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Foreword

We live at that extraordinary moment in history when one of the most compelling
questions of humankind—are there other worlds such as our own—has been opened
up to rapid scientific exploration. At the time of this writing, nearly 3500 exoplanets,
with another 4800 candidates awaiting confirmation, have been discovered since
the mid-1990s. This has been made possible by breakthroughs in technology that
occurred in the last decade of the twentieth century and the first decade of the
twenty-first century. These discoveries were made in large part by ground-based
observations of the “Doppler wobble” of stars that host planets, as well as by
space telescope observations of planets transiting across the disks of their host
stars. Among the plethora of new insights is that the most common planets in the
galaxy are super Earths that range from 1 to 10 times the mass of the Earth. Those
less than about five Earth masses appear to be predominantly rocky worlds—prime
candidates for the search for evidence of life.

These observational breakthroughs are driving major efforts to develop deep
physical understanding of how solar systems form and evolve. Speculation on the
origins of planets goes back at least as far as the early Greek philosophers, but the
modern scientific quest began in the eighteenth century with the works of the famous
German philosopher Immanuel Kant, and one of the greatest mathematicians and
physicists of all time—the French genius, Pierre-Simon Laplace. They posited that
the solar system began in a swirling disk of gas, and this became known as the
Nebular Hypothesis. This insight was ultimately confirmed by the discovery of
disks around all young stars through the development of infrared and millimeter
astronomy in the 1990s. While those observations explored global properties of
disks, they did not have the resolution to actually watch the process of planet
formation. This situation changed remarkably with the opening of the Atacama
Large Millimeter Array (ALMA) in 2013. The imaging of protoplanetary disks on
scales of down to one Astronomical Unit (AU) using ALMA reveals that disks have
a wealth of structure such as rings, gaps, and spiral waves, whose origins may be
related to the action of forming planets themselves, or chemical and dust processes
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involving turbulence and magneto-hydrodynamic processes that are likely to be
crucial for planet formation. The stage is set for one of the most remarkable eras
of astronomical exploration in the history of science.

The scope of subjects that make up this volume primarily originates from a
topical workshop on “Young Solar Systems” which took place in April 2016 as
part of the Sant Cugat Forum on Astrophysics. The comprehensive chapters in this
book invite readers to explore the great wealth and breadth of ideas in exoplanet
formation. The authors cover a large range of scientific backgrounds and techniques
in order to address a number of key, interlinked, multiscale problems. Questions
attacked include how dust and gas evolve in disks to produce pebbles, chondrules,
and planetesimals — the materials out of which both the rocky cores of gas giant
planets, as well as terrestrial planets and super Earths are made. The science of
young solar systems spans spatial scales ranging from the size of the smallest dust
grains (a micrometer) to the scale of planets and ultimately protoplanetary disks
(100 AU)—or nearly twenty orders of magnitude in spatial scale. These processes
also represent an enormous range of time scales—from dust collisions within the
disk body, to the lifetimes of the gaseous disk itself (3—10 million years) and thence
to the time scale of terrestrial planet formation (hundreds of millions of years).

This well-crafted volume of selected comprehensive articles invites readers
to explore this rich, exciting, and rapidly evolving science. It is organized into
twelve chapters from leading experts that address a number of physical themes
as revealed by a variety of techniques. On the observational side, the reader will
find contributions from cosmochemists who study meteorites which are one of our
only links to the epoch of solar system formation; and sub-millimeter astronomers
who measure dust evolution and overall structure of protoplanetary disks and the
end stages of these processes—the debris disks. On the theoretical side, state-
of-the-art computer simulations of disks and of the angular momentum transport
processes within them are presented in order to determine how disk evolution
occurs. Theoretical modeling of the disk chemistry, dust evolution, pebble growth,
radiative physics, and other key processes that inform planet formation theory and
observational efforts alike are presented in several different chapters. The ultimate
goal of all of this is to synthesize a comprehensive picture of disk evolution and
planet formation which puts all of this multiscale, interdisciplinary work into a
(hopefully) clear, comprehensive physical picture. This latter approach, known as
population synthesis, although still in its infancy, will ultimately be the construct
that allows a holistic picture of solar system formation to emerge.

A few words about the specific scientific themes and results presented in these
chapters are in order. The first theme in this logical sequence focuses on the evolving
environments for planet forming disks. The two observational chapters are on the
latest results of the ALMA revolution mentioned above. Key issues here are the
determination of disk masses (Bergin and Williams) and the gas and dust content of
so-called transitional disks which mark the end phases of disk evolution which could
be dominated by planet clearing and trapping (van der Marel). While disk evolution
has, for decades, been largely modeled in terms of turbulence and the angular
momentum transport that arises from such “turbulent viscosity,” the most recent
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numerical simulations of non-ideal magneto-hydrodynamic processes in the very
dense protoplanetary disks (chapter by Bai) demonstrate that it is magnetized disk
winds that likely play the major role of transporting disk angular momentum. The
irregular structure of disks, now being mapped by ALMA, has been hypothesized
as sites for trapping dust and planets, and is explored in the chapter by Pinilla and
Youdin.

The road from dust to pebbles and planetesimals, long considered the basic
building blocks of rocky planets or the massive rocky cores of giant planets, has
received a lot of attention lately as the evolution of dust in disks can begin to
be measured. Does dust coagulation lead to large planetesimals? Are such bodies
densely packed or quite porous, reflecting the fractal process of dust assembly (see
chapter by Kataoka)? What precisely is the accretion history of terrestrial planets,
and what are the basic size scales and materials involved in this process? This theme
is explored in a couple of chapters. Meteoritic data, as used by cosmochemists,
indicate that certain solids known as chondrites may preserve the record of these
early accretion processes that lead to planetesimals (~100km size bodies) and
ultimately planets. These histories can be accessed by studying the stable isotopic
compositions of individual “chondrules” (see chapter by Bizarro, Connelly, and
Krot). A new development in planet formation theory is the possibility that rather
than building rocky planets through the slow process of planetesimal collisions,
rapid growth can occur by the accretion of centimeter-sized, enormously abundant
pebbles onto a few embedded planetesimals (chapter by Ormel). It would be great
if we could measure directly the composition of the construction materials out of
which planets are built by accretion. One exotic regime in which this is indeed
possible is in the extreme systems consisting of white dwarf stars accreting solid
materials from so-called “debris disks” which are the leftovers of the planet building
process (see chapter by Bonsor and Xu). The late evolution of gaseous disks is
marked by the significant dynamical effects that planets have on their structure.
Angular momentum exchange between the planet and disk can lead to the formation
of gaps and rings as well as spiral waves. Observations and computer simulations
are now poised to exploit these latest disk imaging results, as is clearly shown in the
chapter by Dong, Zhu, and Fung.

At this point, the reader is well prepared to appreciate the latest research and
insights in the last theme—exoplanets. As noted, arguably the most surprising of
exoplanet discoveries is the vast population of super Earths. These have a very
wide range in density, from that of rocky materials to nearly the density of gas
giants. What accounts for this remarkable range is discussed in the chapter of
Ginzburg, Inamdar, and Schlichting. Models of planetary structure depend heavily
on their elemental and chemical composition. A largely unexplored aspect of planet
formation is the fact that a significant portion of stars are actually members of
binary stellar systems. How planets form in circumstellar or circumbinary disks in
binary systems is addressed in the chapter by Kratter. Finally, pioneering population
synthesis studies were first attempted in papers in the early 2000s. Several different
approaches can be taken to the question of how solids are accreted onto planets—
leading to different “evolutionary tracks” in the mass versus orbital radius diagram,
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in which planetary data is typically plotted. The emerging pebble accretion picture,
as an example, presents its own challenges and results for population synthesis
studies (see chapter by Bitsch and Johansen).

The editors of this volume have assembled an important and highly topical
volume, providing an invaluable service to the exoplanetary and the larger astronom-
ical communities. While the observational picture is certainly expected to change
dramatically over the next few years, many of the basic, newly discovered elements
of disks and planetary properties will remain. Computational and theoretical work
has likewise been extremely productive and creative. The reader will enjoy and profit
greatly from the study of this volume and will find it to be excellent preparation for
both current research and for what lies ahead.

Hamilton, ON, Canada Ralph E. Pudritz
March 2017
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Chapter 1
The Determination of Protoplanetary

Disk Masses
Edwin A. Bergin and Jonathan P. Williams

Abstract In this article we introduce methods used to determine the gas and dust
masses of protoplanetary disks, with an emphasis on the lesser characterized total
gas mass. Our review encompasses all the indirect tracers and the methodology that
is being used to isolate the hidden H, via dust, CO, and HD emission. We discuss
the overall calibration of gaseous tracers which is based on decades of study of the
dense phases of the interstellar medium. At present, disk gas masses determined
via CO and HD are (in a few instances) different by orders of magnitude, hinting
at either significant evolution in total disk mass or in the CO abundance. Either
of these would represent a fundamental physical or chemical process that appears
to dominate the system on ~million year timescales. Efforts to reconcile these
differences using existing and future facilities are discussed.

1.1 Introduction

Disks are an inevitable by-product of stellar birth and the sites of planet formation.
The determination of protoplanetary disk masses is fundamental for understanding
almost all aspects of disk physics, from formation and evolution, to the types
and compositions of planetary outcomes. As with the molecular cores from which
they originate, disks consist of gas and dust. Unlike these cores and the general
Interstellar Medium (ISM), however, most of the solid mass is contained in
millimeter and larger sized dust grains that are not well mixed with the gas (Fig. 1.1).
Measuring disk masses therefore requires accounting for each component separately
and different techniques are used both for the observations and modeling.
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Fig. 1.1 Dust and gas in the HD 163296 protoplanetary disk. These publicly available ALMA
Science Verification data show the 870 pwm continuum emission from dust as contours and a color-
coded first moment map of CO 3-2 emission (blue—red at 2-10km s™!). The elliptical ~075x 0”7
beam size and a physical scale bar is shown in each of the lower corners. The more compact
continuum emission is due to the drift of dust grains and demonstrates the necessity to measure the
gas and dust properties independently from each other

Knowledge of the dust mass, and the evolution of dust particles, is central
to understand the beginnings (and endings) of planet formation. However, it is
the gas, as the dominant constituent, which sets the stage for understanding key
aspects of the physical and chemical evolution—and the disk gas mass is the least
characterized quantity. Today with the operation of the Atacama Large Millimeter
Array (ALMA) we are obtaining resolved images of the planet-forming zones
with optically thin tracers that probe nearly the entire column of gas perhaps, in
some cases, into the dust rich mid-plane where planets are born. In the coming
decade the James Webb Space Telescope will offer an unprecedented view of disk
systems in the mid-infrared tracing hot gas closer to the star and warmer material at
greater distances. In all, a key goal is to use molecular emission and dust thermal
emission to set deterministic constraints on their coupled physical and chemical
evolution. In the case of molecular hydrogen, which is the most abundant species,
this relates to the timescale of gas disk dissipation as a gas-rich system is needed
for the formation of Jovian worlds; in contrast, super-Earths and ice giants could
potentially form in a dissipating gas disk. Furthermore, knowledge of the gas mass,
and its distribution, opens the ability to use the emission maps and determine the gas
phase chemical composition, which has implications for the resulting composition
of both gas giants (Oberg et al. 2011) and terrestrial worlds (Bergin et al. 2015).
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More broadly it is the interplay between the gas disk and forming planets that can
drive planetary migration and circularize planetary orbits (Baruteau et al. 2016, and
references therein). Thus, the ability to connect our knowledge of planetary birth to
the exploding field of detection and characterization of exoplanets is greatly aided
by grounding knowledge of disk gas and dust masses.

It is the goal of this contribution to summarize the methodology of how masses,
both gas and dust, are determined for protoplanetary disks. The main focus of this
paper is on the lesser characterized gas mass, but briefly, in Sect. 1.2 we outline the
methodology for determination of dust masses, while in Sect. 1.3 we discuss the
various methods to approach estimation of the mass of hidden H,. Thus we first
show why H, cannot be detected in the bulk of the mass and how other tracers,
such as CO or HD, can be used as calibrated tracers of the overall mass and even its
distribution within young planet-forming disk systems. However, at present these
disparate methods are finding significant (orders of magnitude) differences in the
estimated mass. This hints that we have discovered a fundamental effect which is
either related to fast (million year) gas disk dissipation or the formation of icy bodies
that lock volatiles, such as water and CO, into the dust rich midplane, or perhaps
both. We end with a discussion of future prospects.

1.2 The Determination of Dust Masses

Even though the dust is a minor component, at least initially, in protoplanetary disks,
it is the easiest to detect because it emits over a continuum rather than the narrow
spectral lines from gaseous species. Consequently, there have been more studies of
the dust content in disks and there are several recent reviews that describe the current
status in the field (Williams and Cieza 2011; Testi et al. 2014; Andrews 2015).

The intensity of the dust emission depends on its temperature and optical depth.
The latter is determined by multiplying the projected surface density, Yqyg, times an
opacity, k, that quantifies the absorption cross-section per unit mass. Mie theory tells
us that particles interact most strongly with radiation at wavelengths comparable to
their size. Interstellar reddening shows that dust grains range from sub-micron to
micron sizes in the ISM and, at wavelengths greater than the maximum grain size,
the combined opacity can be approximated by a power law,

v\
Ky = Ko (vo) (1.1)

(Draine 2006). The normalization and index depend on the grain composition and
size distribution (e.g., Pollack et al. 1994; Ossenkopf and Henning 1994). As we will
see, there are many other uncertainties in determining disk masses. In derivations of
disk masses from dust continuum emission, often a basic parameterization from
Beckwith et al. (1990), kg = 10 cm? g_l, vo = 1000 GHz, 8 = 1, is adopted.
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Because of the rising dependence of «,, on frequency, disks radiate most strongly
in the mid- and far-infrared. The most sensitive surveys for disks, and therefore the
best statistics and constraints on their lifetime, have been made with the Spitzer
and Herschel telescopes (Evans et al. 2009). However, at these high frequencies, the
emission is saturated (optically thick) and largely independent of the surface density.
At millimeter wavelengths, v ~ 300 GHz, the emission becomes optically thin for
surface densities Xgug < 1/K, ~ 3 gcm_z. This condition holds for most disks,
although the inner tens of AU may exceed this in massive disks. The dust mass is
therefore directly proportional to the millimeter flux, F,,. For a constant temperature,
Taust, it is straightforward to derive

F,d?

Md S = ’
- Kva (Tdust)

(1.2)

where d is the distance to the source and B, is the Planck function. More detailed
models can be made that consider the radiative transfer and temperature structure,
but the results do not greatly differ from this simple prescription. An additional
uncertainty is the distance, d, but GAIA provides much needed precision, at least
for optically bright sources.

Itis also important to keep in mind that this prescription for the dust mass is really
only a measure of the amount of particles with sizes up to a few times the observing
wavelength (Draine 2006). Millimeter and larger-sized particles settle toward the
midplane and drift toward the center at different rates such that they size-segregate
in a disk. Observations at different wavelengths probe not only a different range of
grain sizes but also different regions in the disk. This can be exploited to study disk
physics, but it can also complicate the measurement of disk dust masses and must
be taken into account when comparing results in the literature.

The process of planet formation begins with the agglomeration of small dust
grains, from sub-micron sizes in the ISM to meters and beyond. This process
appears to be remarkably fast, as evidenced from young ages for differentiated
asteroids in the Solar System (Kleine et al. 2002). At least until self-gravity
becomes important, the number distribution of particle sizes, a, that evolve through
agglomeration and collisions is expected (and observed over a limited range of sizes)
to follow a power law, N(a) o a™?, with index p >~ 3.5 (Testi et al. 2014). This
has the interesting property that the total surface (emitting) area, x [ a*N(a)da, is
dominated by the smallest grains but the total mass, « [ a*N(a)da, is mostly within
the largest particles. This is the reason why disks are easier to detect than planets
and it means that the millimeter derived dust mass is a lower limit to the total mass
of solids in a disk.

Nevertheless, despite these caveats, two clear trends emerge from millimeter
wavelength surveys of dust masses. First, for a given age, higher mass stars tend to
have more massive disks than low mass stars. Second, disk masses decline rapidly
with age such that few disks are detectable in the millimeter beyond a few Myr. We
elaborate on each of these points below.
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1.2.1 Dust Mass Dependence on Stellar Mass

To study the dependence of disk masses on stellar or other properties requires
surveys that are minimally biased. Disks radiate most strongly in the infrared
and Spitzer carried out complete surveys of all star-forming regions within 200 pc
(Evans et al. 2009). These showed that disk lifetimes are longer around lower mass
stars. Mass measurements require detecting the optically thin, and therefore weaker,
millimeter emission. Before ALMA, disk mass surveys were painstakingly slow and
only the nearby Taurus star-forming cloud had been systematically surveyed to high
sensitivity (Andrews et al. 2013).

The Taurus survey, mainly carried out with the SMA at 1.3 mm to an rms of
about 1 mly, included 227 protostars (infrared Class II objects) ranging in mass
from ~0.01 Mg to ~3.0 M. Even though there were many non-detections, the
large sample source and high sensitivity showed the disk mass scales approximately
linearly with the host stellar mass with a median ratio, Mays/Mgar > 3 X 107°.
For sun-like stars, this corresponds to about 10 Mg which is about a factor of 3
lower than the total mass of elements heavier than Hydrogen and Helium in the Solar
System and suggests that our planetary system is more massive than most. However,
there is a large intrinsic dispersion in dust masses for any given stellar mass of
about £0.7 dex (i.e., ~5 times higher or lower). Some of this may be attributed to
uncertainties in the stellar mass measurements, some to the dispersion in distance
to the sources (the mean distance to Taurus is 140 pc but the cloud has a depth of
about 30 pc Loinard 2013), and some may be disk—disk grain opacity variations, but
it is clear that disks around stars with similar masses and ages can have substantially
different amounts of dust, probably due to variations in their initial conditions. The
general trend that higher mass stars have more massive disks is a key assumption
in population synthesis models that predict planet mass—stellar mass correlations
(Howard et al. 2012).

The advent of ALMA promises complete millimeter wavelength surveys of disks
in many of the same regions surveyed in the infrared by Spitzer and Herschel. The
first large, systematic survey of the dust and gas in a nearby, young star-forming
region was carried out by Ansdell et al. (2016) in Lupus. This 0.9 mm survey had an
rms of about 0.3 mJy and included 89 protostars. The survey was 96% complete
for all protostars with stellar masses >0.1 Mg. 62 sources were detected in the
continuum and the dust mass was found to correlate with stellar mass, but with a
steeper dependence, Mgyst X Mslt'fr. They also found considerable dispersion about
this relation, although the range was smaller, £0.5 dex, than that seen in Taurus.

A similarly steep dust mass—stellar mass scaling was found in a recent ALMA
survey of 93 disks in the ~2 Myr Chamaeleon I star-forming region (Pascucci et al.
2016). They suggest the underlying reason is not faster growth of grains beyond
millimeter sizes but rather shorter drift times in disks around low mass stars.
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1.2.2 Dust Mass Evolution

Dust masses decline rapidly with time. Prior to ALMA, relatively few disks had
been detected at millimeter wavelengths in regions older than ~3 Myr (Carpenter
et al. 2005; Mathews et al. 2012). Infrared excesses indicate that some dust was still
present around many stars but the weakness of the millimeter emission implies that
either the mass or the surface area has decreased (Williams 2012).

To follow the evolution of the dust in disks therefore requires sensitive observa-
tions. Moreover, large surveys are required to distinguish trends from the inherent
dispersion in initial conditions. ALMA provides the ability to observe many faint
sources quickly and recent results reveal disk evolution in far greater detail than
before. Barenfeld et al. (2016) surveyed 75 sources un the 5-11 Myr old Upper
Scorpius region and found that very little dust remains (median ~ 1 Mo0n) remains,
indicating that planetesimal formation is essentially complete by this point. The
closest intermediate aged region, ~3-5 Myr, is o Orionis but it is about three times
more distant than Lupus and Upper Scorpius so detection limits are higher. Williams
et al. (2013) imaged the cluster with the SCUBA-2 submillimeter camera and
found very few individual sources but, through a stacking analysis, determined a
median dust mass ~1.5 Mg. During the course of writing this paper, we received
new data from an ALMA survey of 92 disks that confirm this result and show
that the distribution of dust masses in o Orionis lie in between those of Lupus and
Upper Scorpius. This suggests that dust masses decline steadily with time rather
than through some abrupt cutoff. As the analysis of these datasets proceed, we will
learn about the evolutionary dependence on stellar mass.

The ubiquity of extrasolar planets tells us that the disks are not dispersing but
rather than we are witnessing the first steps in the formation of planetesimals. The
implication is that most of the solid mass aggregates into millimeter and larger
sized particles within a few Myr. This is consistent with cosmochemical studies
of the Solar System that show chondrules form from 0-3 Myr after the first metallic
flakes (Calcium-Aluminum Inclusions; CAls) condensed from the hot nebular gas
(Connelly et al. 2008).

1.2.3 Dust Density Profiles

Up to now, we have discussed global dust masses obtained from total continuum
disk fluxes. Millimeter interferometry routinely achieves sub-arcsecond resolution
which allows disks to be resolved in nearby star-forming regions. Consequently, we
can measure the amount of dust at different radii in a disk or, equivalently, its surface
density profile. The basic idea is to apply Eq. (1.2) for each pixel in the image with
a radial variation in dust temperature that can be matched to the infrared SED (Lay
et al. 1997; Andrews and Williams 2007).
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As the sensitivity of observations improved, Hughes et al. (2008) showed that an
accretion disk profile with form,

4 2-y
sw=2-1 0 (5 ) ew [— (x) } (13)

matches the continuum visibilities better than a truncated power law, X (R) o< R™
for R < Rpy and X (R) = 0 for R > Roy.. The characteristic radii, R., range from a
few tens to a few hundred AU and larger disks tend to be more massive (Andrews
2015). The typical resolution of pre-ALMA observations was about 50 AU in nearby
star-forming regions. The dust surface densities generally rose toward the center but
with a wide range of peak values in the innermost beam of a few hundredths to
a few grams per square centimeter (which, a posteriori, justifies our assumption
that the millimeter emission is optically thin). Guillot (1999) shows that Jupiter and
Saturn contain at least 30 Mg of elements heavier than Hydrogen and Helium. The
interpolated surface density values at their current orbital radii, 5-10 AU, match the
extrapolated dust surface densities of the more massive disks.

Some disks are cleared of material within their inner few tens of AU. Indications
for this were first seen with IRAS as a marked mid-infrared dip in a protostellar
SED (Strom et al. 1989) and thought to signal an inside-out clearing in the
late stages of planet formation. The large, sensitive Spitzer surveys showed that
between about 10-20% of disks in any given region are in this “transition” phase
(Williams and Cieza 2011, and the references therein). As millimeter interferom-
eters expanded their baselines and improved their resolution below an arcsecond,
the purported cavities were directly resolved and the depletion in the dust was
determined to be at least two orders of magnitude within the inner tens of AU
(Andrews et al. 2011). In part because the inner holes may be created by massive
protoplanets, transition disks are the subject of considerable current research (see
Chapter by van der Marel in these proceedings).

Resolved observations at multiple wavelengths from the sub-millimeter to cen-
timeter reveal the surface density profiles of grains with different sizes. Disk sizes
are smaller at longer wavelengths indicating that larger grains are more concentrated
than smaller grains (Pérez et al. 2015; Tazzari et al. 2016). This matches theoretical
expectations that the drift speed at 100 AU should increase with grain size up to
about a centimeter (Armitage 2010). It should then slow down for larger grains
as they have longer stopping times, but to detect and map their distribution would
require high resolution meter wavelength observations at sensitivities that will only
be achieved with the Square Kilometer Array (Wilner 2004).

Drift speeds are proportional to the Keplerian rotation rate and drift timescales
are therefore dependent on the stellar mass. This is testable with the combination of
the expanded VLA and ALMA and high resolution imaging disk imaging surveys
at multiple wavelengths.

ALMA has just begun to transform our view of the dust distribution in disks.
Its tremendous leap not only in collecting area but also in baseline length allows
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ultra-high resolution (~20-30 milli-arcsecond) imaging of the continuum emission.
This has led to instantly iconic images of multiple, narrow dust rings in HL Tau
(ALMA Partnership et al. 2015) and TW Hya (Andrews et al. 2016). The structure in
these two systems is predominantly radial but at least one disk shows spiral features
that may be tidal signatures of an embedded planet or density waves from a massive,
self-gravitating disk (Pérez et al. 2016).

Azimuthal asymmetries have been found in some large, massive transition disks
(Casassus et al. 2013; van der Marel et al. 2013). Possible causes are planets,
molecular snowlines, pressure confinement, or vortices. As these each rely on the
gas properties to a varying extent, to understand the features in the high resolution
continuum images requires understanding the amount and distribution of the gas.

1.3 The Determination of Gas Masses

1.3.1 H; as a Direct Probe

In the interstellar medium the gas to dust mass ratio is measured to be ~100
(Goldsmith et al. 1997). Thus, at birth, the majority of the disk mass is found
in the gas. Measuring the amount of gas is complicated, however, because the
emission from the dominant constituent, molecular hydrogen (H;), suffers from
several effects related to its particular molecular physics (Field et al. 1966) that
lead to its emission being weak and/or undetectable in most regions of a disk
(Carmona et al. 2008). H; is a light molecule with large energy spacings between its
rotational levels in the ground vibrational state. Furthermore, as a homo-nuclear
molecule it has no dipole moment and only weaker quadrupole transitions with
AJ = +£2 are allowed, where J is the quantized total rotational angular momentum.
The total nuclear spin of H; is either § = 0 or § = 1 which gives rise to a singlet
state (25 + 1 = 1, antisymmetric) or triplet (25 + 1 = 3, symmetric) state. The
total wave function including electronic, vibrational, rotational, and nuclear spin
must be antisymmetric with respect to the exchange of any two particles (Fermi-
Dirac statistics). Since the ground electronic (X 12;’ ) and vibrational states are
symmetric, this means the combined rotational/nuclear spin wavefunction must be
antisymmetric. Thus there are two distinct forms of H,: para-H, (S = 1; singlet)
where J must be even/symmetric (0, 2, 4, etc.) and ortho-H; (S = 3; triplet) with J
odd/anti-symmetric (1, 3, 5, etc.). These two species cannot be exchanged by normal
inelastic collisions, nor are they connected via radiative transitions (Dennison 1927).

