67, 12] independently established the existence of a
plane linking these binaries with a large population of active galactic nuclei (AGN)
hosting supermassive black holes. The plane is based on the relation of the radio
luminosity Lagio, the X-ray luminosity Ly, and the black hole mass. This should be
considered as one of the major steps in the unification of black hole accretion on all
mass scales.
In the Merloni et al. formalism, the fundamental plane can be represented as

0.6 740.8
L agi0 X Lx M=",

where the power-law indices are fitted values to a large sample of XRBs and AGN.
The most recent refinements of the plane are presented in [25, 42]. Criticisms of
the plane have been rebuked by a consortium of all the original discovery authors,
in [68].
Of the three parameters of the fundamental plane, one is genuinely fundamental
(M), and one is a good indication of the total radiative output of the system and is
therefore pretty fundamental (Lx). However, the third parameter, L,,g, is merely a
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tiny tracer of the enormous power carried by the jets from these systems. The fact
that it seems to correlate so perfectly with Ly is itself quite amazing and indicates a
remarkable stability and regularity in the jet formation process. For example, for a
X-ray binary in a bright hard state, the radio emission can be estimated to constitute
about 1077 of the total jet power, and yet over long timescales, including phase of
jet disruption and reformation, the correlation between radio and X-ray luminosities
holds very well (albeit not perfectly — S. Corbel, private communication).

Returning to the plane, it might be a more useful indicator of physical quantities
and the flow of matter and power around the black hole if L.,4;, could be replaced
with, say, the total jet power L; or the mass accretion rate m. In fact we can do
both based on the relations established in [43] (hereafter KFMO3; see also, e.g.,
[29, 30]. In Fig. 5.9 we use the relations from this chapter to “calibrate” the plane,
by replacing the axes of Merloni et al. with the physical quantities of jet power (left)
and accretion rate (right).
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Fig. 5.9 The “fundamental plane” of black hole activity as presented originally in [67], in which
their ordinate (y-axis) of radio luminosity has been replaced by the jet power and mass accretion
rate (which scale linearly with each other) as estimated by [46]

5.3.2 Variability Scaling

AGN X-ray timing studies started in the 1980s with the launch of EXOSAT, which
probed AGN X-ray variability on timescales up to a few days. It was soon estab-



5 “Disc—Jet” Coupling in Black Hole X-Ray Binaries and Active Galactic Nuclei 129

lished that on these timescales AGN showed red-noise (i.e., “1/f”) variability with
steep unbroken PSDs [51, 55]. However, McHardy (1988) noted using sparse long-
term archival data that the PSDs appeared to flatten or break on longer timescales,
similar to the PSD shapes seen in BH XRBs. The launch of RXTE in 1995 allowed
long-term light curves to be obtained with extremely good sampling and categori-
cally proved the existence of PSD breaks on timescales close to those expected by
scaling the BH XRB break timescales up by the AGN BH mass (e.g., [90, 66, 56]),
although with some considerable scatter in the mass—timescale relation.

Recently, [71] established that for a small sample of X-ray binaries there was a
positive correlation between radio luminosity and the frequencies of timing features.
This was to be expected, since we are confident that on the whole both timing fre-
quencies and radio luminosity are increasing functions of accretion rate (although
we also know there are other, state-related, dependencies at high accretion rates).

Reference [57] have now fitted a plane which relates mass and accretion rate to
the break frequency in X-r