Thus the fundamental ground state transition of molecular hydrogen is the
J = 2 — 0 or S(0) with an energy spacing of 510K at 28.2 ym. It is this energy
spacing combined with the weaker quadrupole, that makes it difficult for H, to emit
appreciably in cold (T ~ 20 K) molecule-dominated regions such as protoplanetary
disks. This requires H, emission to be found, if at all, in the inner regions of the disk
closer to the star where temperatures are much higher (>100 K). However, the large



1 The Determination of Protoplanetary Disk Masses 9

dust column densities in the inner tens of AU of a typical protoplanetary disk imply
high dust optical depths at 28 wm (Pascucci et al. 2006). Thus, the detection of this
line is more difficult because the warm gas closer to the star where the ground state
line of H, can be excited co-exists with the optically thick dust layers.

This is essentially why stable and abundant molecules, particularly CO, have
been used as gas-phase proxies to determine the physical properties of H, (density,
temperature, mass, velocity field) in regions of star and planet formation. This can
be demonstrated quite readily. For optically thin emission the line intensity is:

_ fuNtotAuth

I,
41

(1.4)
Where f, is the fractional population, A, is the spontaneous emission coefficient, v
the frequency, and N, the total column density. In LTE this can be approximated
as f, = guexp(—AE/kT)/Q(T); g, is the degeneracy and Q(T) is the partition
function. The ratio of the line intensity of the ground rotational state of CO to that
of H, can be expressed as:

Icoi-o _ fco.=1(T)NcoAco 1-0vVco 1—0 (1.5)
I Jfi,s=2(T)Nw,An, 2—0VH, 2—0 .

For reference Ay, -9 = 2.94 x 1071 s™!, vy, 59 = 10.6 THz, Aco 1—0 = 7.24 x
1078571, vep1—o = 115.27GHz, and Nco/Nu, is generally 10~* (Sect. 1.3.2).
Putting in these constants and assuming 20K (fcoy=1 = 0.55;fi,y=2 = 4.2 X
10~ we find:

Ico 1—
CO10 _ 35%10. (1.6)
I, 20

This quite readily brings the point home. For cold gas at 20K, which is typical
of much of the mass, CO rotational lines will be ten million times more emissive.
Combined with issues regarding dust optical depth in the infrared, we must use other
calibrated tracers.

1.3.2 Calibration of Tracers
1.3.2.1 Carbon Monoxide

For proper calibration of an H, proxy, a critical point is the need for a high precision
estimate of the chemical abundance. Furthermore the molecule must be chemically
stable such that there are strong reasons to expect its abundance will be robust under
a wide range of conditions. Both of these factors lead towards carbon monoxide. It is
widely abundant in the interstellar medium (ISM) and it is expected to be provided
to the disk at or near its ISM abundance. In this section we explore this calibration.
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Fig. 1.2 Left: Abundance estimates of carbon monoxide in the interstellar medium with references
given in Sect. 1.3.2. The dashed line shows the commonly assumed reference value from Taurus
(Frerking et al. 1982). Right: CO abundance measurements in protoplanetary disks with references
similarly given in Sect. 1.3.2. Values given in red derive the H, column from gas phase H, or HD,
while the blue points determine the H, mass from the dust assuming a dust mass opacity coefficient
and a gas/dust mass ratio of 100

Thus in Fig. 1.2 we provide various estimates of the '>?CO abundance in the ISM
(on the left-hand side) which is the motivation for its use as a calibrated mass tracer.
First we should state that the emission of '>CO is generally optically thick in the
ISM; instead observations of isotopologues at lower abundance are used (e.g., '*CO
or C'%0). Here we have placed all values on the same scale by multiplying by an
isotopic ratio.

We start with the cosmic abundance of carbon. Very early on chemical models
of dense gas demonstrated that the a primary product of ion-molecule chemistry
would be carbon monoxide (Herbst and Klemperer 1973). Thus any available carbon
atoms/ions would, in short order (<10’ year at ng, = 10* cm™?), find their way into
CO, particularly given the fact that oxygen has greater cosmic abundance when
compared to carbon (Asplund et al. 2009). In the diffuse ISM, CO is (mostly)
dissociated, and all cosmic carbon resides in ionized form due to the 11.2eV
ionization potential of the carbon atom. Furthermore, in this gas one can measure
hydrogen directly via Ly « for H I or the Lyman-Werner bands of H,. Thus the
abundance of carbon available to form CO can be measured. Parvathi et al. (2012)
provide a comprehensive look into the carbon abundance over numerous sight lines,
and this provides the range in the “cosmic abundance” shown in Fig. 1.2 We note
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that a fraction of carbon is found to be present in the solid state (Mishra and
Li 2015). Thus one cannot use the solar abundance for this calculation without
subtracting the abundance of carbon locked in dust.

The next sets of measurements come from molecular clouds. Here the dust is
optically thick in the ultraviolet and one must approach the question of the H,
column density via other means to determine the H, abundance. This is traditionally
done via the separate calibration of H I and H, vs extinction (Ay). This was first
performed with Copernicus by Bohlin et al. (1978), and reconfirmed by FUSE
(Rachford et al. 2009), to be N(H I + 2H,) ~ 1.9 x 10*! cm™? Ay.! Thus Dickman
(1978) observed several lines of sight with bright background stars in the vicinity
of molecular clouds and explored the correlation of '*CO against extinction (and by
proxy Hj; meaning that the slope of the line is the molecular abundance). This was
extended to studies using C'80 (Frerking et al. 1982), giving the range shown as CO
and Ay. The value from the latter study is often used as a canonical CO abundance
(relative to H,) of 8.5 x 107>, which is shown as the dashed line in Fig. 1.2.

More recently, with the advent of wide field near-infrared imaging, numerous
studies have been able to make high fidelity extinction maps of a range of nearby
clouds (Kramer et al. 1999; Lada et al. 1994; Harjunpéa et al. 2004; Pineda et al.
2010; Ripple et al. 2013) that have been used to determine the CO abundance
(CO and Aj;/Ak in Fig.1.2). Here there is slightly greater fidelity in comparison
to the molecular observations. The earlier measurements discussed in the previous
paragraph compared (for the most part) pencil beam observations towards a
background star to much larger angular scale observations of molecular emission. In
the larger scale near-infrared imaging surveys, there are observations of numerous
background sources, each with a measured extinction, within a molecular beam of
10-30". These can be convolved with a Gaussian beam of comparable dimensions to
the molecular observations giving a direct comparison of A; or Ak to the molecular
emission. The calibration requires an additional step as the measurement determines
Ay or Ak, which is scaled to Ay based on the assumed extinction curve (e.g.,
Fitzpatrick 2004) and then to the hydrogen column. Attempts have also been made to
calibrate this more directly (Kramer et al. 1998; Bianchi et al. 2003; Suutarinen et al.
2013). These studies cover both quiescent and star-forming gas with an abundance
range from ~5 x 107> to 2 x 10™*. The highest CO abundance is associated with
regions of active star formation (Ripple et al. 2013). This must hint at some potential
loss of CO in regions in colder regions unassociated with stellar birth, with return
in the warmer gas near young stars. The likely culprit in the freeze-out of CO onto
ice-coated dust grains (e.g., Bergin and Tafalla 2007).

There is certain evidence for CO freezeout in measurements of the CO abundance
in centrally concentrated pre-stellar cores, such as Barnard 68 or Lynds 1544
(Caselli et al. 1999; Bergin et al. 2002). These cores have gas density profiles
estimated either via extinction or dust thermal continuum emission and have been
subject to detailed chemical study. This, along with the detection of CO ice (Boogert

I'This assumes a standard galactic extinction curve as the calibration is strictly using E(B-V).
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et al. 2015) provide detailed evidence of the pervasive presence of molecular freeze-
out towards dense core centers (Bergin and Tafalla 2007, and the references therein).
In particular, with the physical conditions constrained as a function of position,
models are able to extract chemical abundance profiles as a function of depth (e.g.,
Bergin et al. 2002; Hotzel et al. 2002). In general, the CO abundance profiles rise
from low values at the edge, peak at visual extinctions of 1-2", and decline inwards
as the increasing density leads to faster gas-grain collisions and subsequent freeze-
out. The values shown in Fig. 1.2 are taken at the peak CO abundance from models
where this information can be extracted. The fact that these are at the low end of
the distribution suggests that some CO resides on grains even near the core edges,
reducing the overall CO abundance in cold (<20K) gas.

Finally, in two instances the CO abundance has been measured directly using
absorption of CO and H, from their respective ground vibrational state (Lacy et al.
1994; Goto et al. 2015). These measurements are have fairly low precision (1 to 20).
However, they do represent the most direct measurement.

In general, it is fair to state that the overall range of CO abundances, excluding the
pre-stellar case where the effects of freeze-out are prevalent, is quite narrow between
CO/H, ~0.5-3x10™*. This is quite reassuring for the calibration. A canonical '>’CO
abundance of 1-2 x 10™*is entirely justified by the available information. Of course,
observations of lesser abundant isotopologues are required to lower the emission
line optical depth. Thus some additional assumptions regarding the atomic isotopic
ratio are needed to transfer this calibration to molecular line observations.

1.3.2.2 Hydrogen Deuteride

The abundance of HD can be characterized in similar fashion as above and has
additional importance due to the use of the atomic deuterium abundance to constrain
cosmological models (Sarkar 1996). The abundance of primordial deuterium was set
in the Big Bang and has decreased in time only due to processing through stars or
astration (Epstein et al. 1976). In atomic form there are ultraviolet absorption line
studies of both atomic D and H towards bright stars. These have most recently been
performed by FUSE satellite with the result that the atomic D/H ratio is 1.56+0.04 x
10~ towards sources with log(Ny,) < 19.2 or distance <100 pc (inside the local
bubble; Wood et al. 2004; Oliveira and Hébrard 2006). Beyond this column there is
greater dispersion with some lines of sight having lower values (~0.7 x 107>) and
others with 40% higher ratios above the local value. On the low side this difference
could be due to stellar astration or incorporation of deuterium in solids.

There are some measurements of HD and H; in both the UV (electronic states)
and infrared (rotational states). Snow et al. (2008) demonstrate the clear influence
of photodissociation on the abundance of hydrogen dueteride in a FUSE survey.
HD, like H,, can self-shield itself from the destructive effects of UV photons,
but at reduced efficiency (Wolcott-Green and Haiman 2011). Thus, the HD/H,
ratio approaches 2x the atomic ratio in denser shielded gas. In addition, in dense
photodissociation regions (PDR) or in shocks both HD and H; rotational lines have
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been detected, allowing for a direct abundance determination. There are abundance
estimates of HD/H, ~ 107> in the Orion Bar PDR (Bertoldi et al. 1999) and in
shocks (Yuan et al. 2012). Both of these are consistent with the atomic lines of
sight, beyond the local bubble, where the D/H ratio is lower. However, Yuan et al.
(2012) note that uncertainties in the excitation conditions encompass the primordial
values.

In sum, the standard assumption for the HD/H, abundance is to assume the local
value, but account for the fact that two hydrogen atoms are present in Hy; thus,
HD/H, ~3 x 107>, This is not only for the so far limited use of HD as a mass tracer
in disks, but also for models of deuterium chemistry (e.g., Ceccarelli et al. 2014).
However, with the exception of TW Hya, most disk systems are found at distances
outside the local bubble. Hence there is clear uncertainty in this calibration with
the possibility that the abundance is actually lower, meaning the mass measurement
would be increased. It is worth noting that the D/H ratio of HD in the atmosphere of
Jupiter is near the estimated proto-solar value (Lellouch et al. 2001) suggesting in
our solar system at least that the D was in HD (for the most part) and not sequestered
within other molecular forms.

1.3.3 Gas Mass Measurements Using HD

Observations of HD offer an additional indirect approach to the H, mass in
disk systems. The general methodology is outlined by Bergin et al. (2013) and
McClure et al. (2016). The TW Hya detection is shown in Fig. 1.3. Since HD is
an isotopologue of H; it has the same chemistry in the sense that like H,, HD will
not freeze onto grains as ice. Its abundance relative to H, is well calibrated and is
discussed in Sect. 1.3.2. Below we outline a general approach that illustrates how
HD emission can be used as a probe of the gas mass, but also a more systematic
look at dependencies.

We can derive the mass implied by an observed flux of an optically thin
unresolved source as follows. The total number of HD molecules (Myp) can be
related to the line flux,

NupAohvf,
F = HDlOVf'

1.7
4w D? (1.7)

In this equation, D is the distance, v the line center frequency, and f, is the fractional
population in the upper state:

£, = 3.0 % exp(=128.5 K/T)/Q(T). (1.8)
The total gas mass of Hy is then: Mgys gisk = 2.37 * myNup/xup. In this expression

xgp is the abundance of HD relative to H,, my; is the mass of a hydrogen atom, and
2.37 is the mean molecular weight per particle, including helium and heavy elements
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(Kauffmann et al. 2008). Combining these two expressions gives a relation between
observed line flux and mass,

2.37my4n D’F,
Mgasdisk = A hH l- (1.9)
10hvxXHDf

If we then include physical constants and note that the partition function, Q(7T),
is near unity below ~50K (Miiller et al. 2005), we obtain this simple relation that
shows key dependencies where Frwy = 6.3 X 107 Wm™2 is the observed flux
density toward TW Hya,

F, 3x107° D \? 128.5K
Maas gisk > 5.21 x 10—5( ! ) ( x ) ( ) exp( ) Mo.
Frwn XHD 55 pc Tas

(1.10)

The two most important factors in this expression are the abundance of HD and the
sharp dependence on the gas temperature. The abundance of atomic D is discussed
in Sect. 1.3.2. A bigger factor is the strong temperature dependence which requires
a priori information on the gas temperature structure. It is important to note that
this estimate is a lower limit as HD emission will not trace significant mass with
temperatures below 20 K. Another factor is the dust opacity at 112 pm; an optically
thick dust-rich midplane would be hidden from HD emission. Because of these two
issues this equation is listed as a lower limit. As such the estimation of the total
mass requires a model that accounts for the mass that might be hidden. Below we
illustrate how models can be used to account for the hidden material and incorporate
a more realistic approximation for the gas temperature structure.

It is well known that disks are flared and directly exposed to stellar heating
which leads to sharp thermal gradients with disk dust temperature having significant
radial (warmer closer to the star) and vertical (warmer on the exposed disk surface)
structure. However this is only part of the picture. Sophisticated models that include
the gas thermal physics and chemistry (Woitke et al. 2009; Thi et al. 2010; Gorti
et al. 2011) have shown that midplane densities are high enough to thermally couple
the gas to the dust grain, but on the disk surface the gas is more emissive in the HD
line because it is directly heated by stellar irradiation and thus warmer than the dust.
In the HD detection paper, Bergin et al. (2013) adopted the thermo-chemical model
of TW Hya by Gorti et al. (2011) to show that the HD flux was best represented
by models with gas mass >0.05 M. Lower masses such as in inferred by Thi et al.
(2010) of ~1073 M, using other tracers (e.g. '*CO, O 1) are inconsistent with the
observed HD flux. More recently, McClure et al. (2016) published two additional
HD J = 1-0 detections at the 30 level in DM Tau and GM Aur. This work applied a
different approach using traditional models of the dust spectral energy distribution in
flared disk with warm surfaces (D’ Alessio et al. 1998) in concert with the constraints
from the HD emission to set more stringent limits on both the gas and dust mass in
these systems.
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To explore general dependencies and illustrate the utility of HD emission as
a mass tracer, we employ the thermochemical model of Du and Bergin (2014).
The model assumes a stellar spectral type, and dust surface density distribution,
along with a high energy UV radiation field motivated by observations. For the UV
radiation field, B stars are dominated by the stellar field while M stars by accretion
luminosity. Within this framework, the vertical structure is determined assuming
hydrostatic equilibrium where we calculated the dust temperature and then iterated
on the heating-cooling balance with the extensive chemistry to determine the gas
temperature. The models presented here were used to explore the ground state
water emission (Du et al. 2017) and are run over a range of total disk dust mass
(0.25-2.0 x 107* M) that is grounded to the low end of the observed distribution
of dust mass in Taurus (Williams and Cieza 2011). The results are shown in Fig. 1.4,
and provide the predicted HD flux at 112 um as a function of disk dust mass (labeled
in each figure), the stellar type, and the dust-to-gas mass ratio. For a fixed dust gas
of the disk, a lower dust-to-gas mass ratio means a higher gas mass.

Two effects are readily apparent in Fig. 1.4. First, the effect of direct gas heating
is evident as the earlier type stars (A-F) have stronger flux with greater spacing
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Fig. 1.4 Plot of predicted HD J = 1-0 flux density for a range of thermochemical models of Du
and Bergin (2014) and Du et al. (2017) assuming different dust masses, dust-to-gas mass ratios
(i.e., gas mass), and stellar spectral type. The model disks are assumed to have an outer radius of
400 AU and are uniformly placed at 100 pc to allow for ease in distance scaling. Most of the HD
emission arises from the inner 100 AU
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between lines for a given spectral type. For cooler stars (G-M), at a given gas and
dust mass, the predicted HD emission flux density is similar, as this is the region the
gas and dust temperatures become coupled. Regardless of these effects, the mass
dependence is clear: for a given disk dust mass and stellar spectral type, over a 2
order of magnitude range of gas mass there is a two order of magnitude increase
in the HD line flux. Clearly there are complications in this analysis as the optical
depth of the line (when detected) is not constrained and there needs to be some
additional information regarding the gas temperature. However, in the latter case,
resolved observations with ALMA can readily provide both radial and vertical
temperature information, thereby improving our ability to use the fundamental
rotational transition of HD as a mass and gas surface density probe (as demonstrated
by Schwarz et al. 2016).

Finally, an additional issue regards the origin of the HD line flux. All current data
are spectrally unresolved. If HD is emitting from a hot wind or jet component then
less mass is needed to match the overall emission. Existing models account for
the entirety of the line flux as arising from the disk and, in this instance, lower
masses would result. Models certainly demonstrate that the disk will be emissive in
this line, but additional spectrally resolved observations are required to confirm if
current assumptions are correct.

The high gas masses inferred from HD are roughly consistent with a disk gas-
to-dust ratio of 100, similar to their initial conditions in the ISM. Independent
evidence in support of this comes from measurements of gas accretion onto stars.
Mass accretion rates typically range from 1070 to 1078 Mg year™!, with strong
dependencies on stellar mass and age. The total accreted mass in Lupus (and other
young regions with ages of 1-3Myr) is ~107* to 1072 Mg for stellar masses
~0.1-1 M@, which is roughly consistent with the measured dust mass times 100
(Manara et al. 2016).

1.3.4 Gas Mass Measurements Using CO
1.3.4.1 Total Mass

An alternative approach to measuring gas masses follows the history of molec-
ular cloud studies and uses millimeter wavelength observations of CO and its
isotopologues. Interferometry, beginning with pioneering millimeter arrays at Hat
Creek and Owens Valley observatories in California and continuing through the
present day with ALMA, allows sensitive sub-arcsecond observations and is ideally
suited to studying the gas content and distribution in protoplanetary disks. The first
measurement of disk rotation was made through CO observations by Sargent and
Beckwith (1987). The emission from the primary species, '>CO, is so abundant
that it is optically thick and therefore its emission is more sensitive to temperature
than column density. As with molecular clouds and cores, the lines of the rarer
isotopologues '3CO and C'®0, are less saturated and provide a simple pathway
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to quantifying the gas mass. However, prior to ALMA, there were surprisingly
few observations of '3CO and almost none of C'®0. The reason can be found in
the line survey of TW Hya by Kastner et al. (1997) who detect strong emission
from CO, HCO*, HCN, and CN, but very weak '3CO. The bright lines are
characteristic of a photon-dominated region (PDR) but the weak '*CO suggests a
low total gas content (assuming the calibrated abundance discussed in Sect. 1.3.2).
Subsequent observations understandably tended to focus on the brighter, more easily
detectable lines.

As our knowledge of protoplanetary disk structure and chemistry grew, Aikawa
(2002) postulated that CO and other molecules should be found in a warm molecular
layer with a lower boundary set by the freeze-out of molecules onto dust grains
in the cold disk midplane and an upper boundary set by photo-dissociation from
the central star or external radiation field (Fig.1.5). Disk rotation allows us to
tomographically map disk structure and such a chevron pattern of emission has
been directly observed in the CO 3-2 line toward the HD 163296 disk (Rosenfeld
et al. 2013). For a very cold or low-density disk, the CO emitting region could
be so small as to explain the weak '*CO emission. However, over the range of
parameters expected for the temperature structure and disk size based on theory
and observations, Williams and Best (2014) showed that most of the gas mass does
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Fig. 1.5 Density and temperature distribution of a model disk. The star is at the origin and the
disk is radially symmetric with mirror symmetry about the midplane at Z = 0. The color scale
represents the H, gas density on a logarithmic scale. The gas temperature is shown and labeled
in the white contours. The black contours, labeled “CO”, represent the boundary of a warm
molecular layer within which CO is expected to be in the gas phase and emit millimeter wavelength
rotational lines
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indeed lie in the warm molecular layer and therefore that the CO isotopologue lines
should be a reliable measure of the total disk gas content.

With the basic assumptions of Keplerian rotation, hydrostatic equilibrium, a
constant gas-phase CO abundance above the freeze-out dominated midplane, and
azimuthal asymmetry, the spectral line profiles of CO and its isotopologues can
be calculated with radiative transfer models for any given temperature structure,
Williams and Best (2014) ran a large grid of models over a range of temperatures
and densities and found a simple way to measure disk masses by plotting the '3CO
and C'®0 line luminosities against each other as in Fig. 1.6.

The luminosities of the two isotopologues closely correlate of course, but disks
of a fixed mass can have a wide range of values depending on molecular excitation,
line optical depth, and the amount of CO freeze-out and photodissociation. The
constraints from two lines help to remove the ambiguities and, despite the intrinsic
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Fig. 1.6 C'80 3-2 vs. *CO 3-2 line luminosity for models from the WB14 grid, color-coded
by disk gas mass. The spread for each mass is due to optical depth, excitation, and variation in
the gas fraction within the CO-emitting warm molecular layer over the range of disk density and
temperature profiles in the models. Nevertheless, there is sufficient separation in this isotopologue
plot that the total disk gas mass can generally be determined to within a factor of 3-10.
Observations from the Ansdell et al. (2016) Lupus survey are overplotted
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scatter, the spatially and velocity integrated line luminosities provide a simple and
reliable measure of the total gas mass, to within a factor of 3—10. This simple
procedure is ideally suited for the statistical analysis of large datasets. Figure 1.6
shows observed values from the Ansdell ALMA Lupus survey and the good match
with this simple model description. For each data point, the mass or upper limit can
be simply read off this plot.

Some data points lie below the model locus shown here indicating lower C'30
line luminosities than predicted. This is probably due to selective photo-dissociation
of this rare isotopologue, which cannot self-shield as effectively as CO (van
Dishoeck and Black 1988). More detailed modeling that takes this into account
confirms the basic findings here (Miotello et al. 2016).

The range of Lupus disk masses is plotted in Fig. 1.7 where the dust mass is
derived following the procedure described in Sect. 1.2 and the gas masses from the
CO isotopologues. The most massive dusty disks, Mgy > 10 Mg, are shown here
(the full sample is shown in Ansdell et al. 2016). All are detected in '3CO and many
in C!30, but in general the lines are quite weak and the implied gas masses are low,
typically Mgas ~ 1 Myyp. This mirrors the Williams and Best (2014) results in Taurus
which itself has precedent in the low '*CO line flux found by Kastner et al. (1997)
in TW Hya. The inferred gas-to-dust mass ratios are plotted in the lower panel. The
high dust and low gas masses imply ratios that are generally much lower than the
fiducial ISM value of 100.

Just as molecular cloud and core masses derived from CO observations depend
inversely on the molecular abundance, so the disk gas masses shown in this section
are scaled to an assumed value, ['2CO]/[H,]= 10~*. This value has been calibrated
in clouds and cores but there are few direct measurements in disks and they
disagree. The discrepancy is most significant with the HD measurements described
in Sect. 1.3.3. Ultimately, the CO abundance is the largest source of uncertainty in
gas mass measurements from CO and, because of the relative ease of measurement
of these lines, this is a critical issue for disk studies. We discuss this further in
Sect. 1.4.

1.3.4.2 Gas Surface Density Profiles

The modeling methodology used in Fig. 1.6 to measure bulk gas masses can be
extended to determine gas surface density profiles. The basic idea, described in
detail in Williams and McPartland (2016), is to compare a library of model images
with a resolved line map.

Figure 1.8 shows that this works very well in the case of the large, bright disk
around the Herbig Ae star, HD 163296. In this case, the 3co map is well resolved,
has a high signal-to-noise ratio, and the temperature structure of the disk was well
constrained by modeling the CO data independently (Rosenfeld et al. 2013).

It will be interesting to carry out similar modeling of other resolved '*CO line
images with different gas-to-dust (or CO line to continuum) ratios. This requires a
similar dynamic range in both spatial and intensity scales. Williams and McPartland
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Fig. 1.7 Disk masses derived
from the Lupus ALMA
survey. The fop panel shows
the dust masses as derived
from the 890 pwm continuum
equation 1.2. The middle
panel shows the gas masses
as derived from the CO
isotopologue emission as
described in Sect. 1.3.4 and
plotted in Fig. 1.6. The lower
panel shows the gas-to-dust
ratio, and how it appears to be
significantly lower than the
ISM value of 100 for almost
all disks here. This figure is
adapted from Ansdell et al.
(2016) to only show 23 most
massive disks from the full
sample of 90 as these were all
detected in '*CO and most in
C'30, thereby permitting the
best constraints on the gas
mass
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(2016) show that moderate resolution (0/2-0/"3) ALMA observations of a few to
tens of minutes (mass dependent) suffice to measure the gas profiles of typical disks

found around T Tauri stars.

The J = 2-1 transition is ideally suited for this analysis as the CO, '*CO,
and C'80 lines can all be observed simultaneously with ALMA and at the
same resolution and sensitivity. A combined modeling of the CO and '*CO data
allows the temperature and density structure to be derived in tandem. By then
comparing to the C'80 map, the isotopologue ratio can be determined and any radial
variation thereof. This provides an interesting test of selective photo-dissociation
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models which have been invoked for explaining the oxygen isotope variation in the
Solar System (McKeegan et al. 2011). As the 1.3 mm dust continuum image is also
obtained, this is a powerful combination for studying the distribution of the solid
and gas components.

This can readily be extended to other molecules. Even if absolute abundances
are uncertain, resolved maps can show the radial dependence of relative abundances
very well. As the dust processing and chemical timescales vary with radius, we can
test models that predict different abundance patterns.

1.3.5 Comparison of CO and HD

In some instances there have been attempts to measure the CO abundance in disks
which provide information on its viability as a mass tracer. This is complicated by
the fact that CO is known to be frozen as ice in the dense midplane as discussed in
Sect. 1.3.4 (Dutrey et al. 1997; Aikawa 2002; Bergin et al. 2007; Semenov 2012).
This facet is spectacularly confirmed by recent imaging of the HD 163296 disk
(Rosenfeld et al. 2013). In the right-hand panel of Fig. 1.2 we provide the limited
set of CO abundance measurements in disk systems, which illustrate the complexity
of this problem. Thus Schwarz et al. (2016) combine the detection of HD with
mulitransitional '*CO and C'®*0 ALMA observations of TW Hya to resolve the
CO abundance structure in TW Hya (see also Nomura et al. 2016); a disk average
value presented in Favre et al. (2013). The assumption in both of these cases is that
the HD emission is strongly curtailed for T < 20K where CO is frozen out as ice.
Hence the CO/HD column density ratio is not affected by freeze-out and traces the
abundance in the emissive layers. This is borne out by excitation calculations (e.g.,
Favre et al. 2013). With ALMA the disk thermal structure is resolved and the effect
of temperature on the HD emission can be mitigated. In all cases, both within the CO
snowline (near 20 AU) and beyond the CO snowline the derived CO abundance is
well below the ISM value. This is argued to be due to incorporation of CO into solids
either as CO; or perhaps processed into more chemically complex forms (Bergin
et al. 2014; Furuya and Aikawa 2014; Reboussin et al. 2015; Eistrup et al. 2016).
In two cases both CO and H, have been observed in absorption in the UV
towards RW Aur (France et al. 2014) and AA Tau (France et al. 2012). In one
case the derived abundance is very close to interstellar (RW Aur), but in the case
of AA Tau the CO abundance measurement is 0.4 relative to H (i.e., four orders
of magnitude above interstellar). UV observations generally probe gas very close
to the star and/or at high altitudes in the disk (with low column and UV exposure,
e.g., Ay < 1). Thus it is difficult to extrapolate these numbers to the overall disk
mass; regardless, they do represent useful information. These few measurements
represent the only abundance estimates that are done independent of the dust. The
remaining values come from a range of studies that infer the H, mass/column
from dust observations via spectral energy distribution (SED) modeling or through
resolved thermal continuum emission maps. In one study towards BP Tau, Dutrey
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et al. (2003) observed CO isotopologue emission with the IRAM Plateu du Bure
interferometer and the 30 m telescope. They argue that the overall disk is warm and
above the CO sublimation temperature. Assuming a normal gas/dust mass ratio of
100 they derive a CO abundance (relative to H,) more than two orders of magnitude
below the ISM value of ~9 x 107> (dashed line in Fig. 1.2). In HD 100546, Kama
et al. (2016a) and Bruderer et al. (2012) use numerous molecular and atomic lines
to explore the chemistry in this disk in the framework of a 2D thermochemical
model. In all, if the gas/dust mass ratio is 100, they find a reduced overall amount
of elemental carbon and therefore a reduced CO abundance.

In Sect. 1.3.4, we discussed the comparison of C!80 emission and dust in the
Williams and Best (2014) and Ansdell et al. (2016) surveys. Here the problem of
abundance vs mass is clearly revealed. If the gas-to-dust mass ratio is 100, there
is a range of CO abundances that span nearly 2 orders of magnitude. If the CO
abundance is ~107* as in the ISM, then the gas-to-dust mass ratio ranges from
~1 to 10. Thus the issue is revealed—is this evolution of the CO abundance or is this
gas dissipation (or some combination of both). Either issue represents a fundamental
statement about the overall physical and chemical evolution of disk systems.

1.4 Reconciliation?

In sum we have two disparate sets of measurements. Observations of a statistically
significant sample of disks studied in the emission of CO isotopologues find that
they are missing CO emission relative to measured dust masses. Recall that the
dust mass measurements are a lower limit to the total solid component as grains
much larger than the observing wavelength have little emission. Thus the low CO
emission is not due to an overestimate of the solids. It can be interpreted as either
missing carbon monoxide assuming that H, is still present or as very low gas/dust
mass ratios (i.e. missing gas mass). The magnitude of these effects (at least two
orders of magnitude) is effectively summarized in the right hand panel of Fig. 1.2.
We discuss the chemical and then the physical possibilities in turn.

There are three disks with gas mass measurements from HD (Bergin et al. 2013;
McClure et al. 2016) and, in the case of TW Hya and GM Aur (to a lesser extent DM
Tau), this suggests that CO is missing while hydrogen gas is abundant (Favre et al.
2013; Schwarz et al. 2016; Nomura et al. 2016; Kama et al. 2016b). It is important
to stress that these inferences are not limited to CO and its isotopologues alone.
Surveys of [O 1] 63 wm emission in Taurus find that, for normal gas/dust mass ratios
(~100), models tend to over-predict line emission (Aresu et al. 2014). Similarly, the
ground state lines of water vapor at 557 and 1113 GHz have been detected in only
one T Tauri disk system (TW Hya; Hogerheijde et al. 2011), with nondetections in
over 13 potentially gas-rich disk systems (Du et al. 2017). Detailed models predict
that these lines would be too strong by large factors and require a reduced water
abundance by two orders of magnitude under the assumption of a “normal” gas/dust
ratio (Bergin et al. 2010; Hogerheijde et al. 2011; Du et al. 2017), but see also
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Kamp et al. (2013). In the case of TW Hya, Du et al. (2015) performed detailed
thermochemical modeling of CO isotopologue, [O 1], OH, HD, and water vapor
emission demonstrating that volatiles appear to be depleted in the upper atmosphere
of the disk. Thus there appears to be a systematic effect that affects the main volatile
carriers of at least carbon and oxygen.

One interesting chemical effect that would aid in reconciliation, at least for
CO, is isotopic self-shielding. It is well known that the photodissociation of
carbon monoxide proceeds via a line process which means that the presence of
CO molecules along the line of sight toward the radiation source can shield other
molecules downstream. This “self-shielding” effect has an innate column density
dependence; hence '2CO is more efficiently shielded than less abundant '*CO and
so on. Since we are mainly using C'%0 as our preferred H, mass tracer it could
probe less mass in the disk than say HD, which would result in a reduced abundance
measurement. Miotello et al. (2014, 2016) explore these effects in detail and show
that a CO abundance reduction of nearly an order of magnitude could be accounted
via this mechanism. However, HD also self-shields and hence it traces a similarly
reduced column of H, (see Bergin et al. 2014). Furthermore, Schwarz et al. (2016)
use ALMA observations of CO isotopologues towards TW Hya to constrain the
thermal structure and, with HD, the CO abundance. They find that the abundance is
reduced by nearly two orders of magnitude. While, self-shielding works in the right
direction, it cannot account for the observed magnitude of the abundance depletion
in TW Hya at least, nor does it account for the presence of similar effects seen in
oxygen-bearing molecules.

An additional chemical scenario is that we are witnessing the formation of icy
planetesimals or at least pebbles that are trapped in the midplane (Dutrey et al.
2003; Chapillon et al. 2010; Bergin et al. 2010; Hogerheijde et al. 2011; Du et al.
2015; Kama et al. 2016b). A wide variety of observations have now shown that the
dust mass in disks is radially and vertically stratified due to the combined effects
of coagulation, settling, and drift (see discussion in Andrews 2015). Molecular
ices will preferentially form or freeze-out onto small dust grains (as they carry
the surface area) as gas dynamically mixes to cold layers. Through sticking and
grain growth these ice coated small grains will incorporate volatiles into larger
grains that become trapped in the dust-rich midplane. This so-called “vertical cold
finger effect” (Meijerink et al. 2009; Kama et al. 2016b) can deplete the upper
emissive layers of volatiles, particularly water with its relatively high sublimation
temperature (Krijt et al. 2016). Due to its low sublimation temperature (~20-30 K)
the sequestration of CO in ice is less certain. However, a number of authors have
independently characterized how the carbon in CO can be reprocessed into less
volatile forms such as CO, and organics (Bergin et al. 2014; Furuya and Aikawa
2014; Reboussin et al. 2015; Eistrup et al. 2016). For CO the reprocessing is linked
to the presence of X-rays or UV photons along with active surface chemistry and
hence will be most active on surface layers and in the outer disk.

Alternately, the results to date show that most, but not all, disks have weak
CO isotopologue emission, while HD (due to the limited lifetime of Herschel) has
only been detected in three systems. Crucially the HD line is yet to be spectrally



26 E.A. Bergin and J.P. Williams

Continuum Line
g/d~1

C’Q

g/d~100

L

Fig. 1.9 The two most extreme gas-to-dust ratios in the Lupus disk survey. The left column shows
the continuum emission on the same scale (1-10 mJy beam™"') for two different disks, the large,
bright Sz 98 on the top and the low mass J1607-3911 on the bottom. The right column shows the
integrated '*CO 3-2 emission for each disk on the same scale (40400 mJy kms~' beam™!) and
with the dust contours overlaid. It is clear that the '*CO line-to-continuum ratio is very different
in the two sources which suggests either very divergent chemistry or strikingly different gas-to-
dust ratios

resolved and thus might contain contributions from unrecognized components such
as outflows (jets or winds). Furthermore, the statistics show that, whatever the cause,
the CO line-to-continuum ratio varies widely from disk to disk within a single star-
forming region (Fig. 1.9). This is a challenge for chemical sequestration models as it
is unclear why they should be 99% efficient in some cases but 0% in others with the
same age. In a sense this mirrors the same issues for disks with respect to the fact
that, for a given age, disks surrounding similar mass stars exhibit a range of infrared
excesses and dust masses (Sect. 1.2.1), which must relate to dust evolution.

If chemistry is not the predominant cause and the [CO]J/[H;] abundance in the
warm molecular layer is indeed similar to the ISM, then the conclusion would be that
the gas is indeed preferentially lost relative to dust. In the HD 163296 example
shown in Fig. 1.1 the gas at large radii and scale heights is dust poor due to the
effects of settling and drift. These are the same regions in a disk that are less strongly
bound to the star, and which can be lost through photo-evaporation, possibly assisted
by magnetic fields (Alexander et al. 2014; Gressel et al. 2015).

Photoevaporative flows from disk surfaces depend strongly on the radiation field,
whether EUV, FUV, or X-ray (Alexander et al. 2014). These purely hydrodynamic
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flows are generally strongest at small radii but the effect on the gas-to-dust has
not yet been modeled. There is a direct measurement of a photoevaporative flow in
one case (TW Hydra again) through mid-infrared spectroscopy of the [Nell], but
the mass loss rate, ~107'9 Mg year™, is too low to significantly affect the disk
composition on Myr timescales (Pascucci et al. 2011).

There is much new work on angular momentum transport in disks, recently
summarized by Turner et al. (2014). Just as advances in instrumentation allow
new observational discoveries, so faster computers allow more detailed modeling
and better treatment of non-ideal magneto-hydrodynamical effects. The ionization
fraction, and therefore the coupling between the gas and dust with the magnetic
field, vary widely within a disk. The dense disk mid-plane may be so shielded from
radiation and cosmic rays (Cleeves et al. 2013) that the coupling may be too weak
for the magneto-rotational instability (MRI; Balbus and Hawley 1991) to drive
accretion onto the star. The surface layers are more highly ionized and tied to the
magnetic field. The MRI may still operate in these layers and drive laminar accretion
flows but disk winds that are launched at large radii may be more effective in re-
distributing the angular momentum.

Such global disk winds are predicted to have mass loss rates ~1078 Mg, year™!
and can therefore remove 10 My, in ~1 Myr from the disk surfaces at large radii
(Bai 2016). This is greater than the median disk mass around a solar mass star in
Taurus for an initial gas-to-dust ratio of 100. Although there are as yet no explicit
calculations of the effect on the gas-to-dust ratio, it seems that disk winds can
potentially rapidly remove disk gas atmospheres but leave millimeter grains in the
midplane largely unaffected. As with accretion, the winds could be variable and vary
greatly from disk to disk due to the intricacies of the initial magnetic field geometry
including its polarity with respect to the rotation axis.

ALMA observations show kinematically coherent CO structures around disks
on ~2000 AU scales that may be large scale winds (Klaassen et al. 2013, 2016).
The flows have low speeds similar to Keplerian rotation rates at tens of AU, and
do not appear to be swept up material at the edges of powerful jets created at
the star-disk interface. Mass loss rates are estimated to be a few 1078 M year™!.
Similarly large scale features have also been seen around FU Orionis objects. These
are very young, low mass protostars that have undergone a recent (within a few
decades) extreme luminosity outburst that is thought to be due to a large, stochastic
accretion event. Zurlo et al. (2016) and Ruiz-Rodriguez et al. (2017) find rings and
bow-shock shaped features in CO images that appear to be the lit-up edges of very
wide outflow cavities. In one case, HBC 484, the cavity opening angle is so wide,
~150°, that it would intersect the disk surface. The observations are more suggestive
than definitive at this stage but, if most stars undergo similarly eruptive events early
in their history, such outbursts could potentially blow away disk atmospheres and
drastically alter their composition. The outbursts and their effects are stochastic so
we might expect a wide range in gas-to-dust ratios by the time that the stars become
optically visible Class II protostars. The lost disk gas would be distributed on large
angular scales and ultimately photo-dissociated. Finally, as a sign of reconciliation
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between the two authors, we note that we may be witnessing both of these effects,
chemical sequestration and gas loss, simultaneously.

1.5 Conclusion and Future Prospects

Reconciliation between these disparate mass measurements remains possible. In the
near term, within the next 2 years, the HIRMES (High Resolution Mid-infrared
Spectrometer) will fly on the Stratospheric Observatory For Infrared Astronomy.
HIRMES will be able to detect HD towards TW Hya and spectrally resolve the line.
While TW Hya is nearly edge on with an inclination ~5°-7°, with little velocity
structure beyond 20 AU, HIRMES will certainly be capable of determining if the
HD line originates in whole or partially from a jet, wind, or from the disk. In the
more distant future (late 2020s, 2030s) concepts such as SPICA (Space Infrared
Telescope for Cosmology and Astrophysics; JAXA) or the Origins Space Telescope
(NASA) could survey HD emission towards hundreds of disk systems and detect
lines at very low levels of flux density (~1072! to 1072° W/m?). This would provide
a statistically significant sample that can be compared to the extensive archive of
ALMA data that will exist by that time. In this regard, JWST has the ability to detect
the pure rotational lines of H», that is provided there is a significantly warmer H,
layer above the optically thick dust concentrated towards the midplane. This might
prove useful in constraining the H, surface density in the very innermost disk radii.

Direct mass measurements, or at least useful constraints, may also be possible
through ultra-high resolution ALMA imaging of dust structure. If the ratio of
disk to stellar mass exceeds ~20%, the gravity of the disk is strong enough to
produce detectable features (Cossins et al. 2010; Dipierro et al. 2014). Azimuthally
symmetric rings are found in HL Tau and TW Hya (ALMA Partnership et al. 2015;
Andrews et al. 2016, respectively), but spirals that may indicate self-gravity have
also been found (Pérez et al. 2016). A large imaging survey is underway that will
show the range and occurrence of various morphologies, and that can be compared
to mass determinations from spectral lines.

More generally, both suggested scenarios, gas dissipation and chemical seques-
tration, likely have attendant chemical effects that might be revealed via ALMA
molecular line emission studies. As an example, it has been suggested that strong
hydrocarbon emission seen in several disks might be related to dust evolution and
the chemical sequestration of volatiles (Kama et al. 2016a; Bergin et al. 2016). At
face value, if true, then these chemical effects (in this case hydrocarbon production)
should track with the overall amount of CO present which may have strong radial
dependencies. Along these lines, additional chemical signatures might be found in
models of the gas chemistry in dissipating gaseous disk systems. Another method
would be the inference of the gas density via excitation analyses using a molecule
that traces close to the dense midplane in a specific location. One example could be
N,H* (Qi et al. 2013) which is known to show a ring structure. The inference of
an H, gas density in a specific location can be used to pin down and constrain the
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overall gas density structure—such modeling would at least set some limits on the
overall gas mass.

The determination of disk gas mass has been a long-term problem for decades
and solving this issue will require efforts from multiple directions. However, the
effects we are discussing in this manuscript encompass nearly two orders of
magnitude either in gas mass or molecular abundance; or less if it is both. Such a
large effect will have attendant signatures and in the coming years we are confident
that this issue will be resolved, thereby making a fundamental contribution to our
understanding of the physics and chemistry of planet formation.
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Chapter 2
The ALMA Revolution: Gas and Dust

in Transitional Disks
Nienke van der Marel

Abstract The study of protoplanetary disks was for a long time based on indirect
measurements of gas and dust, limiting our understanding of planet formation.
The arrival of ALMA has revolutionized our view of the structure of these disks.
The Early Science ALMA observations in the last few years have revealed rings,
asymmetries, dust/gas segregation, gas dynamics, evidence for dust trapping and
vortices, and many more exciting phenomena that have been predicted for decades
in physical models of disks. In this chapter I review the most important ALMA
discoveries and the next steps in planet formation studies.

2.1 Introduction

Protoplanetary disks of gas and dust around young stars form the birth cradles of
planets (reviews by, e.g., Williams and Cieza 2011; Armitage 2011; Testi et al.
2014). T Tauri and Herbig stars are usually surrounded by these disks. The large
number of discovered exoplanets in the last two decades implies that planets are
ubiquitous, and thus planet formation a common process in the evolution of the disk
(Batalha 2014). However, the exact way in which planets form remains poorly
understood. Disks evolve through viscous accretion and have a typical lifetime
of a few million years (Williams and Cieza 2011). At the distance of nearby star
forming regions, such as Ophiuchus, Taurus or Lupus, these disks are at most a
few arcseconds in angular size, making the study of their structure particularly
challenging.

Before subarcsecond imaging was technically possible, studies of protoplanetary
disks were limited to spatially unresolved observations, often biased towards the
brightest objects that are not necessarily representative for deriving general disk
properties. Disks were identified through the measurement of infrared excess above
the stellar photosphere, in particular through surveys of infrared space telescopes
such as ISO, IRAS, and Spitzer, in combination with observed ultraviolet (UV)
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excess, a sign of accretion. By combining photometry from optical to millimeter
wavelengths, it was possible to create Spectral Energy Distributions (SEDs), which
can be used to analyze the dust disk structure. Millimeter surveys were used
to constrain disk masses and dust growth within specific assumptions regarding
temperature and dust opacity (e.g., Beckwith and Sargent 1996; Andrews and
Williams 2007; Ricci et al. 2010). Studying gas in protoplanetary disks was
even more challenging: although the Keplerian rotation was seen in early line
observations of a handful of bright disks (e.g., Sargent and Beckwith 1987; Koerner
et al. 1993) molecular line studies were limited by both sensitivity and cloud
confusion, and the density distribution of gas remained largely unknown.

Of particular interest in the studies of planet formation are the so-called
transitional disks: disks with a gap or cavity in their dust distribution. This type
of disk was originally identified by Strom et al. (1989) through a dip in the mid
infrared emission in the SED, indicating a lack of warm dust in the system or
a gap in the dust distribution (Fig.2.1). It was proposed that these disks were in
transition between a full, primordial, gas-rich disk and an older, gas-poor debris
disk, although a real evolutionary sequence (implying that every disk goes through
a “transition” phase) has not been proven until today. Many more transition disks
have been identified since then (see Espaillat et al. 2014, for a review), especially
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Fig. 2.1 Spectral Energy Distribution of a transition disk, showing the different components of
the system and their emitting wavelengths. The stellar photosphere emits as a black-body in optical
to near-infrared wavelengths, an inner disk is recognized as near-infrared excess above the photo-
sphere due to hot dust grains, the hole is seen as a dip in the mid-infrared, while the bulk of the dust
in the outer disk emits in far-infrared up to mm-wavelengths. Figure from van der Marel (2015)
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by Spitzer and its InfraRed Spectrograph (IRS), observing the 5-35 wm wavelength
range in which the characteristic dip is seen. Several of these identifications were
followed up by submillimeter imaging of pioneering interferometers such as the
SubMillimeterArray (SMA), Plateau de Bure Interferometer (PdBI), and Combined
Array for Research in Millimeter Astronomy (CARMA) (e.g., Brown et al. 2009;
Isella et al. 2010b; Andrews et al. 2011). These observations revealed ring-like
structures in the submillimeter continuum at ~0.3” resolution, confirming the
presence of large gaps in the dust distribution. However, the origin of the gaps
remains unclear.

Several mechanisms have been proposed to explain the presence of dust cavities
(see Fig.2.2): (1) grain growth, where dust grains inside the cavity have grown
to larger sizes that do not emit sufficiently at the observed wavelength; (2)
photoevaporative clearing, where the stellar UV heats gas to temperatures above
the escape speed, resulting in a photoevaporative wind that clears the disk from
the inside out; (3) certain instabilities (e.g., dead zones, regions of low ionization)
leading to dust concentrations in the outer disk; (4) companion clearing, where

mm-dust gas
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Fig. 2.2 Cavity clearing mechanisms in dust (black dots) and gas (yellow) and their expected
signatures in millimeter dust (blue) and gas (red). Top: increased grain growth inside the
cavity, while the gas density remains unchanged compared with the original disk. Second:
photoevaporative clearing, with both the gas and dust cleared simultaneously from the inside out.
Third: clearing by a companion, in which the gas density inside the cavity drops and the large dust
particles get trapped at the edge. Botftom: instabilities due to, e.g., viscosity or entropy gradients
create a dust trap, the gas density remains unchanged. Figure taken from van der Marel (2015)
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either a planet or a star carves a gap in the dust and gas in their orbit. The
grain growth mechanism has been demonstrated to be consistent with a dip in
the SED, but cannot result in millimeter dust cavities according to dust evolution
models (Birnstiel et al. 2012). Photoevaporation is unlikely to explain the larger
observed dust cavities of tens of AU that are still accreting, but may be able to
explain smaller cavities in systems with low accretion rates. For this reason, it has
been proposed that there are two different types of transition disks, where only
one type can be explained by photoevaporative clearing (Owen and Clarke 2012).
However, the structure of the gas is key in distinguishing between the mechanisms,
as demonstrated in Fig. 2.2: gas and dust are expected to be cleared simultaneously
in case of photoevaporation; a companion would lower the gas density inside the
gap and “trap” the millimeter dust at the gap edge in a concentrated ring (e.g.,
Pinilla et al. 2012); dead zones alter the ionization, but not significantly the gas
density structure, and trap the millimeter dust at their edge similar to the companion
scenario (e.g., Varniere and Tagger 2006; Regdly et al. 2012).

The concept of dust trapping is discussed in detail in the chapter by Pinilla. In
summary, dust trapping is the result of drag forces between larger dust particles and
gas as a result of a pressure gradient in the disk, leading to a concentration of dust
in the region of maximum pressure (a “pressure bump”). Such a pressure bump will
naturally exist at the edge of a gas gap created by a recently formed planet or at the
edge of a dead zone. Dust evolution models have demonstrated that dust gets trapped
efficiently and experiences increased dust growth (Pinilla et al. 2012), resulting in
concentrated millimeter dust rings. Although dust trapping was originally proposed
as a way to solve the so-called radial drift problem in full disks, where dust particles
would simply drift inward before they could grow beyond millimeter sizes, it can
also explain the structures seen in transition disks.

Although early millimeter interferometry could confirm the presence of dust
cavities, the origin of the cavities remained inconclusive due to the low spatial
resolution and signal-to-noise of these data. Furthermore, the sensitivity is generally
too low to detect molecular line emission, required to map the gas density structure.
The Atacama Large Millimeter/submillimeter Array (ALMA) has opened up a large
range of new possibilities to study transition disks, unravel their structure, and
answer questions about their origin, due to its unprecedented sensitivity and spatial
resolution. ALMA started scientific operations in 2011 with a partially completed
array, but even these Early Science observations have dramatically changed our view
of transition disks.

2.2 Dust Observations

2.2.1 Rings and Asymmetries

ALMA has revealed a large variety of dust structures in transition disks (see
compilation of observations in Table 2.1). Figure 2.3 displays a selection of disks
that were observed between Cycle 0 and 3 from various programs in continuum
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Fig. 2.3 Gallery of dust DoArd4
continuum observations of
transition disks with ALMA
from various programs.
Figure available at http://
www.ifa.hawaii.edu/~nmarel
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emission at spatial resolutions between 0.02” and 0.4”. Some transition disks show
clear ring-like structures (e.g., J1604-2130, LkCal5, SR 24S, DoAr 44, Sz 91,
Sz 111, etc. Zhang et al. 2014; van der Marel et al. 2015b, 2016b; Canovas
et al. 2016; Ansdell et al. 2016), while others are azimuthally asymmetric, with
contrasts of only a few up to more than 100. The most extreme examples of
asymmetric disk rings are Oph IRS 48 (van der Marel et al. 2013) and HD 142527
(Casassus et al. 2013; Fukagawa et al. 2013), while others (SR 21, HD 135344B,
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a.k.a. SAO 206462) show minor asymmetric contrasts (Pérez et al. 2014; Pinilla
et al. 2015b). These extreme asymmetries have been interpreted as dust trapping
in vortices, as the result of Rossby Wave Instability of a radial pressure bump
(Barge and Sommeria 1995; Klahr and Henning 1997; Lyra and Lin 2013). Trapping
in a vortex results in efficient azimuthal concentration of dust (Birnstiel et al.
2013), such as seen in Oph IRS 48 and HD 142527. On the other hand, the minor
asymmetries may be caused by eccentric disks rather than vortices, where the dust
is not azimuthally trapped but only experiences a “traffic jam” (Ataiee et al. 2013;
Pinilla et al. 2016).

Oph IRS 48 was the first disk that was indisputably identified as a dust trap (van
der Marel et al. 2013), due to the clear difference in distribution of the millimeter
dust, the gas (traced through '>CO 6-5 emission) and small dust grains that are
generally following the gas (traced by VLT-VISIR 19 um emission). However,
other disks can be explained by the trapping mechanism as well, albeit often only
showing the effects of radial trapping. Although the sample of spatially resolved
transition disks is still far from complete and clearly non-uniform, only a small
fraction appears to show asymmetric structures. This could be a consequence of the
special conditions in which a radial pressure bump becomes Rossby unstable, i.e.
low viscosity and a sharp pressure gradient (de Val-Borro et al. 2007; Lyra et al.
2009), which may be intrinsically rare.

Another interesting phenomenon is revealed in the very long baseline observa-
tions, resulting in a spatial resolution of ~20 mas or a few AU. Both TW Hya and
HD 163296 (Isella et al. 2016; Andrews et al. 2016; Tsukagoshi et al. 2016) show
distinct multiple dust rings rather than a smooth continuous disk, similar to what was
found in the much younger HL Tau disk that was imaged as part of the Very Long
Baseline Science Verification campaign (ALMA Partnership et al. 2015). Although
gaps carved by planets with corresponding dust traps are a tempting explanation
for these dust rings, at least HL Tau appears to be too young (<1 Myr) to have
full-grown planets in its system. Another explanation that has been put forward to
explain narrow rings are condensation fronts at snowline radii (e.g., Zhang et al.
2015) where the dust stickiness is increased and therefore the dust growth more
efficient. As the other observed transition disk observations have lower spatial
resolution, narrow rings cannot be excluded for any of them, although indications
of gaps in the outer disk have been seen in HD 100546 (Walsh et al. 2014) and
HD 135344B (van der Marel et al. 2016a) as well.

2.2.2 Trapping Efficiency

One of the properties of dust trapping is a strong grain size dependence: larger
dust grains (with larger Stokes number) are more efficiently trapped (Brauer et al.
2008; Birnstiel et al. 2010, 2013) and therefore, continuum observations at different
wavelengths (tracing different grain sizes) are expected to show a different structure.
More specifically, at longer wavelengths, the emission is expected to be more
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Fig. 2.4 Continuum emission of the Oph IRS 48 transition disk at four wavelengths, using
combined ALMA and VLA observations (van der Marel et al. in preparation)

concentrated. Alternatively, it is also possible to measure the spectral index o/mm
as a function of position in the disk. Due to dust opacity effects, « is expected to
decrease for larger dust grains (Draine 2006) for optically thin emission.

ALMA and VLA observations of Oph IRS 48 between 690 and 34 GHz show that
the azimuthal width is ~2 times narrower at the longer wavelengths (van der Marel
et al. 2015a, and Fig. 2.4) and the spectral index drops significantly in the center of
the dust feature (van der Marel et al. in preparation), consistent with azimuthal dust
trapping. Multi-wavelength analysis of the HD 142527 and MWC 758 asymmetric
disks shows the same phenomenon (Casassus et al. 2015b; Marino et al. 2015). This
confirms the predictions of dust evolution models.

Radial variations in spectral index are reported in SR 21 through ALMA
observations at 345 and 690GHz (Pinilla et al. 2015b), consistent with radial
trapping, while in the same work for HD 135344B no significant variations were
found. The latter can be explained by the low spatial resolution of these data: if the
dust ring is narrow, spatial variations in spectral index will not be detectable. Also
dust optical depth can play a role: if the dust emission is optically thick, the spectral
index is not a proper tracer of dust growth. Multi-wavelength ALMA observations
of SR 248 also show that the dust ring is narrower at longer wavelengths, consistent
with radial trapping (Pinilla et al. 2017). Multi-wavelength continuum observations
at high spatial resolution are crucial to verify the dust trapping scenario in other
transition disks. A synergy between ALMA and VLA/ATCA will be desirable to
measure the extent of the emission over a long wavelength range.

2.3 Gas Observations

Whereas the dust distribution in disks has been studied to great detail, observational
constraints on the gas distribution are rather limited, while the gas is considered
to be dominating the disk properties such as mass and dynamical processes. In
particular, the clearing mechanisms for transition disks described above have similar
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effects on the dust distribution, while the gas is affected in completely different
ways and provides thus a way to distinguish between them (Fig. 2.2). Measuring the
gas density inside and outside the dust cavity is a crucial step in understanding the
transition disks.

The presence of accretion in the majority of the transition disks suggests that
some gas must still be present inside the dust cavities. This gas is hotter than in
the outer disk and can be traced by ro-vibrational and atomic lines, which can
reveal the presence and kinematics of molecules, but no global density information.
Ro-vibrational CO line observations at 4.7 um of several bright transition disks
have revealed Keplerian gas down to radii smaller than the dust cavity radius
using the spectroastrometry technique, e.g. Oph IRS 48, SR 21 and HD 135344B
(Pontoppidan et al. 2008; Brown et al. 2012), which are key targets in this thesis.
For other disks, the CO line observations are often single-peaked, consistent with a
photoevaporative wind (Bast et al. 2011; Brown et al. 2013), also seen in [Ne II] line
emission (Pascucci et al. 2007; Lahuis et al. 2007). However, although these results
are promising, they do not indisputably reveal the gas surface density structure and
thus the mechanism responsible for the transition disk.

2.3.1 Gas Inside Dust Cavities

While the bulk of the gas mass is in H», its molecular lines cannot be used as mass
tracer due to its lack of dipole moment. CO (with its isotopologues '*CO and C'80)
is the second most abundant molecule in the gas and can be readily detected and
spatially resolved by ALMA. Early ALMA observations revealed the presence of
gas inside the dust cavity for several transition disks through '2CO emission at
~0.25" resolution (van der Marel et al. 2013; Casassus et al. 2013; Bruderer et al.
2014; Pérez et al. 2014; van der Marel et al. 2015b; Canovas et al. 2015), hinting at
the presence of planets as probable explanation for the transition disk cavities, with
the millimeter dust being trapped in the outer part of the disk. Figure 2.5 shows a
few examples, with the '2CO emission peaking inside the dust cavity.

However, the proper interpretation of CO as column density tracer is challenging.
CO rotational emission cannot be translated directly into mass for several reasons.
First, the '2CO lines are usually optically thick. Second, the gas temperature is
decoupled from the dust temperature, especially in the higher layers in the disk.
Third, the CO abundance is not constant with respect to Hj: in the surface layers
CO is photodissociated by stellar radiation; in the mid-plane the CO freezes out onto
the dust grains due to the low temperatures; and the chemical formation/destruction
of CO depends strongly on the local density, temperature, and radiation conditions
(van Zadelhoff et al. 2001; Woitke et al. 2009).

In order to tackle these problems, a physical-chemical modeling tool can be used.
The DALI code (Bruderer et al. 2012; Bruderer 2013) first solves the dust radiative
transfer in 2D for a given density structure (Fig.2.7) and stellar radiation field.
With the derived dust temperatures as starting point, the heating-cooling balance of



48 N. van der Marel

Cut (z\l]
-200 -100 0O 100 200
SR21" H 3

*CO (gas)

4

‘uunlinl.ium {dl{:«'t}

HD1353448, .

1 *CO (gas)

. L}
continuum (dust)

LkCal5 1,
+°CO (gas) |

>

continuum [dsl)
-1.0 0 1.0
Cut ()

Fig. 2.5 Examples of spatially resolved >CO emission in transition disks. Figure adapted from
van der Marel et al. (2015b)

the gas and chemistry are solved simultaneously to determine the gas temperature,
molecular abundances and molecular excitation. All effects discussed above are thus
taken into account. Special attention is paid to the chemistry and heating inside the
dust-free cavities (Jonkheid et al. 2006). The resulting CO abundance in the disk
in combination with the gas temperature determine the intensity and profile of the
CO line emission in the final step, the ray tracer. ProDiMo (Protoplanetary Disk
Modeling) (Woitke et al. 2009, 2016), that was also developed to analyze disk
molecular line emission, has a comparable approach as DALI. The DALI code
structure is summarized in Fig. 2.6.
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Fig. 2.6 DALI modeling structure. The input of the model is a 2D density structure and a stellar
spectrum. Using dust radiative transfer (based on RADMC), the dust temperatures are calculated.
DALLI then solves the heating-cooling balance of the gas to determine molecular abundances,
temperatures and excitation before raytracing spectra and spectral line cubes. Figure taken from
van der Marel (2015)

As the '2CO emission is optically thick, the absolute gas surface density and
mass remain uncertain, but it is possible to constrain the depth of the gas gap within
certain assumptions. The '>CO emission in transition disks is dominated by the
emission of the directly heated cavity wall (Bruderer 2013) and by temperature
(vertical structure) rather than density. Therefore, the starting point of the modeling
procedure is a dust density profile that fits the SED. Assuming an ISM gas-to-dust
ratio of 100 for the outer disk, the '2CO emission is subsequently calculated. Inside
the cavity, the gas surface density is lowered by a factor g, as shown in Fig. 2.7, in
order to fit the observations. With this approach, the gas density profiles of several
transition disks were derived (Bruderer et al. 2014; van der Marel et al. 2015b).
Comparison with the observations is done through cuts through the zero-moment
map and the spectrum integrated over the disk region. The millimeter continuum
emission is fit to the same model through the visibility curves, to constrain the
dust cavity size. In two cases, Oph IRS 48 and J1604-2130, the '>CO emission
becomes optically thin in the center, revealing an actual cavity in the gas, with a
significantly smaller radius than the millimeter dust cavity, which is fit accordingly.
For the other disks, the gas density inside the dust cavity has to be lowered by a
factor 10~100 in order to match the observed '>CO emission in the central part of
the disk. Resolving the CO emission spatially is thus crucial to compare the density
structure and outside the dust cavity radius. The reason that optically thick '>CO
emission can still constrain density variations relies on the vertical gas temperature
gradient in the disk: as the density decreases, the T = 1-surface lies closer to the
midplane and is tracing lower temperatures, hence lower emission (see, e.g., Fig. 9
in Bruderer 2013). Furthermore, the procedure relies heavily on the assumptions that
the SED and a gas-to-dust ratio of 100 are reasonable approaches for the gas surface
density profile. In contrast to the depletion in the gas, the dust density depletion
inside the cavity was found to be at least a factor 1000 in all cases. This difference in
depletion between dust and gas suggests that planets are responsible for the observed
structure: according to planet—disk interaction models, planets lower the gas surface
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density along their orbit, trapping the millimeter dust at the edge, resulting in a much
deeper depletion of dust than gas inside the cavity (Pinilla et al. 2012).

2.3.2 Gas Cavities

Whereas spatially resolved optically thick '>CO emission can provide some infor-
mation about the gas structure, optically thin isotopologues are required to constrain
the gas density properly. ALMA observations of spatially resolved '*CO and C'80
emission reveals the presence of gas cavities for all transition disks observed to
date, where the gas cavity is found to be smaller than the dust cavity radius. This
phenomenon was predicted in planet—disk interaction models (Pinilla et al. 2012),
suggesting that these gaps are indeed caused by planets. A gallery of continuum and
13CO zero-moment maps of various transition disks is shown in Fig. 2.8.

Several of these disks with CO isotopologue data (SR 21, HD 135344B, DoAr 44,
IRS 48, and several Lupus transition disks) have been analyzed with DALI as well,
in order to constrain the size and depth of the gaps (van der Marel et al. 2016b, and in
preparation). Although detections of planet candidates in disks have been claimed
(Huélamo et al. 2011; Kraus and Ireland 2012; Sallum et al. 2015; Currie et al.
2015), several of these have been demonstrated to originate from inner disk emission
(Olofsson et al. 2013; Thalmann et al. 2016), and direct imaging of planets in disks
thus remains challenging. The depth and shape of the gas gap depend primarily on
the planet mass and the disk viscosity (Zhu et al. 2011; Pinilla et al. 2012; Fung
et al. 2014). Quantifying these can thus provide important clues on the properties of
embedded unseen planets. The models derived from the '2CO data were used as a
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Fig. 2.8 Gallery of continuum versus integrated '3CO emission of spatially resolved observations
of transition disks with ALMA from various programs. Figure available at http://www.ifa.hawaii.
edu/~nmarel

starting point, but as the gas cavity radius is now an additional free parameter, it was
found that the gas gaps were in fact smaller, but also deeper, with a depletion factor
of up to several orders of magnitude. This is not in contradiction with the previous
results, where the gas cavity was set to be equal to the dust cavity, consistent with
a shallower gap depth. The isotopologue data are however a more direct tracer
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and thus more reliable estimator of the gas density. The deep gaps are consistent
with clearing by Jupiter-mass planets and low disk viscosities (van der Marel et al.
2016b). A parametrized model that was used to analyze CO isotopologue data of
HD 142527 found a similar result (Perez et al. 2015), and also the analysis of '?CO
data of J1604-2130 which shows a gas gap implies a deep, small gas cavity (Zhang
et al. 2014; van der Marel et al. 2015b).

The surface density profiles that are used to fit these data contain steep cavity
edges, which are not physical: planet—disk interaction models predict a gradual
radial increase over several AUs. However, smooth profiles contain more free
parameters, which makes the modeling more complex and not necessarily more
reliable. However, for the sample analyzed by van der Marel et al. (2016b) it was
found that simple smooth profiles were consistent with the data as well, although the
spatial resolution did not allow to distinguish between the different model profiles.
On the other hand, new CO 2-1 isotopologue data on J1604-2130 can only be fit
by a smooth increasing profile (Dong et al. 2017), so the combination of multiple
CO isotopologues at high spatial resolution is crucial to constrain the shape of the
profile properly.

Interestingly, a radial increasing smooth profile in the hot inner part of the disk
was also required to fit near infrared rovibrational CO data taken with CRIRES
of both the HD 135344B and HD 139614 transition disks (Carmona et al. 2014).
Spectroastrometric CRIRES data was used before ALMA to constrain the presence
of gas close to the star: for Oph IRS 48 the inner gas radius was set to 30 AU using
the CRIRES data (Brown et al. 2012), which is more or less consistent with the
25 AU radius found in the spatially resolved ALMA data (Bruderer et al. 2014;
van der Marel et al. 2016b). For SR 21, a 7 AU gas cavity radius was derived
(Pontoppidan et al. 2008), which has so far remained unresolved in the ALMA
observations but is not inconsistent. In general, rotational CO line emission that
is measured with submillimeter telescopes is not suitable to constrain the gas
density within ~10 AU to the star, where the gas temperatures reach 1000s of K
and the excitation conditions are uncertain. The derived gas density profiles in the
inner 10 AU of the studies mentioned above are merely an extrapolation from radii
further out. The spatial resolution plays an important role as way: at ~0.25", at
which most of these observations were taken, the emission remains dominated by
the cavity edge, whereas higher resolution can reveal density variations further
in (see Fig.2.9 for a comparison between 0.25” and 0.1” data). On the other
hand, increasing the spatial resolution is at the expense of sensitivity as the
surface brightness decreases, and longer integration times are required to detect the
emission. Ultimately a combination of spatially resolved submillimeter observations
and spectrally resolved near infrared data will be necessary to constrain the gas
density over the full range of the disk (Banzatti and Pontoppidan 2015).

Another interesting aspect of spatially resolved CO emission inside the cavity
is the possibility of observing accretion flows from the outer disk onto the star.
These gas streamers were initially claimed to be found in the HD 142527 disk
(Casassus et al. 2013), but later found to be consistent with a warp: a radially
variable inclination in the disk (Rosenfeld et al. 2014; Casassus et al. 2015a), which



2 Gas and Dust in Transitional Disks 53

0.25" resolution 0.1" resolution Column density

10°

L e
101}
107 L
107 |

g 104 " T i g :
0.0 0.2 0.4 0.0 0.2 0.4 0 10 20 30 40 50 60

Cut () Cut () R (AU)

Fig. 2.9 The importance of spatial resolution for observing spatially resolved CO emission. The
left and middle panels show the radial cut of the expected emission of the zero moment map of
the three CO isotopologues (red, blue, green for '>CO, 3CO and C!'®0) convolved with a 0.25”
and 0.1” beam. The different line styles represent different types of gap, as shown in the right
panel: dashed represents a disk with a deep hole (no inner disk), solid represents a disk with a
deep gap (inner gas disk present), and dotted represents a disk with a minor density depletion in
the inner disk. This substructure remains unresolved in the 0.25” beam, but becomes visible at
0.1” resolution

is also found by radiative transfer analysis of the scattered light image of this disk,
which shows dips along the dust ring that are caused by shadows of the inclined
inner disk (Marino et al. 2015).

2.3.3 Small Dust Grains

In addition to the gas structure, the distribution of the smaller dust grains compared
to the millimeter dust grains can also potentially provide clues about the origin
of the transition disk cavities. Small dust grains (~micrometer-sized) have much
lower Stokes numbers and are thus more coupled to the gas. As a result, smaller
dust grains are expected to be present inside dust cavities caused by planets, as a
result of dust filtration: larger particles remain trapped at the edge while smaller
dust grains flow through the gap (Rice et al. 2006; Zhu et al. 2011). In recent years,
near infrared imaging (scattered/polarized light) of disks has been greatly improved
due to the developments in coronography and adaptive optics, with new instruments
such as NACO and SPHERE at the VLT and HiCIAO and SCExAO at the Subaru
telescopes. In particular the SEEDS survey (Strategic Explorations of Exoplanets
and Disks with Subaru) and the SPHERE GTO programs have resulted in a large
number of high quality near infrared images of small dust grains, revealing a range
of structures, such as rings, spiral arms, and asymmetries (e.g., Ginski et al. 2016;
de Boer et al. 2016; Stolker et al. 2016). As the dust emission is highly optically
thick at this wavelength, the structures are not tracing density variations, but can
still provide some information on the location of the small dust grains. The lack of
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large dust cavities in scattered light images was already proposed to be related to the
planet clearing and trapping scenario by Dong et al. (2012). de Juan Ovelar et al.
(2013) showed predictions for continuum images for ALMA and SPHERE using
dust evolution models in combination with planet—disk interaction models, and
later presented a method to constrain turbulence using a combination of continuum
observations (de Juan Ovelar et al. 2016). The spatial segregation between scattered
light and submillimeter data was observationally confirmed, e.g. HD 135344B and
J1604-2130 (Garufi et al. 2013; Pinilla et al. 2015a). Also for the asymmetric disks
Oph IRS 48 and HD 142527 infrared observations have revealed a segregation
between the milllimeter and micrometer-grains, where the infrared images tracing
the latter are showing ring-like structures (Geers et al. 2007; van der Marel et al.
2013; Avenhaus et al. 2014).

Scattered light imaging can thus provide constraints on the origin of the dust
cavities, but due to the high optical depth and inner working angle at these
wavelengths it remains difficult to obtain quantitative information about the density
structure inside the disk cavity.

2.4 Large Surveys

The power of ALMA does not lie only in the possibility of deep line studies, but
also in snapshot surveys of dozens of sources in only a fraction of the time that
it would take with one of the smaller (sub)millimeter arrays. Complete samples
of protoplanetary disks in star forming regions are crucial for statistical analysis
and linking the disk properties to questions on disk evolution, planet formation,
time scales, and exoplanet population synthesis models. Especially the possibility
of detecting CO emission and thus constraining both dust and gas masses make
these surveys very valuable. Existing ALMA surveys of Lupus (Ansdell et al.
2016), Chamaeleon (Pascucci et al. 2016), and Upper Sco (Carpenter et al. 2014;
Barenfeld et al. 2016) have resulted in dozens of new submillimeter detections of
protoplanetary disks in both dust and gas. The main results of these surveys for
protoplanetary disks are discussed in the chapter by Williams.

Complete disk surveys can also help to answer questions about transition disks:
how common are they? What does this imply about their lifetime and origin? What
role do they have in the disk evolution process? In the Lupus survey (Ansdell
et al. 2016) it was noted that 10-20% of the disks (depending on the definition)
are transition disks, and that they are generally the brightest disks in the entire
sample in both continuum and '*CO emission. This implies that either these disks
are intrinsically brighter due to the irradiated cavity wall, or that only the most
massive disks go through a transition disk phase with a large dust cavity (van der
Marel et al. in preparation)

Also, disk surveys can result in unexpected discoveries of new transition disks:
most of the known transition disks with millimeter dust cavities were follow-ups
on Spitzer-selected disks with a clear dip in the infrared part of their SED, but
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a handful of imaged disks (MWC 758, AB Aur, RY Tau and WSB 60) do not
show this signature in their SED, while their millimeter image reveals a clear
cavity (e.g. Isella et al. 2010a; Andrews et al. 2011). Transition disks do not form
a well-defined sample with similar properties, and for a better understanding of
their role in disk evolution the sample needs to be expanded to include all disks
with signatures of gaps and cavities. The results of the Very Long Baseline ALMA
observations, showing narrow dust rings in every disk that has been observed at
~20mas resolution, may complicate this even further: if every disk that appears to
be smooth at ~0.2” scales in fact shows substructure at higher resolution, many
more processes in disks, including active planet formation, may be happening
simultaneously, implying that in fact every disk is “transitional”, i.e. going through
an evolutionary process where the structure is actively changing.

Expansion of the number of transition disks will provide an unbiased view
on their properties, as the current sample is biased towards the brightest disks
with largest cavities, and around generally earlier type stars, due to their easier
observability. Current survey studies of transition disks based on their SED show
a large variety of both disk and stellar properties of transition disks (Najita et al.
2007; Cieza et al. 2010, 2012; Romero et al. 2012; Currie and Sicilia-Aguilar 2011;
Espaillat et al. 2012; van der Marel et al. 2016c¢), which could possibly divide them
up in different categories and different evolutionary paths (e.g. Owen 2016).

Overall, larger ALMA sample studies in uniform settings are crucial for a better
understanding of transition disks.
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Chapter 3
Wind-Driven Global Evolution

of Protoplanetary Disks
Xue-Ning Bai

Abstract It has been realized in the recent years that magnetized disk winds
likely play a decisive role in the global evolution of protoplanetary disks (PPDs).
Motivated by recent local simulations, we first describe a global magnetized disk
wind model, from which wind-driven accretion rate and wind mass loss rate can
be reliably estimated. Both rates are shown to strongly depend on the amount of
magnetic flux threading the disk. Wind kinematics is also affected by thermody-
namics in the wind zone (particularly far UV heating/ionization), and the mass loss
process can be better termed as “magneto-photoevaporation.” We then construct a
framework of PPD global evolution that incorporates wind-driven and viscously
driven accretion as well as wind mass loss. For typical PPD accretion rates, the
required field strength would lead to wind mass loss rate at least comparable to disk
accretion rate, and mass loss is most significant in the outer disk (beyond ~10 AU).
Finally, we discuss the transport of magnetic flux in PPDs, which largely governs
the long-term evolution of PPDs.

3.1 Introduction

Global evolution of protoplanetary disks (PPDs) is governed by the processes
of angular momentum transport and outflow mass loss. These processes directly
control disk structure and evolution, which set the timescales of disk dispersal and
hence planet formation (e.g., see Armitage 2011; Turner et al. 2014 and Alexander
et al. 2014 for reviews). They also strongly affect the evolution of dust grains, which
are building blocks of planets, and feedback to disk thermal and chemical structures
(e.g., see Testi et al. 2014 and Henning and Semenov 2013 for reviews). For planets
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formed within disk lifetime, planet—disk interaction leads to planet migration, which
is also sensitive to global disk structure and evolution (e.g., see Baruteau et al.
2014 for a review). In brief, a reliable global evolutionary picture of PPD is key
to understanding most processes of planet formation.

Angular momentum transport in most existing models of global PPD evolution
is based on the viscous a-disk model (Shakura and Sunyaev 1973), where the
underlying assumption is that the disk is turbulent presumably due to the magneto-
rotational instability (MRI, Balbus and Hawley 1991). However, the extremely
weak level of ionization introduces strong non-ideal magnetohydrodynamic (MHD)
effects that suppress or damp the MRI in most regions in PPDs, while pure
hydrodynamic mechanisms appear unable to provide sufficiently level of turbulent
viscosity (e.g., Turner et al. 2014). Angular momentum transport in PPDs is thus
most likely governed by magnetized disk winds, as demonstrated in disk simulations
that properly taking into account these non-ideal MHD effects (e.g., Bai and Stone
2013b; Bai 2013, 2014, 2015; Lesur et al. 2014; Gressel et al. 2015; Simon et al.
2015). In the meantime, the MRI may operate in the surface layer of the outer disk,
owing to strong far-UV (FUV) ionization at disk surface (Perez-Becker and Chiang
2011), which can lead to vigorous turbulence and mediate a certain level of viscous
transport of angular momentum (Simon et al. 2013b,a; Bai 2015).

The theory of magnetized disk winds has been developed for decades, following
the seminal work of Blandford and Payne (1982). The wind exerts a torque on the
disk surface that efficiently extracts angular momentum and drives accretion. The
analytical theory was subsequently generalized and refined to better account for
disk structure and boundary conditions, and has been applied to jets and outflows
from general accretion disks and young stellar objects (e.g., Pudritz and Norman
1983; Konigl 1989; Lovelace et al. 1991; Pelletier and Pudritz 1992; Ferreira
and Pelletier 1995; Li 1995; Ostriker 1997; Vlahakis et al. 2000). Global MHD
simulations, less restricted by simplifying assumptions such as self-similarity and
time-independence, have been widely adopted for studying global wind structure
and evolution, as well as the wind launching process and disk-wind connection (e.g.,
Ouyed et al. 1997; Krasnopolsky et al. 1999; Kato et al. 2002; Casse and Keppens
2002; Pudritz et al. 2006; Zanni et al. 2007; Tzeferacos et al. 2009; Porth and Fendt
2010; Ramsey and Clarke 2011). It is now well known that the wind properties
depend mainly on the strength and distribution of the magnetic flux threading the
disk, and on the mass loading, with the latter mainly controlled by disk physics and
thermodynamics.

However, none of the aforementioned global wind studies are directly applicable
to PPDs. First, they generally fail to take into account realistic disk microphysics,
particularly the non-ideal MHD effects, whose diffusivities are determined by
ionization-recombination chemistry. Second, poloidal field strength considered in
these works is typically close to equipartition with disk midplane gas pressure,
which is orders of magnitude too strong and would deplete the disk in ~10° years
instead of typical disk lifetime of a few Myrs (Haisch et al. 2001). Thirdly, most
previous works considered the wind to be “cold” (with notable exceptions by Casse
and Ferreira 2000 and Tzeferacos et al. 2013), whereas the wind zone in PPDs is
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strongly heated by high-energy stellar radiation, including FUV.! Therefore, it is
highly desirable to develop realistic MHD wind models for PPDs.

Mass loss and dispersal of PPDs have conventionally been attributed to “photoe-
vaporation,” which is a pure thermal (hydrodynamic) wind launched from the disk
surface heated by external X-ray and UV radiation to high temperatures (Alexander
et al. 2014). However, this is incompatible with the realization that disk angular
momentum has to rely on MHD disk wind. So far, photoevaporation models have
been developed in parallel with MHD disk wind models without much overlap. In
reality, the nature of PPD wind is likely a marriage of both magnetic and thermal
effects: PPD wind is both hot and magnetically dominated.

In sum, the paradigm shift towards MHD wind-driven PPD evolution calls for
a model framework in replacement of the conventional o-disk models. The new
framework must incorporate prescriptions of wind-driven accretion and mass loss,
that properly reflect disk physics and thermodynamics. In this chapter, we present
a first effort for developing such a framework. In this chapter, we review and
synthesize the key results from the very recent works of Bai et al. (2016), Bai
(2016), and Bai and Stone (2017), which represent a first effort for developing such
a framework.

In Sect. 3.2, we describe the basic ingredients of our wind-driven PPD evolution
model. In Sect. 3.3, we construct a physically motivated model of PPD winds and
discuss wind properties within the relevant parameter range for PPDs. Applying
this model, we describe the new framework of PPD evolution in Sect. 3.4, and
show that disk evolution is largely controlled by the amount of poloidal magnetic
flux threading the disk and how this flux evolves with time. We conclude and outline
future directions in Sect. 3.5, highlighting the importance of better understanding
magnetic flux transport in PPDs.

3.2 Basic Model Ingredients

We construct a 1 D disk model on the evolution of the disk surface density X' (R) as a
function of disk cylindrical radius R in the presence of turbulence, wind torque, and
mass loss. In the meantime, we adopt a simple treatment of disk vertical structure
to estimate the vertical location z, where external far-UV (FUV) radiation can
penetrate, and z; (> z,) where the wind is launched (wind base), based on which we
calculate the transport properties.

"While the FUV luminosity from young stars is only a very small fraction (~1073) of the stellar
luminosity, it is primarily absorbed in the disk surface and the energy deposited plays a dominant
role in heating and ionizing the surface layer (e.g., Bergin et al. 2007).
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3.2.1 Disk Evolutionary Equations

We begin by writing down the equations governing the surface density evolution.
Let M.chC (R) be the net accretion rate at cylindrical radius R, where positive values
correspond to net accretion. Let MlOSS(R) be the cumulative wind mass loss rate
enclosed within radius R. The equation for surface density evolution reads

: (3.1

0F _ OMue  OMioss _ 3 [dR (W, W, \]  0Miess
t R R OR
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where jk(R) is Keplerian specific angular momentum (and vg, §2x are the corre-
sponding Keplerian velocity and angular frequency),
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accounts for angular momentum flux generated from internal stresses, including
Reynolds stress (p§vrdvy), Maxwell stress (—BrBy/4), and potentially stress
from disk self-gravity (not included), with overline representing averaging over the
local volume. Here, we follow the o convention, with ¢, 4 being disk sound speed.
Note that o can be position dependent, and we use & to represent an effective,
(pressure-weighted) vertically averaged value, with the integral carried in between
the upper and lower side of the wind base z;,. The differential torque from the MHD
wind at radius R is given by
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where the torque is exerted at the wind base z;, and the torque can be conveniently
connected to the mass loss rate via the wind lever arm A (dimensionless). For wind
launched from radius Ry, the physical meaning of A(Ry) is that it is the ratio of
specific angular momenta in the wind flow to that in the Keplerian disk at R = Ry,
and it is related to wind Alfvén radius Ry by A = (R4/Ro)> > 1. The dW,,/dR term
represents the excess angular momentum extracted from the disk, related to the wind
torque. In the above, we have dropped the hydrodynamic term in the definition of
W,,, which corresponds to the standard definition of the wind base z, (Wardle and
Koenigl 1993): at the wind base, vy (z,) = vk.

Combining the above, we arrive at the master equation that we will solve to study
global disk evolution

b)) _ ad 2 0 2~ 2 d a1“4loss aMlOSS
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It clearly generalizes the viscous evolution equation to include wind-driven accre-
tion and mass loss terms (the 2nd and 3rd terms on the right-hand side). To evaluate
these terms, we must determine &, A, and dM,es/dR at each radius.

3.2.2 Disk Structure

We now describe our model disk structure that will be employed to evaluate
&, A, and OMos /OR. The basic picture is illustrated in Fig.3.1. Fiducially, as
initial condition, we consider a disk model with a power-law radial profile and
an exponential cutoff motivated from sub-millimeter observations (Andrews et al.
2009, 2010)

Yo(R) = 500 gem 2R - exp (—R/Ry) , (3.5)

where Ray is radius measured in AU. We choose the cutoff radius to be R; =
100 AU throughout this work. The total disk mass is about 0.035 M.

Thermodynamically, we assume the disk to follow a two-temperature profile
with T = T, in the disk interior and 7 = T, at disk surface (atmosphere), and
transitions at vertical height z = z,. Both layers are treated as vertically isothermal.
Disk temperature 7 is largely determined by stellar irradiation, given by

T, = 280K Ry~ /2, (3.6)

Zp

Warm,

wind zone .
MRI active zone
— - a

1 AU 10 AU 100 AU

Fig. 3.1 Cartoon illustration of our global PPD evolution model. The bulk of the disk is cold
(thin), where magnetic fields are poorly coupled to the gas with very weak level of turbulence.
The surface layer is much warmer and much better ionized due to strong external far-UV/X-ray
heating/ionization, and the gas is well coupled to magnetic fields, enabling MHD wind launching.
The cold-warm interface is marked by z,, and we use z;, to denote the wind base where the wind
is launched. In general, z, &~ z, unless the net vertical magnetic field is not sufficiently strong. In
this case, the warm surface layer can become MRI active (achieved at the outer disk), and z;, > z,,
sandwiching a warm MRI layer. Not reflected in this cartoon picture is that the disk is flared,
making FUV radiation easier to penetrate into the outer disk. Figure taken from Bai (2016)
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as in the standard minimum-mass solar nebular (MMSN) model (Weidenschilling
1977; Hayashi 1981), where Ry is radius measured in AU. The corresponding disk
isothermal sound speed ¢4 and disk scale height Hy satisfy ¢ 4/vx = (Hg/R) =~
0.034R/1§/[}1 . With H;/R increasing with R, the disk is flared, as is well known from
SED modeling of T Tauri disks (Kenyon and Hartmann 1987; Chiang and Goldreich
1997).

Disk surface (atmosphere) is hotter as a result of strong heating from stellar far-
UV (FUV) radiation and X-rays. For simplicity, we assume its temperature is a
constant factor higher than the disk

T,=fT,. (3.7)

In practice, we take f = 3 — 8 in our calculations, consistent with typical results
from more detailed thermo-chemical calculations (e.g., Walsh et al. 2010), as well
as observational constraints from the HD 163296 disk (Rosenfeld et al. 2013).
Associated with T, there is the atmosphere sound speed c;, and scale height
H a = Csa / 2 K-

The density structure in the disk interior can be obtained directly from hydrostatic
equilibrium. In the disk atmosphere/wind zone, the density structure deviates from
hydrostatic, and will be discussed separately in the next section.

The transition height z, is determined by how deep FUV/X-rays can penetrate.
By default, we assume that the penetration depth of FUV and X-rays are compara-
ble, denoted by Xruv.? Its value is uncertain and depends on the FUV luminosity
from the protostar, as well as the abundance of very small grains. Here we quote
from Perez-Becker and Chiang (2011)

Sruv = 0.01-0.1gem™2 | (3.8)

and treat it as a constant at all radii.> The location of the FUV front (z,) is determined
by tracing radial rays from the central star, until the column density traversed by the
rays equals to Yryy.

The key element of our picture is that in the disk interior, the ionization level is
sufficiently low, and hence the gas and magnetic fields are very poorly coupled. As a
result, the MRI is suppressed or damped, and the disk is largely laminar. In the disk
surface, we note that FUV does not only provide heating, but is also capable of fully
ionizing carbon and sulfur species, leading to a substantial increase in ionization
fraction to ~10~“~>)_ This is generally sufficient to make gas and magnetic fields

2In reality, X-rays may be able to heat deeper layers. The situation is discussed in Bai (2016) and
it was concluded that this effect does not strongly affect our model results.

3The value quoted from Perez-Becker and Chiang (2011) corresponds to a vertical column,
whereas in our calculation it corresponds to the radial column towards the star. The two numbers
differ by a factor of a few (~3) depending on the level of disk flaring, though here we have ignored
the difference.
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well coupled (Perez-Becker and Chiang 2011), which is essential for efficient wind
launching.

Another important location is the wind base z;, from which the wind is launched.
Numerical simulations of the inner regions of PPDs have found that in general, z;
coincides with the FUV ionization front (Bai and Stone 2013b; Gressel et al. 2015),
and hence z, = z,. Towards the outer disk, however, FUV radiation can effectively
penetrate deeper into the disk (in terms of z,/Hy) as the disk is flared, and this can
make the surface layer subject to the MRI (Perez-Becker and Chiang 2011). A disk
wind can also be launched from the surface MRI turbulent layer in the presence of
net vertical field (Suzuki and Inutsuka 2009; Fromang et al. 2013; Bai and Stone
2013a; Suzuki and Inutsuka 2014), and local simulations applicable to the outer
PPDs found evidence that disk outflow is launched from a higher position than the
FUYV front (Simon et al. 2013a).

Whether a surface MRI layer exist depends on whether vertical magnetic field
strength at z = z, is strong enough to suppress the MRI. Given the net vertical
field strength B,, we can estimate the plasma 8 of the net vertical field at 7z = z,:
Bo(za) = 8mpac? /B2, where p, is gas density at z,. We note that in the ideal MHD
regime, the most unstable MRI wavelength is given by (e.g., Hawley et al. 1995)
Am/H, = 9.188, "2 Due to the rapid density drop with height, we expect the MRI
to be able to operate when A,, < H,. In practice, we assume that the disk surface
becomes MRI turbulent when By(z,) > 50. In this case, we determine the wind base
location z;, by setting Bo(z) = 50. This treatment is by no means rigorous, but at
least local simulations lend support to this treatment (Simon et al. 2013a). Without
better knowledge of the wind launching process from turbulent disk surfaces and its
global kinematics, we expect it to be a reasonable first approximation.

3.2.3 Effective Viscosity

Overall, we expect very low, but non-zero level of turbulence in regions where the
MRI is inactive. Contribution to turbulent transport may include pure hydrodynamic
instabilities, such as the vertical shear instability (Nelson et al. 2013; Stoll and
Kley 2014), convective overstability and baroclinic vortex amplification (Klahr
and Hubbard 2014; Lyra 2014; Raettig et al. 2013), and the zombie vortex
instability (Marcus et al. 2015). Whether they can operate largely depends on disk
thermodynamics, but in general, they are found to produce very limited viscous
transport with o« < 1073, In this work, we adopt & = ap = 2 x 10™* at locations
7 < z, to represent residual “viscosity” from such hydrodynamic instabilities.
Because of the dominant role played by disk winds, we have found that the exact
value of oy adopted here is unimportant.

If an MRI active zone is present, we set « = «; = 0.2 in this region (z, <
7 < zp). We choose a relatively large o because the net vertical field at this surface
layer is effectively strong (with B of the order 100), and it is well known from MRI
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simulations (e.g., Hawley et al. 1995; Simon et al. 2013a) that the resulting « is
larger than zero net flux case and is of the order 0.1 or higher.

Additionally, while transport by the MRI is suppressed or strongly damped by
non-ideal MHD effects at z < z,, there is still Maxwell stress resulting from either
weak MRI turbulence or large-scale fields (e.g., Okuzumi and Hirose 2011; Simon
et al. 2013a; Lesur et al. 2014; Bai 2014, 2015), and its strength increases with net
vertical magnetic flux. Incorporating these considerations, we adopt the following
form of « in the disk zone at z < z,:

oy = Min[Max(10.08;", ao), o] . (3.9)

This way, the oy value ranges from ¢ for the weak field case to «; for the strong
field case which joins the « value in the surface MRI active zone. We further
comment that the overall disk evolution is insensitive to the exact prescription of
o values because again, as we will see, disk evolution is largely wind-driven.

We apply the o values in the disk and surface regions discussed above to
Eq. (3.2), from which an effective value, &, can be determined. Note that we quote
the & value based on sound speed in the disk interior c; 4.

3.3 Model of Disk Wind

Wind torque (lever arm) and wind mass loss rates are crucial ingredients of our
disk evolution framework. In this section, we construct a wind model to calculate
these quantities given the physical parameters. Our model assumes axisymmetry and
steady state, and is constructed based on standard conservation laws along poloidal
field lines in axisymmetric MHD (e.g., Spruit 1996).

We prescribe the geometry of a typical poloidal field line anchored to the disk at
the wind base (Ry, z,). For simplicity, the field lines are taken to be straight, with a
constant inclination angle 6 relative to the equatorial plane at z > z;,. The poloidal
field strength is prescribed as

1+g¢

Bo =50 (R 1Re) + q(R/Roy2

(3.10)

where B, is the poloidal field strength at the wind base, and the parameter g controls
the radius at which the poloidal field lines transition from being parallel (so that
B, « R™') to diverging (so that B, R7?). The former applies if the wind is
launched from a radially extended region in an approximately self-similar manner,
while the latter applies towards large R with the solenoidal constraint demanding
B,(R) < R™2.

Along the field line, let p, v,,, and vy = £2R be gas density, poloidal, and toroidal
velocities, with §2 being gas angular velocity. In the disk wind zone, the gas is
largely in the ideal MHD regime owing to much high levels of ionization from
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external UV/X-rays (e.g., see Fig. 9 of thermo-chemical calculations of Walsh et al.
2012, where ideal MHD applies when the ambipolar Elsasser number Am > 1).
The ideal MHD equations for a steady axisymmetric wind yield four constants of
the flow. The first three are

4mpv,
B,

kB = OR® — RBy ‘

k - ,
47pR k

@3.11)

)

The first is related to wind mass flux, and the other two correspond to angular
velocity of the field line, and specific angular momentum of the wind flow. With
the above relation, it is straightforward to show that

l=wR}, (3.12)

where Ry is the Alfvén radius, at which the poloidal velocity v, equals to the
poloidal component of the Alfvén velocity va, = B,/ /47p.

Thermodynamics is reflected in the energy equation via the enthalpy 7 =
[ dP/p. We assume that the gas in the wind zone can be approximately described
by an isothermal equation of state P = pcia, so that we simply have h(p) =
cia log (p/po), where pg is the density at the wind base. Energy conservation is
then expressed via the Bernoulli constant

v? vy + (vp — ©R)?
E = 5 +h+d —wRvy = ) + h+ D, (3.13)
where v = \/UI% + vé is the total flow speed, ® = —GM./+/R? + 2* is the

gravitational potential, and @ = D — éa)sz.

Although constant along each poloidal line, the four flow quantities {k, w, [, E}
vary between lines. Once we have prescribed the shape of a poloidal field line and
its strength B, along the line, as well as the enthalpy h(p), the wind solution is
fully specified by the flow constants. However, not all of the flow constants can be
chosen independently if the wind is to reach infinity with a terminal speed exceeding
all of its characteristic velocities. The Bernoulli constant E is essentially determined
by physical conditions at the wind base. Also, one expects @ ~ $£2x(Ry), where
2k (Ry) is the Keplerian angular frequency at the wind base, and so we provisionally
take w = $£2¢. The remaining constants k and / are found by imposing regularity
conditions at the two critical points (slow and fast magnetosonic points, reached
when poloidal velocity v, equals to the poloidal component of the slow and fast
magnetosonic speeds).

For a given disk model, therefore, the wind solution is determined by the
following parameters:

* Physical parameters: B, [Eq. (3.10)] and surface sound speed c;,.
* Geometric parameters: field divergence parameter g [Eq. (3.10)], base height z,,
and field inclination angle 6.
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Needless to say, our wind model involves substantial simplifications, especially
with regard to the poloidal field and thermodynamics. In reality, the poloidal
field geometry and strength are determined by force balance perpendicular to flux
surfaces, as described by the Grad-Shafranov equation (GSE), a nonlinear partial
differential equation in R and z. However, besides the numerical difficulties involved
in finding the solution to the GSE (which is intrinsically global and generally
requires MHD simulations), the solution depends on the global distribution of
magnetic flux, which is largely unconstrained a priori. As a result, even when
self-similarity is imposed, a diverse set of wind solutions is possible with vastly
different field geometries. Therefore, rather than solve the GSE, we have chosen
to parametrize the poloidal field in terms of By (its strength at the wind base),
6 (inclination to the disk), and ¢ (divergence radius ¢ 'Ry). We expect the
effects of more realistic field geometries to be roughly captured by systematically
varying 6 and ¢. Similarly, the role of external heating is encapsulated by an
isothermal sound speed c;,. In brief, we have traded the accuracy and fidelity
of individual solutions to the power to survey a broad range of parameters. The
simplicity and transparency of our model also greatly facilitate interpretation of
wind properties.

For all calculations in this section, we normalize lengths, velocities, and gas
densities by their values at the footpoint of the field-line on the disk (wind base), so
that Ry = vg = po = 1. Correspondingly, time is in units of 1/§2x. Poloidal field
strength is conveniently parameterized by vag = Bpo/+/47po, the poloidal Alfvén
velocity at the footpoint. Based on the discussion in Appendix A of Bai et al. (2016),
we choose the following as fiducial parameters:

VA0 = Csa — O.IUK s p = O.ISR() s 0 = 450 s (314)

with w = 2. In particular, the value of v, is chosen based on the required field
strength that can drive disk accretion rates consistent with observations. While the
choice of inclination angle is somewhat arbitrary, we have found in Bai et al. (2016)
that the wind kinematics is not very sensitive to 8 for 8 in between 30° and 60°.
We take g = 0.25 as our fiducial choice for the functional form of B, in Eq. (3.10),
which means that transition from R~! (parallel) to R? (diverging) occurs at around
R ~ 2Ry.

We find that vag, ¢, are the more important model parameters. We vary vao/ vk
in the range between 0.01 and 10, and ¢, ,/vk between 0.03 and 0.3. The wind
properties turn out to be also modestly sensitive to the geometric parameter gq.
Nevertheless, given the limited space for this chapter, we primarily explore the role
of v49 and c;, in this chapter, and the readers are encouraged to consult Bai et al.
(2016) for further details.



3 Wind-Driven Global Evolution of PPDs 73
3.3.1 Wind Kinematics

In Fig.3.2, we show the radial profiles of various wind diagnostic quantities for
our fiducial set of parameters, with different lines representing wind solutions from
different v49. We see that all solutions accelerate monotonically from the wind-
launching region, smoothly pass the critical points, and approach terminal velocities
comparable to or beyond the Keplerian velocity at the wind base. Typically, near the
wind base, the poloidal velocity is very small, and the gas is pressure supported, with
significant contribution from magnetic pressure. In all solutions, the gas density
decreases with R (and hence z) as if in (magneto-)hydrostatic equilibrium in this

region. At larger radii, the wind achieves its asymptotic velocity v;“f, and hence the

gas density scales in the same way as B, i.e. R~2, while the scalings By x R~ and
vy o R™! follow directly from the conservation laws.

The most important wind diagnostic is the Alfvén radius Ry (i.e. Ry/Rp): it
characterizes the efficiency of the wind for extracting disk angular momentum.
Since w & £k, the excess angular momentum per unit mass in the wind is

10°
10° 10" 102 10°  10* 10° 10" 10® 10° 10* 10° 10" 10®  10® 10

R R R

Fig. 3.2 Profiles of various physical quantities along poloidal field lines as functions of cylindrical
radius R. We vary poloidal field strength (given in v4¢, see legend) while fixing ¢;, = 0.lvg,
q = 0.25. Bold black line corresponds to our fiducial set of parameters. Alfvén points of the
solutions are marked by filled circles in three of the panels. Fast magnetosonic points are marked
in fop middle panel (but lie outside the box for two top curves). Bottom middle panel: f is the ratio
of gas pressure to magnetic pressure, computed from the total field. Bottom right panel: o is the
ratio of Poynting flux to kinetic energy flux. Figure taken from Bai et al. (2016)
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Qx(R% — R%). The removal of this excess from the disk leads to a direct relation
between the wind mass loss rate and wind-driven accretion rate:

dMloss .

de _ dMloss
dr %

M acc -
dR ~  dR

2Ry —R) = (A —1) (3.15)

which is related to Eq. (3.3). Noting that dInjg/dInR = 1/2 in Keplerian disks,
we obtain

dMoss/dIn R 1 1 1

E My R=Ry N 2 (RA/RO)Z -1 - 2(A - 1) .

(3.16)

Ferreira and Pelletier (1995) call £ the “ejection index.”

The Alfvén radius R, is a rapidly increasing function of v49. Using a small
v40 = 0.03vg, we obtain R4y ~ 1.61R,. Such small R4 would result in extremely
efficient mass loss, with ejection index & & 0.4. If the wind were launched over an
extended region of the disk—say 0.3—15 AU as suggested by local disk simulations
(Bai 2013)—the integrated wind mass loss rate (assuming R4 /R, roughly constant)
would even exceed the accretion rate: MIOSS ~ 1.5MaCC! On the other hand,
increasing v4o to vg moves the Alfvén radius to ~5Rj, and mass loss is almost
negligible compared with accretion with & ~ 0.02. Our fiducial solution (v4y =
¢sa = 0.1vg) has R4/Ry ~ 2.29, and gives a modest ejection index £ =~ 0.12
which, if approximately constant over an extended radial range (e.g., again 0.3—
15 AU), still yields a total mass loss rate that is a considerable fraction (47%) of the
wind-driven accretion rate.

Another important wind diagnostic concerns with the wind launching mecha-
nism. MHD disk winds come in two flavors. The magnetocentrifugal mechanism
(Blandford and Payne 1982) operates when poloidal field is sufficiently strong to
enforce the wind flow to corotate with the field line footpoint at the launching
radius Ry, allowing them to be centrifugally accelerated. On the other hand, if
poloidal field is not sufficiently strong, disk rotation would wind up poloidal field
to produce strong toroidal field near the wind launching region. As toroidal field
builds up, the wind is driven by its magnetic pressure. This is sometimes referred to
as magnetic tower outflow (Lynden-Bell 2003). We see from Fig. 3.2 that corotation
is not enforced unless v4p > 10c;,. We also see that only when v > 3¢y, the
ratio of |Bg/B,| near the wind launching region falls below 1, leading to a situation
favorable for centrifugal acceleration. However, such field strength is more than a
factor ~10° stronger than the expected field strength in PPDs (to match accretion
rates). Therefore, for realistic field strength in PPDs, the disk wind must be largely
driven by magnetic pressure gradient.

For the purpose of locating the wind base (see previous section), we also need
the density profile in the vicinity of the wind base so as to calculate the column
densities. We see from the first panel of Fig. 3.2 that due to magnetic forces, density
can deviate substantially from hydrostatic equilibrium. This deviation provides
additional gas column that can partially block the stellar FUV radiation (discussed in
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more detail in Bai (2016), see also Panoglou et al. (2012) for a calculation with very
different parameters). Interestingly, the wind density profile is almost independent
of wind magnetization up to a substantial distance (~2 times wind launching radius)
from the wind base. We have also verified this trend with other choices of wind
temperature. A reasonable fitting formula for gas density profile along the wind
streamline is found to be

N0 [R_R
p(R) ~ pp(Ro) exp |:—(CUK) \/ Ry 0] , (3.17)

where p; is gas density at the wind base, and R is the cylindrical radius along the
wind streamline. This formula is accurate to within order unity (most cases within
~20%) up to R = 2R, for wind temperature range c,,/vxk = 0.05-0.3. Because
this density profile is solely used for finding the wind base location, we may convert
it into a vertical density profile at radius Ry and z > z;, for convenience by replacing
R — Ry by z — 75, (which is because FUV photons penetrate through approximately
the same column density in these two cases to reach the next wind streamline).

3.3.2 Parameter Dependence

In this subsection, we focus on important wind diagnostics and discuss how they
vary with main physical parameters, c;, and v4o. We vary these parameters in
two ways. First, we can vary vy at fixed c;,. It can be endowed with two
interpretations. The most straightforward is changing field strength without changes
in other parameters. Another interpretation is the change in FUV penetration depth
Yruv without changing field strength and temperature: deeper penetration allows
the wind to be launched from regions with higher density, hence smaller v49, and
vice versa. This interpretation reflects the role of thermodynamics from external
heating. Second, we can vary c;, and v4o simultaneously, keeping their ratio c; 4/ v4o
constant. This is equivalent to changing the wind temperature without changing field
strength: at the wind base (where pressure is fixed), ¢, , and v, scale the same way
with density.

Besides Rj4, another important diagnostic quantity is the dimensionless “mass
loading” parameter:

R wRyV,,
OR0 = @O0 (3.18)
By Vo

"

A wind is considered “heavily loaded” if u > 1, and “lightly loaded” if © < 1. The
mass loss rate per logarithmic radius is thus given by

dM loss Ro 2
P " uB . (3.19)

271’R0
= ZHRZ(pUp)zb = Cl) /‘L/OOU,%() = 9
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Fig. 3.3 Dependence of Alfvén radius Ry (left) and mass loading p (right) on vy for different
choices of ¢, (fixed or & v,4), as marked, with ¢ = 0.25 throughout. Our solutions are less
reliable in shaded regions where the slow magnetosonic points fall below the wind base. Figures
taken from Bai et al. (2016)

In Fig. 3.3 we show the dependence of R4/Ry and p on vs and ¢, ,. Black lines
correspond to varying vag at fixed ¢, ,. Clearly, enhanced field strength or reduced
FUV penetration depth leads to a stronger wind higher terminal velocities, larger
Alfvén radius, smaller mass loading, and less toroidally dominated (more loosely
wound) magnetic field.

The blue lines correspond to varying the wind temperature at fixed penetration
depth and field strength. We see that over a large range, these lines are relatively
flat, suggesting that the location of R4 and mass loading p are to a large extent
controlled by the ratio of v40/c;, at the wind launching region. The contrast among
these lines is very significant. Varying vao/c, by a factor of ~3 above and below
unity makes R4/Ry vary from ~2.3 to ~4 and ~1.4, respectively. Because the
ratio M1Oss / MchC depends quadratically on R, /Ry, such variations in the latter would
easily give variations in fractional wind mass loss by factors ~10. This discussion
best demonstrates the sensitive dependence of the wind mass loss rate on the
thermodynamics.

In reality, stronger external radiation is likely to lead to both higher wind
temperature and deeper penetration. Therefore, enhancing external radiation may
correspond to moving in between rightward (larger c¢;,) and to the bottom left
(deeper penetration) in the left panel of Fig. 3.3, along directions between tangents
to the blue and black curves.

The results obtained above can be condensed into a fitting formula for the mass
loading parameter u

Vo —1.48+0.171ogo(cs.a/vk)—0.110g;o(va0/vK)
n= Mo( ) , (3.20)

Uk

where o = 0.5(cs./vx) —0.015. We have also examined additional wind solutions
and confirm that this fitting formula is accurate as long as ¢, ,/vg > 0.033 (note that
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it would lead to u < 0 if ¢, ,/vkg < 0.03). For all models considered in this work,
the disk surface is sufficiently warm and satisfies this condition. Similarly for the
Alfvén radius, we find

Ry VL3[4 (02p)723]

Ro =~ [1+ (0.20)V4(csa/vi)? (3.21)

which is accurate for p up to 100 for the range of ¢, ,/vk considered in this work
(=<0.2). Note that this fitting relation becomes invalid and would predict R4 /R < 1
for very large u and when the wind is warm. In reality, the wind would transition
to become pure thermally driven towards higher temperature, and no longer extracts
disk angular momentum. In practice, because we have imposed the condition §y <
50 at the wind base (relatively strong field), we never encounter a situation with
u > 100. These fitting relations encapsulate the necessary physics and will provide
estimates for A and Mo /OR for the disk evolution equation (3.4).

3.4 Global Evolution

With preparations above, we are ready to present calculations and results for our
global disk evolution model in this section.

Our calculations are carried out on a logarithmic grid with inner boundary at
R; = 0.1 AU, and outer boundary at R, = 1000 AU using 200 grid points. We
do not attempt to model the dynamics of the innermost disk region, where the
physics is more complex with thermal ionization of Alkali species and thermionic
emission from dust grains (e.g., Desch and Turner 2015). While this region is
expected to be fully turbulent due to the MRI, it contains only a very small fraction
of total disk mass and angular momentum and should not affect the bulk of disk
evolution. The viscous term in Eq.(3.4) is integrated with standard zero torque
boundary conditions. The wind-driven accretion (advection) term is integrated using
the standard upwind method.

Our model is mainly specified by three sets of parameters. Most important of all,
we have seen that essentially all aspects of angular momentum transport and mass
loss depend on the strength of net vertical field strength threading the disk B,. It is
associated with the poloidal field at the wind base B, by B, ~ B, cos ) (we take
6 = 45°), and reflected in the wind base Alfvén speed vag = Bpo/+/47ps. The
radial profile of B,(R), and its time evolution, however, are largely unconstrained.
Before having a reliable understanding of magnetic flux transport, we here simply
consider a phenomenological approach, as adopted in Armitage et al. (2013), and
assume that magnetic flux is distributed in such a way that midplane plasma f§ of the
net vertical field is constant. We consider three different values for initial magnetic
field strength, corresponding to midplane By(z = 0) = 103, 10*, 10° and 10°, with
Bo = 10° as the fiducial value.
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We further consider two scenarios on the evolution of total magnetic flux
dp = 21 fé ’ B,(R)RdR. In the first scenario, we assume @ is conserved during
disk evolution. Therefore, as accretion proceeds, disk becomes more strongly
magnetized. In the second scenario, we assume that the disk loses magnetic flux in
a way such that @p is proportional to total disk mass My = 2x f }5 ? Y (R)RdR. This
treatment avoids significant accumulation of magnetic flux and results in slower
evolution.

The other two parameters are the FUV penetration depth, and the disk atmo-
sphere temperature. We consider Zryy = 0.01 and 0.1 gcm ™', taking the former as
fiducial. For atmosphere temperatures, we fix f = 3 [Eq.(3.7)], as we have found
that the wind transport properties are insensitive to 7, (Bai et al. 2016).

3.4.1 Transport Properties in a Static Disk

In Fig. 3.4, we show the radial profiles of various diagnostic quantities from our
fiducial model (solid lines). First, we can see that up to R ~ 50 AU, the locations
Zq, and z; coincide with each other, meaning that the disk is largely laminar up
to this radius, with wind being the dominant mechanism for angular momentum
transport. The value of z,/R increases with increasing R, meaning that the FUV
ionization front traces a flared geometry. On the other hand, because the disk itself
is flared, the value of z,/H, actually decreases with increasing R: from ~5 at 1 AU to
~3.5 at ~100 AU. This means that the FUV radiation effectively penetrates deeper
(geometrically) towards the outer disk. These numbers are similar to local disk
simulations where the FUV penetration depth is measured in the vertical domain
(Bai and Stone 2013b; Simon et al. 2013a).

The fact that FUV geometrically penetrates deeper towards the outer disk
allows the MRI to operate at R ~ 50AU and beyond in our fiducial model.
Correspondingly, the wind base location z; no longer coincides with z,, and is
located higher in the atmosphere. With z,/H; decreasing with R, the extent of the
MRI zone increases towards larger R, and hence the value of & increases towards
the outer disk. Nevertheless, because only a very small fraction of mass resides in
the MRI active zone, the averaged value & remains relatively small (~1073 or less).

We find that in the inner disk, the wind Alfvén radius (or lever arm) decreases
with increasing R. This is a consequence of 7,/ H, getting smaller, and hence when
assuming constant midplane S, the wind base is less strongly magnetized (larger
plasma B, or smaller vs0/cy, at the wind base). As a result, the wind becomes less
efficient in transporting angular momentum towards larger R, and the disk has to
lose more mass to maintain its accretion rate (i.e., higher mass loading). When the
MRI zone is present, because we have set fixed o = 50 at the wind base location,
the Alfvén radius and mass loading parameter become approximately constants.

The middle right panel of Fig.3.4 shows the radial profiles of wind-driven
accretion rate, viscous accretion rate, and wind mass loss rate per logarithmic
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Fig. 3.4 Radial profiles of general diagnostics from our fiducial wind model (solid lines, with
Bo = 10°, Zgyy = 0.01 gem ™2, and T, = 3T}), as well as a model with deeper FUV penetration
(Zpyv = 0.1 gem™2) at the beginning of evolution (t = 0). Top left: surface density profile
(multiplied by R/AU). Middle left: location of the wind base z;, (black), FUV ionization front z,
(red), together with disk thickness H, (green), and disk atmosphere scale height H, (blue). They
are normalized to R in the main plot (note we enforce H,/R < 0.2), and we further plot z,/Hy
and z;,/H, in the inset. Bottom left: effective viscosity «. Top right: ratio of wind Alfvén radius to
wind launching radius. Middle right: wind-driven accretion rate (red), viscous-driven accretion rate
(black), and wind mass loss rate per logarithmic radii (blue). Note viscous accretion rate changes
sign at around R ~ 140 AU. Bottom right: mass loading parameter of the disk wind. In all panels,
solid and dashed lines correspond to calculations with FUV penetration depth of Ypyy = 0.01
and 0.1 gcm ™2, respectively. Figure made based on data from Bai (2016)

radii. We see that clearly, almost the entire disk relies on disk wind to transport
angular momentum. The only exception is near the disk outer edge, where disk
surface density exponentially falls off and viscous transport picks up. Because of
the dominant role played by the wind, viscous disk spread is largely suppressed,
except for regions well beyond the characteristic disk size of R; = 100 AU.

The mass loss profile is best quantified by the mass loss rate per logarithmic radii
dMoss/dInR. As the lever arm A = [R4(R)/R]* decreases towards large R, we see
that wind mass loss rate rapidly increases with R. The mass loss rate per logarithmic
radii is nearly two orders of magnitude below the accretion rate at the innermost
radius, while it can become a significant fraction of the accretion rate at tens of AU.
Thus, we expect that most of the mass loss in PPDs occurs through the outer disk via
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very slow winds, in contrast with observations which typically can only trace winds
launched from the inner disk (e.g., Hartigan et al. 1995; Pascucci and Sterzik 2009;
Natta et al. 2014). On the other hand, the kinetic flux of the wind (not shown in the
figure) is more smoothly distributed across different disk radii, as can be envisioned
by multiplying the mass loss rate profile by a radial scaling R~ (~ vZ).

We also show in dashed lines in Fig. 3.4 with Yryy = 0.1 g cm™2, which mimics
the case of enhanced FUV luminosity to allow its deeper penetration depth. We see
that larger Y'ryy makes the wind to be launched from deeper layer in the disk, and
enlarges the size of the MRI active zone. As a consequence, v/ cs, is smaller at the
wind base, leading to smaller R4 and higher mass loading . Both accretion rates
and mass loss rates increase, but mass loss rates increase more. This exhibits the
effect of what we term “magneto-photoevaporation” (Bai et al. 2016).

3.4.2 Global Disk Evolution

We now explore the long-term disk evolution in this subsection. We here mainly
focus on the global mass budget, in terms of evolution timescale, fractional mass
loss through accretion and wind, etc., to minimize uncertainties associated with the
magnetic flux distribution and evolution.

In Fig. 3.5, we show the time evolution of disk surface density and the associated
disk mass (M,). Two scenarios of magnetic flux evolution are considered, namely,
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Fig. 3.5 Left: Time evolution of disk surface density (given by RX) using our fiducial model
parameters. Lines with different transparencies represent different times, as indicated by the
legend. Black solid lines correspond to the case where total magnetic flux @p is set to be
proportional to disk mass My, while red dashed lines represent the case where @p is conserved.
For comparison, we also show in blue thin dash-dotted lines results from a pure viscous evolution
calculations assuming constant « = 0.01 at # = 1.0, 2.0 and 4.0 Myrs. Right: Time evolution of
total disk mass (black), mass accreted to the central protostar (red), and mass lost through the wind
(blue). Solid lines correspond to the case with @5 o< M, while dashed lines represent the case
with @p conserved. Figures taken from Bai (2016)
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either total magnetic flux @5 o M, or @p is constant. We see that at early stages,
disk evolution proceeds very similarly in these two scenarios. After about 1 Myrs,
the disk has lost about 30% of its mass through accretion and wind. Subsequently,
the evolutionary paths in the two scenarios diverge.

When assuming @5 o« My, the accretion rate gradually decreases with time
as magnetic flux is lost, and the evolution slows down. Even after 107 years of
evolution, the disk still possesses about 23% of its initial mass. We also see that
towards later evolution, wind mass loss dominates accretion. When assuming ®g is
constant, on the other hand, we see that accretion rate and mass loss rate maintain
approximately a constant level for ~2 Myrs. This is because accretion rates are
largely regulated by the strength of poloidal fields, and in this case the field strength
roughly stays constant. Constant accretion/mass loss rates lead to rapid depletion of
disk materials, and we see that total disk mass plunges down in a runaway manner
shortly after # ~ 2 Myrs.

The two scenarios discussed here can be considered as two extreme limits on
magnetic flux evolution. Rapid loss of magnetic flux leads to slow evolution and
long disk lifetime, while conservation of magnetic flux leads to a two-timescale
behavior: disk depletion occurs on timescales much shorter than disk lifetime. The
latter behavior was also discussed by Armitage et al. (2013) when assuming constant
total magnetic flux. The reality may lie in between the two extreme scenarios, which
we will use shortly as a way to constrain disk lifetime.

For comparison, we also show in dash-dotted lines in the left panel of Fig. 3.5
results from a pure viscous disk evolution model assuming constant ¢ = 0.01.
Besides the sequential drop in surface density, disk evolution is characterized by
the expansion of the outer disk (viscous spreading). Over the course of a few Myrs,
the disk size (defined by the radius above a certain threshold surface density) has
expanded by more than a factor of 2. This is much more significant than that in
our fiducial disk evolution models, where viscous spreading is largely suppressed.
Thus, we conclude that wind-dominated PPD evolution likely undergoes very little
expansion as compared with viscous evolution models.

To better quantify the timescale of disk evolution and the significance of mass
loss from disk winds, we have carried out a series of disk evolution calculations
scanning the parameter space. We do not evolve the disk all the way to the end, but
terminate the evolution when the disk has lost half of its mass, and call this time half
disk lifetime #,,r. We do so mainly because long-term evolution calculations likely
bare large uncertainties due to our ignorance on magnetic flux evolution. For each
set of parameters, we perform two runs, evolving the disk either assuming magnetic
flux conservation @5 = const, or @5 x M,. As discussed earlier, we may consider
these two cases as two extreme scenarios, which set the lower and upper limits of
thar. Similarly, we evaluate fying, the fractional mass loss from the wind compared
to total mass loss due to both wind and accretion, over evolution time up to fy,s.

In Fig. 3.6, we plot fn¢ and fying from all runs in this parameter study, organized
as a function of initial midplane B,. It best summaries the main results discussed in
this paper.
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Fig. 3.6 Half disk lifetime (¢, left) and fractional mass loss via disk wind (fyind, right) from
all our global disk evolution calculations. Each symbol reflects two disk evolution calculations,
assuming total magnetic flux @g & M, (disk mass) or @5 = const. They are marked as upper and
lower limits, with their geometric mean marked by the circle. Filled and open circles correspond
to calculations assuming Xryy = 0.01 and 0.1 gcm™2, respectively. Symbols are plotted as a
function of midplane field strength (characterized by fy). Figure made based on data from Bai
(2016)

Disk lifetime is determined by a combination of mass accretion and mass loss
processes. It mostly depends on the amount of magnetic flux threading the disks.
For our fiducial disk model, midplane plasma By ~ 10° yields 2 X ¢ that is in best
agreement with observational constraints of disk lifetime (e.g., Haisch et al. 2001;
Fedele et al. 2010) on a few Myr time scale. Note that increasing or reducing the
field strength by a factor of only ~3 (a factor ~10 change in () would yield disk
lifetime that is either too short or too long.

All calculations with 8y = 10° yield a fractional wind mass loss fying around
one half (0.3-0.7). Wind mass loss becomes progressively less important towards
stronger disk magnetization, but such scenario is very unlikely as constrained by
disk lifetime. Therefore, we expect that wind mass loss plays a rather significant
role in global disk evolution.

Stronger FUV radiation (hence larger penetration depth) leads to both enhanced
accretion rate and enhanced outflow rate, with the latter being more significant
(hence larger fying). In our fiducial model, fiing increases from 0.45 to 0.65 as Xryy
increases from 0.01 to 0.1 gcm™2, which again manifests the effect of magneto-
photoevaporation. On the other hand, reduction of #,, is only modest. A factor of
10 difference in Xpyy typically leads to a factor of at most 3 difference in #yy.

3.5 Summary, Discussion, and Future Directions

In this work, we have constructed a framework to study global evolution of PPDs
that incorporates wind-driven accretion, wind mass loss, and viscous transport. The
model is motivated by recent local simulations of PPD gas dynamics that have
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properly incorporated disk microphysics, which suggest that the MRI is largely
suppressed in the disk interior and magnetized wind is launched in the externally
heated and ionized surface layer from the FUV ionization front (Bai and Stone
2013b; Gressel et al. 2015). We further consider the fact that the well-ionized surface
layer can be subject to the MRI in the outer region of PPDs (Perez-Becker and
Chiang 2011; Simon et al. 2013a), which contributes to viscous angular momentum
transport. Global wind kinematics is obtained from solving conservation laws along
prescribed poloidal field lines, which provides reliable estimates of the wind-driven
accretion rate and wind mass loss rate for given parameters. Our main findings
include

* Disk evolution is largely dominated by MHD wind-driven accretion and mass
loss. Contribution from the MRI can be important in the outermost disk but
viscous spread is suppressed.

* The disk evolution timescale sensitively depends on the amount of magnetic flux
threading PPDs, and how it co-evolves with the disk. Disk dispersal is rapid if the
disk is able to retain most of its magnetic flux during evolution, otherwise, disk
dispersal is gradual.

* Given typical disk lifetime of a few Myrs, the disk loses comparable amount of
mass via disk wind and accretion. Most of the wind mass loss proceeds through
the outer disk (beyond ~10 AU). Fractional mass loss via disk wind increases
with decreasing disk magnetization (increasing disk lifetime).

e The depth of FUV penetration is the main thermodynamic factor that affects
disk evolution. Deeper FUV penetration depth slightly enhances wind-driven
accretion rate, and more strongly enhances wind mass loss.

Mass loss from PPDs has long been considered as a result of photoevaporation.
As a pure thermal wind, it does not exert a torque to the disk, and hence would
evaporate the disk regardless of internal processes of disk angular momentum
transport. As PPD winds are now expected to be magnetized in nature, wind
mass loss and angular momentum transport are intrinsically coupled, leading to a
correlation between disk lifetime and fractional wind mass loss. Our MHD wind
model has taken into account both effects of magnetic field and thermodynamics,
and we have shown that wind mass loss is modestly sensitive to thermodynamic
effects, whereas the dominant role is played by amount of magnetic flux. We
therefore suggest “magneto-photoevaporation” as a more appropriate term for a
unified description of mass loss process from PPDs.

One important implication of wind mass loss is that mass is primarily removed
from disk surface, while in low turbulent environment, most dust/solids settle
and reside around disk midplane. The removal of largely dust-free gas, and in
combination with radial drift (e.g., Youdin and Shu 2002), can directly enhance
the dust-to-gas mass ratio. Similar conclusion has been reached in Gorti et al.
(2015) in the context of photoevaporation on top of viscous disk evolution. If the
disk loses a similar amount of mass via MHD winds compared with accretion,
the enhancement factor would be a factor of ~2 on average. The fact that wind
mass loss is most significant towards the outer disk implies that the enhancement of



84 X.-N. Bai

dust-to-gas ratio may proceed from the outer disk inward. Using CO as gas tracer,
tentative observational evidence of enhanced dust-to-(CO) gas ratio (by a factor
of ~10) has been inferred (Williams and Best 2014; Ansdell et al. 2016), and we
expect gas removal by disk wind to be at least one important contributing factor
(in addition to intrinsic CO depletion, either chemically (e.g., Yu et al. 2016) or
dynamically (e.g., Xu et al. 2016). Theoretically, enhanced dust-to-gas mass ratio
leads to favorable conditions for planetesimal formation (Johansen et al. 2009),
and particularly allowing for smaller, more strongly coupled dust to participate in
planetesimal formation (Bai and Stone 2010; Carrera et al. 2015).

3.5.1 Future Directions: Magnetic Flux Transport in PPDs

The largest uncertainty in our global disk evolution calculation lies in our ignorance
on magnetic flux transport. With phenomenological treatment in this work, we have
already seen the sensitive dependence of the disk evolutionary path on the specific
prescriptions of magnetic flux evolution. This is why we have mainly focused on the
bulk mass budget of the disk rather than the details of disk surface density evolution.

Magnetic flux transport has conventionally been studied in the advection-
diffusion framework, with inward advective transport from viscously driven accre-
tion and outward diffusive transport by turbulent or physical resistivity (Lubow et al.
1994). More recent works have taken into account disk vertical structure (Guilet and
Ogilvie 2012, 2014), or radial resistivity profile (Okuzumi et al. 2014; Takeuchi
and Okuzumi 2014). However, they all fall into the same framework, and have
ignored additional disk microphysics, particularly the Hall effect and ambipolar
diffusion, as well as the wind-driven accretion process.

In Fig.3.7, we show our numerical experiments of magnetic flux transport in
PPDs using the new Athena++ MHD code. We have implemented all three non-
ideal MHD effects, and the simulations have included the Hall effect and ambipolar
diffusion (AD). As a proof-of-concept, the Hall and AD diffusivities are not self-
consistently obtained, but are prescribed based on chemistry calculations. More
details on the simulation setup and analysis of the results are described in Bai and
Stone (2017). The two non-ideal MHD effects introduce additional mechanisms for
magnetic flux transport. In particular, the direction of transport due to the Hall term
depends on the polarity of the large-scale poloidal field.

We have found that for poloidal field aligned with disk rotation axis, the Hall
effect very efficiently drags magnetic flux radially inward in the disk midplane
region as a result of the Hall drift (fed by the vertical gradient of toroidal magnetic
field), and pushes magnetic flux outward above/below the midplane. This leads to a
radially stretched field configuration, which in the meantime produces very strong,
and oppositely directed toroidal field around the midplane. The overall evolution is a
global manifestation of the Hall-shear instability (Kunz 2008), previously discussed
in local shearing-box simulations (Lesur et al. 2014; Bai 2014). The inward transport
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Fig. 3.7 Snapshots of magnetic field configuration represented by equally spaced contours
(poloidal field) and color (toroidal field RBy) at t = 24, 240 and 120082, ! from our simulations of
preliminary studies of magnetic flux, where £2, is the Keplerian angular frequency of the innermost
orbit. The poloidal field strength corresponds to midplane plasma 8, = 10*. Top and bottom panels
are for simulations with poloidal field aligned and anti-aligned with disk rotation. Green-dashed
lines mark 2.5 scale heights above/below the midplane (disk aspect ratio is H/R = 0.1), which
roughly correspond to the transition from the non-ideal MHD dominated disk zone to the disk
corona where ideal MHD applies as a proxy of FUV ionization. Figure taken from Bai and Stone
(2017)

by Hall drift is balanced by outward transport by AD, and we have found that upon
achieving a quasi-steady state, magnetic flux is slowly transported outward.

When poloidal field is anti-aligned with disk rotation, we find that the opposite
occurs: the Hall drift pushes magnetic flux outward around the midplane region,
driving poloidal field into a concave configuration across the midplane. Later on,
poloidal field lines around the midplane straighten. This was discussed in Bai
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(2014), where the situation is exactly the opposite as in the aligned case: horizontal
components of the field are reduced towards zero instead of undergoing runaway
amplification. Above/below the midplane, on the one hand, the Hall effect weakens
compared with AD because of the density drop, and in the meantime, the concavely
bent field configuration is more favorable for AD to transport magnetic flux outward.
Overall, we find that magnetic flux is systematically transported outward at a rate
about twice faster than the aligned case.

These studies have revealed the rich physics governing the evolution of magnetic
flux in PPDs. It is thus of crucial importance in the future to address the problem
of magnetic flux transport in PPDs in much greater detail. In particular, the distinct
roles played by different non-ideal MHD effects require ionization-recombination
chemistry to be properly incorporated into the studies. The MHD disk winds are
also an integral part of the disk dynamics and magnetic flux evolution, which
demands the simulation domain to extend to at least near the polar region to properly
accommodate wind propagation. Moreover, the polarity-dependence in magnetic
flux transport may already have operated in much earlier stages, since protostellar
core collapse and disk formation (Tsukamoto et al. 2015; Wurster et al. 2016), which
provides the initial condition for PPDs.

To conclude, we are at the beginning of a paradigm shift in our understandings of
PPD evolution. The present work only represents an initial effort in the construction
of a new framework. We anticipate that as more physics are incorporated, many of
which are becoming feasible using global PPD simulations, we will be approaching
the most realistic picture of PPD evolution. This will further allow us to couple
global disk evolution to the theories of planet formation, and hopefully, lead to the
most deterministic model of planet formation at last!
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Chapter 4
Particle Trapping in Protoplanetary Disks:
Models vs. Observations

Paola Pinilla and Andrew N. Youdin

Abstract With modern astronomical observatories, such as ALMA, we are now
able to constrain the physical processes that govern planet formation by confronting
model predictions with observations. Of particular interest is the growth and
evolution of dust grains into larger solids, a crucial first step in the formation
of planetesimals that shapes the diversity of exoplanetary systems. In traditional
disk models, with smooth radial gradients, dust growth inevitably leads to the fast
inward migration of pebbles, a challenge to understanding both planet formation
and disk observations. However, recent high resolution observations at different
wavelengths show that disks are not smooth, but show diverse structures, including
rings, asymmetries, dips of emission, and spiral arms. In this chapter, we summarize
how models of evolving gas and dust disks can explain these observed structures.
We explore several phenomena that can create particle traps in gas disks, such as
magneto-rotational instabilities and embedded planets. We place these models in
the context of planetesimal formation theory broadly, and discuss open questions
and future opportunities for both theoretical and observational work.

4.1 Introduction

Astronomers observe protoplanetary disks to better understand planet formation. In
turn, disk observations constrain theories of planet formation. The goal of this chap-
ter is to understand the modern interplay between planet formation theory and disk
observations. Our particular focus will be the trapping of solids in disks. Particle
trapping is especially important because it can be readily observed with modern
instruments, and because it provides a theoretical basis for overcoming serious
obstacles in the theory of planet formation. The idea that disk structures promote
planet formation predates modern observations. Weizsidcker (1943) postulated that
planets formed between large scale vortices in a turbulent disk. While prescient
(and also attempting to explain Bode’s Law of planetary spacing), von Weizsicker’s
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theory is inconsistent with modern theories of particle concentration in vortices.
Whipple (1972) realized that if a disk contains a ring with a local gas pressure
maximum, then solid particles would collect in that ring. This basic mechanism
remains relevant today.

The occurrence of protoplanetary disks around young stars is a consequence of
angular momentum conservation during the collapse of molecular clouds. Young
stars retain only a small fraction of the angular momentum of the original clouds,
because their disks redistribute angular momentum into small amounts of gas and
dust at large orbital distances. To explain the reservoir of angular momentum,
Terebey et al. (1984) predicted that protoplanetary disks would extend a few
hundred, or even a thousand, astronomical units (AU) from the host star. With a large
radial extent, disks span a wide temperature range, from 2 1000K in the inner disk
to 10-20K in the outer parts, approaching the lower limit of 3 K set by the cosmic
microwave background. Various species of gas and dust in disks span a broad range
of temperatures and densities as they reprocess starlight (and also radiate the disk’s
own luminosity). Thus, protoplanetary disks have complex spectra, observable over
a large range of wavelengths, from optical to centimeter-emission.

With the use of a coronograph, disks can be imaged out to tens of AU at optical
and near-infrared wavelengths due to the scattering of light by small dust particles
(S10pwm) in their surface layers. For the combined spectral energy distribution
(SED) of the star plus disk, the emission at different wavelengths probes different
regions of the disk, as shown in Fig. 4.1. In the infrared (from near to far-infrared),
optically thick thermal emission dominates the disk’s SED. The near-infrared (NIR,
from ~0.75 to 1.5 wm) emission probes the very inner regions (<1 AU) of disks, the
mid-infrared (MidIR, from ~1.5 to 15 wm) emission probes regions between ~1
to ~10 AU, and the far-infrared (FIR, from ~15 to 100 um) probe regions at few
tens of AU in a typical T-Tauri disk. At sub-millimeter wavelengths, the (mostly)
optically thin emission comes (mostly) from solids in the midplane of the outer
disk, out to ~100 AU. Most of the disk mass is expected to be in these outer regions,
which contain most of the disk’s surface area. High angular resolution observations
at sub-mm wavelengthssub-can constrain the radial dust mass distribution of disks,
a key input for planet formation models.

Observations of the gas content in disks are much more challenging. Molecular
hydrogen, H,, is most abundant constituent of young gas-rich disks. However,
it has no permanent electric dipole moment and hence very weak rotational and
vibrational lines. Other molecular lines, such as hydrogen deuteride (HD) and CO
(in particular its isotopologues), can be used to trace the gas content in disks in
addition to disk kinematics (e.g., rotation). However the mass fraction of these
minor species relative to H—and thus the total disk mass—is uncertain. To combat
these uncertainties, observations of both the gas and dust components give a
complementary understanding of disk structure and planet formation. The complex
interactions between gas and dust affect the disk dynamics and the growth of solids,
as explained in this chapter.

Our observational understanding of disks has advanced dramatically over the
last 30 years. The Infrared Astronomical Satellite (IRAS) showed that 60-80%
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Fig. 4.1 (Top) The spectral energy distribution (SED) of a star plus its protplanetary disk. (Bottom)
A cartoon indicating the different regions of the disk probed by the SED. The near-infrared (NIR,
from ~0.75 to 1.5 um) emission probes the hot inner regions (<1 AU) of disks, the mid-infrared
(MidIR, from ~1.5 to 15 um) emission probes warm regions between ~1 to ~10 AU, and the
far-infrared (FIR, from ~15 to 100 um) probes regions at few tens of AU in a typical T-Tauri disk.
At sub-millimeter wavelengths, the (mostly) optically thin emission comes mainly from solids in
the midplane of the outer disk. Figure adapted from Dullemond et al. (2007)

of young stars possesses protoplanetary disks, as measured by the infrared excess
of circumstellar material (Strom et al. 1989). The shape of the spectral energy
distributions (SEDs) is consistent with a dusty, flared disk (Adams et al. 1987;
Kenyon and Hartmann 1987). Contemporaneously, millimeter wavelength obser-
vations of accreting T-Tauri stars revealed the presence of large grains (Weintraub
et al. 1989). The Hubble Space Telecope eventually provided resolved images of
flattened disks, in silhouette against the background light in the Orion Nebula as
shown in Fig. 4.2 (O’dell and Wen 1994). More recently, infrared space telescopes
such as Spitzer and Herschel have significantly refined our understanding of disk’s
inner regions, at ~0.5-20 AU. Knowledge of the outer disk has been refined by
sub-mm interferometers such as the Sub-millimeter Array (SMA) and the Plateau
de Bure Interferometer (PdBI). Observations have consistently shown that massive
disks of gas and dust, i.e. with a mass within roughly an order of magnitude of our
Solar System, persist for <10Myr around young stars (e.g., Haisch et al. 2001;
Hernandez et al. 2007; Fedele et al. 2010; Pfalzner et al. 2014; Ribas et al. 2015).
Careful modeling of observed disk SEDs and images is required to better
understand the structure and evolution of protoplanetary disks (see, e.g., reviews by
Wyatt 2008; Dullemond and Monnier 2010; Williams and Cieza 2011). However
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Fig. 4.2 Image of an edge-on
disk around a young star in
the Orion nebula taken with
the Hubble Space Telescope
(HST). The disk is seen in
silhouette against the
background light of the Orion
Nebula. Image credit: Mark
McCaughrean
(Max-Planck-Institute for
Astronomy), C. Robert
O’Dell (Rice University), and
NASA/ESA

certain features of the disk, and thus certain details of planet formation do not
reveal themselves observationally. For instance, dust grains larger than centimeter
sizes do not emit significant radiation due to their very low opacities, leaving an
observational gap from centimeter pebbles to planets.

Theoretical models are required not only to interpret observations, but also to
fill these gaps in observational knowledge. Modern theory is complemented by
detailed computer simulations. Relevant computational methods include 3D radia-
tive transfer calculations, 3D (magneto-) hydrodynamics, and numerical methods
to follow the coagulation, fragmentation, and bouncing of dust particles in disks.
The standard model for planet formation is the core accretion hypothesis, which
connects the formation of terrestrial planets to gas-rich giant planets (see Youdin
and Kenyon 2013, for a review of various planet formation theories). In the core
accretion scenario, a massive solid core, that forms while the gas rich disk is still
present, induces runaway gas accretion, leading to the formation of a giant planet
(Perri and Cameron 1974; Pollack et al. 1996). The minimum core mass required for
significant gas accretion is typically ~10 Mg, but depends on local disk conditions
(Piso and Youdin 2013).

This core accretion phase is simultaneously affected by the gravitational inter-
action between the core and the surrounding disk of gas and planetesimals, which
cause the planet to migrate. When planets interact with the disk, spiral density waves
are driven, and torques exerted on both disk and planet. Theory and simulations
show that the resulting planet migration is most often inwards, but can be outwards
for certain planet masses and disk conditions (see, e.g., reviews by Kley and Nelson
2012; Baruteau et al. 2014). The torques exerted by massive planets can eventually
open gaps in the disk, which aid in disk clearing, as covered in Sect. 4.6.1.

In this chapter, we primarily focus on the aspects of planet formation that are
closely tied to disk observations, specifically to the trapping of roughly mm-size
dust grains in resolved disk structures, as seen in different protoplanetary disks
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Fig. 4.3 Multiple rings have been observed in high resolution images of protoplanetary disks.The
above rings were imaged by ALMA at sub-mm wavelengths ((a) HL Tau, ALMA Partnership et al.
2015), (b) TW Hya, Andrews et al. 2016) or by VLT/SPHERE in scattered starlight ((c) de Boer
et al. 2016, RXJ1615), and ((d) Ginski et al. 2016, HD 97048). A variety of theories have been
proposed to explain these rich structures, see text

with modern powerful telescopes such as ALMA and VLT/SPHERE (Fig.4.3).
We review a range of theories for these particle traps. Some mechanisms do not
involve planets, in which case thus these particle traps can be connected to the first
generation of planetesimal formation. Other scenarios involve planet-induced disk
structures, which probes a later evolutionary stage of planet formation. Nevertheless,
planet-induced traps are likely sites of subsequent generations of planet formation.
In Sect. 4.8, we complement our review of observable structures with a summary of
planetesimal formation theory, some aspects of which remain unobservable.

4.2 Radial Drift and Particle Trapping

One of the most challenging problems of the growth from small grains to planetesi-
mals is to understand how the “radial drift barrier” is overcome (e.g., Whipple 1972;
Weidenschilling 1977). In standard gas disks, aerodynamic drag causes significant
inward migration of solids between ~10 um and ~1km in size, as explained in
detail below. If solids do not grow through this size range fast enough, planet-
forming solids will be lost to the inner disk or host star. In addition to being
an obstacle to planet formation, this radial drift is a challenge for understanding
observations of protoplanetary disks, which indicate that many mm-sized solids
persist in the outer disk for millions of years, despite radial drift.

In this section, we will quantify how drag forces in disks produce radial drift.
We will then show how long-lived particle traps can impede radial drift. Both
phenomena exemplify a general tendency of particles to seek regions of higher gas
pressure.

Aerodynamical drag forces depend on the properties of solid grains, such as
mass and cross-sectional area, and of the gas disk, such as density and molecular
viscosity. Though many drag laws exist, small solids in a gas disk typically fall in
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the Epstein regime. Epstein drag holds for subsonic relative motion (easily satisfied
for the nearly circular orbits of interest) and for particle radii, @, which satisfy
a < (9/4) Amgp. The mean free path of gas molecules is given by

Hmy

, 4.1
J2po, 4.1

A'mfp =

where p is the mean molecular mass, my the proton mass, p the gas mass density,
and 0,, = 1.58 x 10713 cm? is the molecular cross section for molecular hydrogen.

For properties typical of the solar nebula near 1 AU, p ~ 5 x 1071 gecm™ and
(9/8)Amip ~ Scm. At larger disk radii, the gas density drops sharply and Amg
increases further. Thus Epstein drag is the most relevant case for the grain sizes
and disks conditions that are treated in this chapter. However other drag regimes
are sometimes relevant. For larger grain sizes, first the viscous Stokes law applies.
Then, for yet larger sizes, various turbulent drag laws—the ones we experience on
a daily basis—apply (Adachi et al. 1976). For the numerical calculations presented
in this chapter, the appropriate drag regime (Epstein or otherwise) is always used.

The details of the drag laws can be captured in a characteristic stopping time, t;,
which can then be compared to other relevant timescales. To define #;, we express
the drag force for a particle of mass m, moving relative to the gas with a velocity
Av, as

m

Fig = A, 4.2)

Physically, 7, gives the exponential decay time of Av, ignoring the other forces
that generate the relative motion. In the Epstein drag regime, the stopping time is
given by

_psoa

I ,
P VUTH

(4.3)

with p; being the material volume density of the solid and vty = \/ 8/mc, the mean
thermal velocity of the gas molecules, closely related to the isothermal sound speed
cs = \/ P/ p, which in turn depends on the thermal pressure P.

The dimensionless Stokes number St = §2¢, measures the importance of drag
forces by comparing ¢, to the Keplerian frequency at radius, r,

GM,
9=¢ﬁ, (4.4)

where G is the gravitational constant and M, is the stellar mass. Small (large) values
of St correspond to strong (weak, respectively) drag forces. For optimal coupling at
St ~ 1, the effects of drag forces are usually most pronounced. For Epstein drag
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near the disk midplane

aps

St = :
5, 2

(4.5)

where the column density of gas, X, = V2w peg) 2, follows from vertical
hydrostatic balance, and our exact value assumes a vertically isothermal disk.

Gas drag modifies the orbits of particles, making them slightly non-Keplerian.
Our derivation of the orbital motion of particles in gas disks mirrors that of Takeuchi
and Lin (2002) and Youdin (2010). We point the interested reader to Nakagawa
et al. (1986) for an alternate derivation which (a) treats the collection of solids as a
pressureless fluid and thereby (b) accounts for the collective feedback of the total
particle mass on the coupled drift motion of solids and gas. Here we consider the
“test particle” limit, valid when the distributed mass density of particles is below the
gas density. This limit is appropriate for moderately turbulent disks, which limit the
sedimentation of solids to a dense midplane layer.

We consider the motion of particles and gas near the disk midplane, where the
height z <« r. The radial and azimuthal speeds are v, qust or gas» Ug.dust or gas TOI the
dust (i.e., solid) or gas components as indexed. Gas drag damps motions to nearly
circular, Keplerian motion with v qust or gas ~ 0 and Vg dust or gas ~ Vk = £2r to
leading order. We derive the leading order deviations from this Keplerian motion.

For the gas, orbital motion is determined by the centrifugal balance of radial
gravity and pressure forces as

v GM, 1dP
.gas «
= ) 4.6
r r? + p dr (4.6)
We define the pressure support parameter as
1 dP
= prS22 dr @7

In regions with smooth pressure gradients, i.e. |dP/dr| ~ P/r, pressure support is
weak and 1 ~ (c;/vk)? ~ 1073 < 1. We can thus solve Eq. (4.6) as'

Vgaas = V1 =10~ vg (1=17/2), (4.8)

showing that gas orbital motion is slightly sub-Keplerian in a smooth disk where the
pressure decreases monotonically with radius (as the density and temperature also
do). The radial motion of the gas is determined by the disk’s angular momentum
transport, often approximated as a viscous accretion process. Here v, g, is treated
as a free parameter.

"Many works use the original (Adachi et al. 1976), here primed, definition of ” = /2 so that
Vg gas — VK = NUk. The lack of a uniform convention requires attention for this factor of 2.
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The response of a solid particle to this non-Keplerian gas motion is given by the
radial and angular momentum equations

2 2
dVy qust U dust Uk 1

dt = ’ - ’ - " (Ur,dusl - Ur,gas) s 4.9)
d(rv r
( ;Zdust) =~ (paus — Vgas) (4.10)

where the right-hand side of Eq.(4.9) includes the relevant radial accelerations:
centrifugal, gravity, and drag, respectively. The right-hand side of Eq. (4.10) gives
the torque from azimuthal drag forces. For a simple algebraic solution of the
particle motion, we must eliminate time derivatives and linearize. The particle radial
acceleration, dv, gus/dt ~ vidusl/ r is a higher order term that can be neglected
in the radial force balance. Since the leading contribution to angular momentum
is Keplerian motion, the rate of angular momentum change is given, to good

approximation, by the migration rate as

d(rvgaus)  drv
;; ' x~ drK Ur,dust = kavr,dusls 4.11)

The nonlinearity of vy us in Eq. (4.9) is eliminated to leading order as

v;,dusl - v]% = (U¢,dusl + vk)(vtﬁ,dusl - vk)
~ 20K [ (V.dust = V.gas) = (k= Vg gas) ]
> 20k [Vg.dust — Vg.gas — MVK/2] - (4.12)
With these simplifications, the leading order solution of Egs. (4.9) and (4.10) is
_ nuk + Ur,gasst
2(1 4 St?)

Urgas nukSt
1+St2 148

Vg.dust — VK = (4.13)

(4.14)

Uy dust =

Equation (4.13) shows that large solids (St >> 1) exhibit Keplerian motion with
Ug.dust —> UK, While small dust (with St < 1) has the same sub-Keplerian orbital
speed as the gas with vy qust = vk (1 — 17/2).

The radial drift of dust particles in Eq. (4.14) is plotted in the left panel of Fig. 4.4
at 3 AU from the star, for two different models of the gas disk, the standard minimum
mass solar nebula (MMSN, which is an estimation of the minimum amount of
material necessary to build the planets of our Solar System), and the minimum
mass extrasolar nebula (MMEN, which is the minimum amount of material to build
super-Earths, i.e. Msini < M@ and with periods lower than 100 days, found in
multiple-planet systems), from Chiang and Laughlin (2013). The smallest particles
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Fig. 4.4 Left panel: total radial dust velocity as a function of grain size [Eq. (4.14)] calculated at
3 AU from the star, assuming two different profiles for the gas surface density, the minimum mass
solar nebula (MMSN), and the minimum mass extrasolar nebula (MMEN). Right panel: sketch of
particle trapping in a pressure maximum

with St < v, g/ (Mvk) <K 1, move with the gas accretion flow at v, qust ~ Vr gas
as given by the first term in Eq. (4.14). This motion is not evident in the plot since
Urgas ~ a few cm/s (for a gas accretion rate M~ 10~ Mg /yr) is small compared to
the fastest drift speeds of nuk/2 =~ 40 m/s.

Thus the second term of Eq. (4.14), due to the gas headwind, explains the fastest
particle drift speeds. This term becomes small for both large and small particles,
St < 1 and > 1, giving the fastest inward drift for optimal coupling at St = 1.
In the case of the MMSN, the particles with St = 1 correspond to ~30cm sized
particles, but for the denser MMEN this critical size is ~1 m. The maximum inward
drift speed for St = 1 is nug/2 ~ 4000 cms™!. At these speeds, optimally coupled
solids drift towards the star on timescales of ~300 yr.

These rapid timescales are a serious challenge to planetesimal formation by
coagulation, which requires particle to grow gradually through St ~ 1. Indeed,
the infamous “meter-sized barrier” refers in part to these rapid drift speeds, and
also to the fact that particles in this size range are prone to destructive collisions,
as we discuss shortly. The association of the drift barrier with “meter sizes” is most
appropriate near 1 AU in gas rich disks. Moving to the outer disk, particles with
St = 1 are smaller, because X, decreases, see Eq.(4.5). At ~50 AU, the fastest
drifting solids are only ~ millimeter sized in MMSN type models.

The drift speed estimates above assume a smooth disk, with dP/dr < 0 [and
thus n > 0 from Eq. (4.7)]. This assumption should hold for the average behavior
of disks. However disks could develop pressure bumps for a variety of reasons, as
detailed below. Regions where the pressure gradient is positive, dP/dr > 0 (and
n < 0), will drive the outward drift of solids. Thus particles are driven towards a
pressure maximum, from either side of the maximum. At the pressure maximum,
dP/dr = 0 and drift stops. The right panel of Fig. 4.4 depicts this particle collection
mechanism. While pressure minima also have dP/dr = 0, they are an unstable
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equilibrium; particles will drift away from particle minimum if they are nudged in
any direction.

So far, we have assumed an axisymmetric disk in our discussion of drift and
particle trapping. It turns out that non-axisymmetric pressure maxima can also
act as effective particle traps. For example, anti-cyclonic vortices have a pressure
maximum at their center, and particles can collect near the centers of these vortices
(e.g., Barge and Sommeria 1995; Li et al. 2000, 2005; Klahr and Bodenheimer
2003; Varniere and Tagger 2006; Lin 2014). Spiral arms in self-gravitating disks
are another form of non-axisymmetric pressure maximum that can collect solids
(e.g., Rice et al. 2004; Dipierro et al. 2015a). Predominantly axisymmetric particle
traps could be generated at the outer edge of gap carved by a massive planet (e.g.,
Rice et al. 2006; Paardekooper and Mellema 2006; Gonzalez et al. 2012; Zhu et al.
2012). Magnetohydrodynamic (MHD) effects could also cause ring-like pressure
bumps, either to zonal flows (e.g., Johansen et al. 2009a; Uribe et al. 2011; Dittrich
et al. 2013; Simon and Armitage 2014) or at the boundary of MHD active and dead
zones (e.g., Kretke and Lin 2007; Dzyurkevich et al. 2010; Drazkowska et al. 2013;
Ruge et al. 2016).

We will explore the details of these mechanisms in this chapter. Here, we note
some general features of all of these quasi-static, i.e. slowly evolving, particle traps.
The first is that particles with St = 1 will drift most rapidly into particle traps,
and thus should concentrate most effectively. Very small solids will be coupled to
the accretion flow of the gas, v, 44, as explained above, and will not be trapped as
effectively. Moreover disk turbulence will preferentially diffuse smaller grains away
from particle traps. To better understand this effect, we note that the diffusion rate
of solids is fairly similar for St <« 1 up to St >~ 1 (Youdin and Lithwick 2007).
However, the slower drift rate of St < 1 solids means that they return more slowly
to the pressure maximum and are preferentially lost.

Our goal is to understand how particle traps affect multi-wavelength observations
of protoplanetary disks. For this goal, we must understand how grain sizes and St
values evolve due to coagulation and fragmentation. Of course this size evolution
may differ once particles are caught in dust traps, and moreover these traps may
favor the gravitational collapse into planetesimals as a solution to the meter-size
barrier.

4.3 Overview of Dust Evolution

The evolution of dust properties in protoplanetary disks—such as mass and size—
arises from complex physical processes with several unresolved questions. For
example: what is the fragmentation velocity for grain collisions and how does it
depend on the material properties? Do the dust particles grow as fluffy aggregates
or compact solids, and can we observationally distinguish these possibilities? Many
of these questions have been addressed in several reviews as, e.g., Dominik et al.
(2007), Blum and Wurm (2008), Testi et al. (2014), and Birnstiel et al. (2016). In
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this section, we present a short summary of the most relevant issues for the models
presented in this chapter.

The initial conditions of the dust distribution in protoplanetary disks is not well
understood. Usually, it is assumed that dust particles in protoplanetary disks are
inherited from the interstellar medium as sub-micron-sized particles that are well
coupled to the gas (Mathis et al. 1977). These particles are expected to evolve via
collisions and transport. Dust collisions can lead to different outcomes: sticking, due
to electrostatic van der Waals forces; bouncing, which does not alter the mass of the
grains after the impact; mass transfer, where mass is transferred between grains (to
the larger grain for growth); and erosion and/or fragmentation where grains lose
mass into smaller collisional products. Van der Waals forces between molecules
arise from dipole—dipole interactions. For dust particles with mantles with electric
dipoles (e.g., particles with water ice mantels), the attractive force is strong. The
collision outcome varies greatly with particle size and impact speed, with other
factors such as porosity, impact angle, and grain composition also playing important
roles (e.g., Blum and Wurm 2008; Windmark et al. 2012).

Laboratory experiments and numerical simulations of dust collisions have been
probing the vast parameter space of collision outcomes (e.g., Kempf et al. 1999;
Blum and Wurm 2000, 2008; Krause and Blum 2004; Paszun and Dominik 2006;
Wada et al. 2009, 2011; Gundlach and Blum 2015; Musiolik et al. 2016). Overall,
these experiments and models agree with the fact that collisions between dust
aggregates without water ice mantles and with an impact velocity of >1ms™' do
not result in sticking collisions. However, grains with water ice mantles can impact
at relatively high velocities, i.e. >10-50ms~!, and potentially avoid fragmentation.

The relative velocities between dust grains arises from several effects, including
thermal Brownian motion, settling to the midplane, turbulent mixing, and radial
drift. Brownian motion dominates the collision rate for very small particles (sub-
micron sized dust particles). For larger particles (micron to sub-millimeter dust
particles) settling to the midplane is an important source for dust collisions. Ignoring
for the moment the stirring by gas turbulence, the vertical velocity of grains settling
to the midplane v geqing is calculated by equating Fyr.e [Eq. (4.2)] with the vertical
gravitational force, Fyray = —m$2?%z, giving Vzsewing = —2§2St (Dullemond and
Dominik 2004). Hence, the settling speed decreases close to the midplane where the
gas density increases, and it also increases for particles with higher Stokes number.
Note that here and elsewhere in this section we assume St < 1. For St > 1 orbital
inclination oscillations dominate the vertical motion (Youdin 2010).

When particles start to decouple from the gas, turbulence and radial drift are the
dominant sources for their relative velocities. As with radial drift, relative velocities
due to turbulence, vy, depend on the Stokes number (Ormel and Cuzzi 2007),
roughly as

v2, ~ 3aStc?, (4.15)

where the larger St in the collisional pair is the relevant value, with ¢, being
the sound speed and « as the dimensionless parameter in the effective turbulent
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viscosity of Shakura and Sunyaev (1973),

Cs

=acsh with h= _. 4.16

V = ac wi o ( )

An estimate of the maximum grain size produced by collisional growth follows

from the assumption that sticking occurs below the fragmentation velocity vy, and

turbulence dominates collision speeds. In this case, Eq. (4.15) and the definition of
the Stokes number [Eq. (4.5)] give the maximum grain size as

2
2 X vfrag
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Afrag =

known as the fragmentation barrier. Growth to St ~ 1 requires weak turbulence
and/or high v, as

1 V7 v 2 c —2
a< . M 3xqoT( e s . (4.18)
~3 2 1 m/s 1 km/s

s

When particles stick efficiently, growth can be limited due to the rapid timescale
of radial drift. A simple estimate of the growth times scale is tgrowin = 2/ (£2 Xy),
with X, and X; the gas and dust surface density, respectively (Birnstiel et al. 2012).
Comparing to the drift timescales [using Eq. (4.14)] gives the drift barrier,

dinp|™!

dinr
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Overall, it is expected that in smooth disks, the maximum grain size decreases
with radius as multi-wavelength observations at (sub-) millimeter emission show
for several disks (e.g., Banzatti et al. 2011; Guilloteau et al. 2011; Pérez et al. 2012;
Tazzari et al. 2016).

4.4 Observational Evidence of Millimeter Grains
in Protoplanetary Disks

At (sub)-millimeter wavelengths, the total flux at a given frequency F, from the
optically thin region is sensitive to the dust mass of the disk and it is given by (e.g.,
Hildebrand 1983)

(4.20)
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where d is the distance to the source, «, is the dust opacity at a given frequency,
T is the characteristic temperature of the emitting region, and B, (T) is the Planck
function,

2hv3 1
B,(T)= . (4.21)
Cc hv
exp ( kB) -1
At long wavelengths, the Rayleigh-Jeans approximation holds with
2hc? 1
BTy=""" . . (4.22)
A eMsT — 1

The dust opacity in the (sub)-millimeter regime can be fit to a powerlaw in
frequency, v, as k, vB, giving F, o pPt2 = pemm where oy is known as
the spectral index (i.e., ¥mm ~ B + 2) and it is the slope of the spectral energy
distribution (SED) at mm-emission. For small particles (sub-micron sized particles),
as in the inter-stellar medium (ISM) dust, the spectral index has values of ~3.5-4.0
(e.g., Finkbeiner et al. 1999), while for large particles, the spectral index is expected
to have lower values oy, < 3.5 (Draine 2006; Rodmann et al. 2006). Therefore,
by observing protoplanetary disks at two optically thin wavelengths, it is possible to
obtain information about the grain size.

The first large survey of millimeter observations of protoplanetary disks revealed
that B = 1 for Taurus-Auriga (Beckwith and Sargent 1991) and Ophiuchus (Andre
and Montmerle 1994) regions. Recent millimeter observations of protoplanetary
disk in different star formation regions show that the spectral index has low values
(&mm < 3.5) for most of the disks (e.g., Ricci et al. 2010, 2011, 2012; Ubach et al.
2012; Testi et al. 2014). On the other hand, dust evolution models predict that mm-
sized particles rapidly drain from the outer disk due to large radial drift speeds. At
million year timescales (below typical ages) disk models are already depleted of
large grains and predict a high spectral index values (amm = 3.5), in disagreement
with observations o, (Birnstiel et al. 2010b). These standard disk models have
smooth radial density profiles. We next consider the advantages of abandoning this
assumption.

4.5 Global Pressure Bumps and Zonal Flows

We now consider the possibility that disks contain pressure bumps, i.e. nearly
axisymmetric rings where the radial profile of the midplane gas pressure has a local
maximum. These pressure bumps are synonymous with zonal flows in disks, because
the reversal of the radial pressure gradient causes—due to geostrophic balance with
Coriolis forces—a reversal in orbital speeds relative to the Keplerian flow. MHD
effects, specifically the development of the magneto-rotational instability (MRI),
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have been shown to cause zonal flows and pressure bumps (Johansen et al. 2009a;
Uribe et al. 2011; Dittrich et al. 2013; Simon and Armitage 2014). However, the real
nature of zonal flows, i.e. their lifetime, width, amplitude, is subject to uncertainties
about the outcome of the MRI in protoplanetary disks.

To analyze the ability of zonal flows to trap particles, Pinilla et al. (2012b)
included a sinusoidal perturbation in the gas surface density with a given amplitude
and width (defined as a factor of the local scale height) into dust evolution models
by Birnstiel et al. (2010a). In these models, the dynamics and the growth of the dust
are both considered. Both process depend on the Stokes number of the particles
and for this reason these two phenomena are strongly correlated. In the models,
dust particles grow, fragment, and crater depending on the relative velocities.
The grain size distribution evolves via the Smoluchowski coagulation equation
(Smoluchowski 1916). Relative velocities arise from various sources: Brownian
motion, settling, turbulent motion, and drift velocities in the azimuthal and radial
direction.

Two different factors were considered to constrain the values of the amplitude
and wavelength of the sinusoidal perturbation in order to trap particles. First, a
minimum amplitude of 10% with respect to the background density is required to
have a local outward movement of the dust particles, assuming one scale height for
the width of the sinusoidal perturbation (higher amplitude is needed if the bumps are
assumed to be wider). Second a maximum amplitude of ~30% keeps the angular
momentum per unit mass increasing outwards (so the disk remains Rayleigh stable).

Figure 4.5 summarizes the main results of dust evolution models assuming no
pressure bumps, bumps with an amplitude of 10 and 30%, and a model where
the direct output from global MHD simulations that show zonal flows is assumed.
In these models, the transport, growth, and fragmentation of particles are taking
into account for several grain particles, covering sizes from 1-um size to 2m.
Specifically, Fig. 4.5 shows the vertically integrated dust density distribution after
1 Myr of evolution as a function of grain size and distance from the star. For each
case, the same turbulent parameter is assumed, with a value of ¢ = 1073, In
addition, the solid line in each panel of Fig. 4.5 represents the grain size for which
the Stokes number is equal to unity [it is hence a representation of the gas surface
density profile, see Eq. (4.5)].

The discrepancy between the models including radial drift and observations
could be solved by including pressure bumps of ~30% of amplitude. As shown
in Fig. 4.5, when the pressure bumps are only 10% amplitude, the pressure gradient
is not high enough to trap the dust particles in the outer regions of the disk after
million years time scale. In this case, turbulent mixing spread the dust particles
from the pressure bumps without effective trapping. Contrary, in the case of pressure
bumps with ~30% of amplitude, the pressure gradient is enough to trap sufficient
millimeter-sized particles in the outer regions of the disks, such that there is a good
agreement between the observed spectral indices and models (Pinilla et al. 2012b).

Moreover, long-lived zonal flows from MHD simulations by Uribe et al. (2011)
agree with the amplitudes and wavelengths assumed for the sinusoidal perturbation
in the gas surface density, with values of ~25% of amplitude and a width of one
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Fig. 4.5 Vertically integrated dust density distribution after 1 Myr of evolution as a function of
grain size and distance from the star for four different cases: no pressure bumps (top-left panel),
with global pressure bumps with an amplitude of 10% and one scale height for the width (top-right
panel), as before but with an amplitude of 30% (bottom-left panel), and with static pressure bumps
from MHD simulations from Uribe et al. (2011). The solid white line in each case shows the size
of St=1 solids. Figures adapted from Pinilla et al. (2012b)

scale height approximately. Considering such kind of pressure bumps, the retention
of dust particles in the outer parts of the disks is possible after million years
timescales (Fig. 4.5, bottom right panel).

In addition, the simulated images using the CASA ALMA simulator (including
atmospheric and calibration noise) at different millimeter wavelengths show that
with high angular resolution, multiple ring structures should be detectable (Fig. 4.6
illustrates the particular case at 0.85 mm), as observed already in two protoplanetary
disks, HL Tau and TW Hya, with long-baseline observations from ALMA (ALMA
Partnership et al. 2015; Andrews et al. 2016). Whether or not the origin of the
observed structures are due to MHD effects is still an open question because of the
unknown nature of zonal flows from MHD simulations. In principle, these pressure
bumps have to be long-lived to trap mm-grains. For simplicity, in the simulations
shown in Fig. 4.5 the gas density profile is considered static while the dust evolves,
which can be a good approximation if the evolution of the bumps is longer than drift
timescales, e.g. if they evolve with viscous timescales.
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Fig. 4.6 ALMA synthetic image (including atmospheric and calibration noise) at 0.85 mm
assuming a configuration of 50 antennas for an angular resolution of ~5mas, and assuming a
distance of 140 pc and stellar parameters of a typical T-Tauri star. To create the image, we assumed
the model with pressure bumps of an amplitude of 30% and with a width of one scale height. Figure
adapted from Pinilla et al. (2012b)

4.5.1 The Extreme Case of Brown Dwarf Disks

The drift velocity of the dust particles is determined by how much the gas azimuthal
velocity differs from the Keplerian speed. This difference depends on the stellar
properties, more precisely

L1/4
vdrift, dust X v¢.gas — Vi X \/;W* . (423)

For a young Brown Dwarf, the luminosity is 3—-5% of the solar luminosity, while
the mass is between 1-5% of the solar mass (e.g Burrows et al. 2001). Thus radial
drift speeds in young brown dwarves should increase compared to more massive
stars, according to Eq.(4.23). Pinilla et al. (2013) studied the scenario of particle
trapping in disks around brown dwarfs (BDs), for which observations also reveal the
existence of millimeter-sized particles (e.g., Ricci et al. 2014). Such observations are
a challenge for models of dust evolution in disks, and question the universality of
the processes. In fact, the radial drift velocities are expected to be more than twice as
fast for particles in BD disks than in disks around T-Tauri stars, depleting the disk in
grains before they can grow. Since the radial drift velocities are much higher in BD
disks, the pressure bumps needed to trap the particles and explain the observations
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Fig. 4.7 Total radial dust velocity as a function of grain size [Eq. (4.14)] calculated at 3 AU from
the star, assuming typical parameters for a disk around a T-Tauri star and a Brown Dwarf (BD,
Pinilla et al. 2013)

must have a higher amplitude (240%) in a compact disk (~15-30 AU), to account
for current mm-observations of BD disks. Figure 4.7 illustrates the total dust radial
velocities [Eq. (4.14)] as a function of grain size for a case a disk around a T-Tauri
star vs. a disk around a BD. In this case typical parameters are assumed for both
cases, as, for example, a power law for the gas surface density and temperature (see
Pinilla et al. 2013, for more details). Since the BD disks are less dense, smaller
grains have St=1 at the same distance from the star. At 3 AU, St=1 corresponds to
~2 cm particles for the BD disk vs. ~70 cm for the T-Tauri disk, for which the radial
drift velocity can be more than twice for the BD case (Fig. 4.7). Further investigation
is needed to understand if pressure bumps with such high amplitude can result from
MHD simulations assuming BD disk conditions.

4.6 Transition Disks

Observations done with IRAS in 1989 by Strom et al. (1989) revealed for the first
time a new kind of disks, with little or no excess emission at A < 10 pm, but with
a significant excess at A > 10 pwm. This feature has been interpreted as a optically
thick disk with a inner hole, where the dust has been depleted or it has become
optically thin. These disks were called transition disks, because they may indicate a
transition between a gas- and dust-rich disk to a debris disk (gas-poor disk).
Recent observations of transition disks (TDs) have provided important insights
into the processes of planetary formation and circumstellar disk dissipation (e.g.,
Espaillat et al. 2014). Large cavities (>10AU) have been spatially resolved in
(sub-)millimeter images of TDs (e.g., Andrews et al. 2011; van Dishoeck et al.
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2015), and multiple processes have been proposed to reproduce the lack of infrared
(IR) emission from these disks. TDs are thought to be intermediate systems between
young (few Myr) optically thick protoplanetary disks and older (10 Myr) optically
thin debris disks, where significant evolution has taken place. Multiple processes
can reproduce the lack of IR emission from TDs, such as photoevaporation (e.g.,
Owen and Clarke 2012; Alexander et al. 2014), planet—disk interaction (e.g., Zhu
et al. 2012), or dead zones (Regdly et al. 2012; Flock et al. 2015). Distinguishing
between the different physical explanations requires spatially resolved observations
since various mechanisms predict different or similar behaviors for the dust and gas.
In this section, we focused on embedded planets and dead zones as potential origins
of the structures seen in transition disks.

Recent millimeter observations of gas and dust in TDs suggest that particle
trapping in a single and broad pressure maximum is the primary cause of the seen
structures in these disks, such as rings and asymmetries (e.g., van der Marel et al.
2016). The idea of embedded planet(s) as potential origin of the pressure maximum
is supported by direct imaging of planet candidates in some TDs, as, for example,
in HD 169142 (Quanz et al. 2013b; Reggiani et al. 2014), HD 142527 (Biller et al.
2012), HD 100546 (Quanz et al. 2013a, 2015; Currie et al. 2015), and LkCa 15
(Kraus and Ireland 2012; Sallum et al. 2015).

4.6.1 Trapping by Embedded Planets

Planet disk interactions and planet migration are complex processes that have been
studied in great detail (Lin and Papaloizou 1979, 1986a,b; Rafikov 2002; Masset and
Papaloizou 2003; Crida et al. 2006, see reviews by Kley and Nelson 2012; Baruteau
et al. 2014). The gap opening process by a planet mainly depends on the balance
between the disk viscous torque, the planet gravitational torque, and the pressure
torque. In a disk with average values of viscosity (@ ~ 107%), a 1 My, mass planet
opens a clear gas gap in the disk. Gap opening planets experience type II migration,
with timescales typically equal to the viscous timescales of the disk.

When a planet opens a gap, a local maximum at the outer edge of the gap
is formed in the gas density and pressure, which acts as a powerful dust trap.
Pinilla et al. (2012a) studied particle trapping induced by embedded massive planets.
The top panels of Fig.4.8 show the vertically integrated dust density distribution
after 1 Myr of evolution as predicted by combining hydrodynamical simulations
of planet disk interaction with dust evolution models from Birnstiel et al. (2010a)
(explained in the previous section). The planet is on a fixed circular orbit at 20 AU.
For the hydrodynamical simulations, we used the two-dimensional hydrodynamical
code FARGO (Masset 2000), assuming a locally isothermal disk, with a power-law
surface density, a disk mass of 5% of the stellar mass, a flared disk geometry, and a
constant o viscosity (¢ = 107%). In these models, particles are trapped at the outer
edge of the gap and the distribution of millimeter particles peak at the location of
the pressure maximum. Assuming the inner edge to be the location where the gas
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Fig. 4.8 Top panels: Vertically integrated dust density distribution after 1 Myr of evolution as a
function of grain size and distance from the star for a disk hosting a 1 M}, mass planet (left-panel)
and a 9 My, mass planet (right-panel), with the planet at 20 AU in both cases. The solid white line
in each case shows the size of St=1 solids. Bottom panels: Comparison of the gas surface density
and the dust distribution for small particles (micron-sized) and large particles (millimeter-sized)

for 1 and 9 My,, mass planet (left and right panel, respectively). Figures adapted from models in
Pinilla et al. (2012a)

surface density starts to steeply decrease, the outer edge of the gas gap is taken to
be the location where the gas density reaches a similar value than the inner edge.
The location of the outer edge of the gas gap is much closer in than the peak of the
pressure maximum. In the cases of Fig.4.8, the pressure maximum is at ~29 and
~48 AU, while the outer edge of the gas gap is ~26 and ~34 AU for 1 and 9 M}y,
respectively. Comparing with the Hill radius ry, defined as rz = r,(M,/ 3M,)\/3
(being r,, and M), the orbital radius and mass of the planet, respectively), the location
where the large particles (millimeter and centimeter-sized grains) accumulate is
~T ry and ~10 ry for <5 My, and 25 My, planet mass, respectively. This location
is further out than the outer edge of the gas gap, which can be at most at 5 Ry (Pinilla
et al. 2012a). As a result, a large segregation exist between the location of the gas
gap (and therefore small particles that follow the gas) and the peak of the mm-
emission. In addition, it is also expected that the mm-dust is much more depleted
inside the cavity than the small-grains and the gas, as it is illustrated in the bottom
panels of Fig. 4.8. For instance, for the case of 1 M}, the gas is depleted around one
order of magnitude while the millimeter dust is depleted for more than three orders
of magnitude (bottom-left panel of Fig. 4.8).

This segregation between the gas (or small grains) and large mm-sized particles
has been observed in several TDs (e.g., Garufi et al. 2013; Perez et al. 2015a;
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Fig. 4.9 Simulated images of the planet-induced particle trapping models shown in Fig. 4.8. Left
panels show the polarized intensity in the R-band (0.65 pm) including instrumental effects of the
ZIMPOL polarimeter with the SPHERE adaptive optics system. Right panels correspond to ALMA
simulated images at 0.85 mm with an angular resolution of 0.1”. Figures adapted from de Juan
Ovelar et al. (2016)

van der Marel et al. 2016), suggesting that particle trapping trigger by embedded
planets is the origin of the observed structures in TDs (see also Dong et al. 2015b).
In principle, any broad pressure bump can cause such segregation as long as dust
diffusion is also included. From the models, it is expected that the gap or cavity
size changes depending on the wavelength of the observation. Figure 4.9 shows the
synthetic images from the models in Fig. 4.8 after radiative transfer and instrument
calculations considering the dust density distributions of the dust evolution models
after 1 Myr of evolution and assuming a planet located at 20 AU radius. As shown in
de Juan Ovelar et al. (2013), the separation between the micron- and mm-sized dust
grains is very sensitive to the mass of the embedded planet, making the segregation
more significant for more massive planets.
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Recently de Juan Ovelar et al. (2016) also proved that the expected structures
due to trapping by a planet notably depend on viscosity. For high values of viscosity
(a = 1072), there is too much fragmentation and diffusion of particles, such that
the ring-like structures are unlikely to form at any wavelength. While for low values
of viscosity (@ = 107*) the growth inside the trap at the edge of the gap is so
effective because the turbulent and drift relative velocities are too low, such that
most of the collisions lead to growth to meter-sized objects, emptying the disk in
(sub-)mm grains that are the ones traced with mm-observations. Due to the effective
growth, the amount of micron-sized particles is very few and sub-structures due to
the presence of the planet are very difficult to observe in scattered light images.
As a result, only intermediate values of viscosity (@ = 10™%) can produce smaller
or no optical/NIR cavity while a clear cavity at longer wavelengths, which can be
detectable with current telescopes.

For TDs, the spatially integrated spectral index (mm) is higher than for regular
protoplanetary disks. Nonetheless, the values of the observed oy, still correspond
to disks with mm-sized particles. In addition, the current observations of TDs show
that there is a positive correlation between the spectral index and size of the cavity at
mm-wavelengths (Pinilla et al. 2014). This is in agreement with models of planet—
disk interaction and dust evolution, since when the particle trap is further out (hence
the cavity size is larger), the size of the trapped grains is smaller [the maximum grain
size due to the fragmentation and the drift limit decrease with radius, Egs. (4.17) and
(4.19)], increasing the integrated spectral index for TDs with larger cavities.

4.6.1.1 Example: The Transition Disk J160421.7-213028

An excellent example of the spatial segregation between the small and large grains is
the TD J160421.7-213028 (hereafter J1604). Observations with SPHERE/ ZIMPOL
in polarized differential imaging at 0.626 pm show a bright ring extending from 40
to 80 AU, with a brightness peak located at ~60 AU distance from the star. This dust
ring lies inside the mm-cavity observed with ALMA at 880 um (Zhang et al. 2014)
(Fig. 4.10). This indicates dust filtration in a particle trap, which can be induced
by a massive planet embedded in the disk at 20-40 AU. At this location is where
observations of CO indicate that the gas cavity size is located. J1604 is a TD where
most of the predictions of particle trapping by a planet fit very well.

This target has a very interesting characteristic, a dip in the annulus seen in the
SPHERE image was detected at ~46°. A dip was also previously detected with
HiCIAO at H-band, but at a different azimuthal location ~85° (Mayama et al. 2012).
Thus, the dip must be rotating quickly, with at least an angular speed of ~12°/year,
to explain the difference of the dip location between the HiCIAO and SPHERE data.
The dip rotation is clearly inconsistent with the local Keplerian angular velocity of
at ~0.8°/year at 60 AU. The most likely explanation is that the dip is a shadow cast
by an object orbiting closer in to the central star, but future observations are needed
to test this idea.
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Fig. 4.10 Spatial segregation
of small and large particles in
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4.6.2 Pre-transition Disks: The Role of the Snow Line

Pre-transition disks have a strong near-infrared (NIR) excess that comes from a
optically thick ring of dust that is in the innermost regions of the disk. The name
pre-transition disks was given to these objects because they may be at an earlier
evolutionary stage than TDs with completely empty dust cavities.

Models of planet—disk interaction and dust evolution failed to reproduce the
NIR excess of some TDs independent of the mass or location of the planet (de
Juan Ovelar et al. 2013). When the planet is very massive (25 Mjyy,) and complete
filtration of dust particles of all sizes happens, and the grains that remain in the inner
part of the disk (in front of the planet location) eventually grow and drift towards the
star in time scales shorter than 0.1 Myr. On the other hand, if the embedded planet
allows partial filtration and small grains pass through the gap, these particles in any
case grow efficiently in the inner parts and quickly drift towards the star.

To solve this inconsistency between models and observations, the snow line plays
a fundamental role since it can help to re-create a ring of dust in the innermost
parts of the disk despite the presence of a large planet-carved gap. The process for
creating pre-transition disk-like structures in the context of planet—disk interaction
can be understood by the following steps:

1. Step 1-The tunnel: When partial filtration occurs and small particles pass through
the planetary gap, these small particles clump and efficiently grow because they
are expected to have water ice mantles beyond the snow line. Once grown, the
grains drift very fast such that the gap appears empty at mm-emission.

2. Step 2-The traffic jam: Once particles have tunneled from the outer to the inner
disk and reach regions where it is warm enough for the water ice to melt (at
the so-called snow line), they become much less sticky and break up into small
fragments. For these small particles, the drift velocities is reduced and thus they
pile up close to the snow line, forming an optically thick ring and NIR excess,
which remains as long as the disk is fed of dust through the tunnel.
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Fig. 4.11 Left panel: Vertically integrated dust density distribution after 1 Myr of dust evolution,
when 1 Mj,, mass planet is embedded in the disk at 20 AU. At the location of the snow line (0.4 AU
for a typical T-Tauri disk), the fragmentation velocity changes, leading to the re-appearance of
small grains that are well coupled and have slow velocities. Right panel: Synthetic SEDs from
models of 1 My,, mass planet at 20 AU, assuming and neglecting the changes of the fragmentation
velocity vy at the location of the snow line. Figures adapted from Pinilla et al. (2016b)

Pinilla et al. (2016b) combined hydrodynamical models of planet—disk inter-
action, dust evolution, changing the dust properties and collision velocities near
the snow line. Figure 4.11 illustrates the case of 1 My, mass planet embedded at
20 AU including the variation of the fragmentation velocity from 10 ms™' outside
the snow line (0.4 AU, assuming typical values of a T-Tauri star) to 1 ms™! inside
the snow line. Near the snow line, small grains are re-created due to the effective
fragmentation, which are more couple to the gas and their drift velocities are
lower. As a consequence, the NIR excess re-appears when the snow line effects
are considered for the dynamics of the dust (right panel of Fig.4.11).

When the planet is massive enough (25 My,p) and total dust filtration at the outer
edge of the gap happens, the NIR excess disappears after 22 Myr, creating a typical
SED of a TD with an empty dust cavity. In this case, the disk evolves from a pre-
transition disk appearance to a TD. As a consequence, by knowing the age of the
disk and its SED (whether or not it shows a NIR excess), it is possible to constrain
the planet mass that carves the cavity.

4.6.3 Multiple Planets

In the context of embedded planetary companions that can clear a gap and hence
be the origin of cavities in TDs, the wide observed dust cavities suggest that they
may form by multiple planets, which individual gaps overlap to form a wider one
(Zhu et al. 2011; Isella et al. 2013). For multiple planets, it is expected that shallow
cavities where the gas is less depleted compared to the case where a single massive
planet is embedded (Duffell and Dong 2015). In this case, the potential trapping
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Fig. 4.12 Left panel: Simulated 2D gas surface density with two planets embedded in the disk,
after 2000 orbits of the inner planet. With a ratio of outer to inner planet orbital radii of rpy/rp; =
3.5, the individual gaps do not overlap. The planet-to-stellar mass ratio is 4 X 10~* (inner) and
2.0 x 1073 (outer), i.e. 1 and 5 My, around the 2.5 M central star. The scaled disk viscosity is
a = 1073, Right panel: Vertically integrated dust density distribution after 1 Myr of evolution in
the gas disk shown in the left panel. Figure adapted from Pinilla et al. (2015¢)

would occur at the location of the pressure maximum expected at the outer edge of
the resulting gap that results from overlapping the gaps from each planet.

Multiple planets whose gaps do not overlap can create multiple pressure bumps
and therefore several ring-like structures. The left panel of Fig.4.12 shows an
example of a hydrodynamical simulation when two planets are embedded in the
disk. The locations of the planets are such that the individual gaps do not overlap,
with rpy/rpy = 3.5. The planet-to-stellar mass ratio is 4 X 107* and 2.0 x 1073
for the inner and outer planet, respectively, and the disk viscosity is assumed to be
o = 1073, In the right panel of Fig.4.12 the corresponding vertically integrated
dust density distribution after 1 Myr of dust evolution is illustrated. In this case,
the central star is considered to be 2.5 M, such that the embedded planets are 1
and 5 Mjy,,. Because the gaps do not overlap, there are two distinct locations where
the pressure gradient is positive and hence two pressure traps where the mm-dust
particles accumulate. Pinilla et al. (2015c) explored in detail the case of multiple
planets embedded in disks and the resulting gas and dust structures for different disk
and planet parameters, such as disk viscosity, fragmentation velocity of particles,
and planet masses.

In the case shown in Fig.4.12, the gaps are not deep enough to have complete
filtration of the small particles and therefore small grains are distributed smoothly
in the entire disk. As a consequence, high angular resolution observation of the mm-
emission of such kind of planet configuration would show a two-ring like structure,
but none cavity at NIR or optical emission (Pinilla et al. 2015c).

HL Tau is an example where several rings at mm-emission have been resolved
and several authors have invoked multiple embedded planets as an explanation
for the seen structures (Dong et al. 2015b; Dipierro et al. 2015b; Akiyama et al.
2016; Jin et al. 2016). These works agree that in the case of HL Tau, the mass of
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the embedded planets should be sub-Jovian to explain the shape of the observed
rings. When planets are not massive enough to open gaps in the disks, the process
of particle trapping does not happen. However, the perturbations that a low-mass
planet can have on the gas azimuthal velocities [Eq. (4.6)] can slow down the drift
velocities of the particles, creating traffic jams of the particles that are slightly
decoupled from the gas (e.g., Rosotti et al. 2016). As a result, it is possible to
have accumulations of dust at the outer location of the orbit of a low mass planet
too, without opening a gap in the gas (hence without any pressure bump). Beside
planets, additional interpretations for the structures seen in HL Tau include sintering
of dust particles (a similar physical process at the location of snow lines as described
in Sect.4.6.2 and introduced by Okuzumi et al. 2016), and secular gravitational
instability (Takahashi and Inutsuka 2016, see Sect. 4.8).

4.6.3.1 Example of Multiple Planets: The Transition Disk HD 100546

Observations of the disk around the Herbig Ae star HD 100546 have indicated the
presence of two potential companions, making HD 100546 an excellent laboratory
to study particle trapping triggered by massive planets. An inner planet located
at ~10 AU distance from the star has been proposed to model the [O I] 6300 A
emission line (Acke and van den Ancker 2006), and the images obtained with
near and mid-infrared interferometry that show an inner cavity (Tatulli et al. 2011;
Mulders et al. 2013). Detailed modeling of the cavity wall at 10 pum with MIDI/VLT
demonstrated that the mass of a potential planet located at ~10 AU is a very massive
companion with a mass of 20-30Mj,. On the other hand, high-contrast imaging
confirmed the presence of what it seems to be a massive planet (~15Mj,,) at
~50 AU, which may be its formation stage (Quanz et al. 2013a, 2015; Currie et al.
2015).

ALMA-Cycle 0 observations of HD 100546 show that the radial extent of the
gas is ~400 AU, while most of the emission at millimeter wavelengths comes from
anarrow ring concentrated at ~26 AU, with a width of ~21 AU. A much fainter ring
of emission (a factor of ~100 lower) comes from an outer ring, which is centered at
~190 AU, with a width of ~75 AU (Walsh et al. 2014). ALMA-Cycle 0 observations
showed for the first time a multiple-ring structure in HD 100546, which is consistent
with the two-planet scenario. The left panel of Fig.4.13 shows the residual ring of
emission in the outer part of HD 100546 after subtracting the best ring model for the
inner emission and clearly show a strong residual ring that lies outside of the outer
planet candidate.

To study the effect of the two proposed planets in HD100546 on the dust density
distribution of mm-particles, Pinilla et al. (2015a) combined analytical predictions
of planet—disk interactions with the dust evolution models, to directly compare
with ALMA data and give constraints on the disk and planet parameters, such as
viscosity, and mass and age of the planet(s). Pinilla et al. (2015a) demonstrated
that in the case that only an inner massive planet is embedded in the disk, the
outer ring of emission observed with ALMA remains unexplained. However, if an
outer planet is also embedded in the outer part of the disk, and it is as massive as
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Fig. 4.13 Left panel: ALMA-Cycle 0 observations at 867 wm with a beam of 0.95x0.42”
HD 100546 after subtracting the best ring model for the inner emission. The residual ring lies
outside the location of the outer planet candidate at 50 AU (Quanz et al. 2013a, 2015; Currie
et al. 2015). Figure adapted from Walsh et al. (2014). Right panel: vertically integrated dust
density distribution as a function of grain size and radial disk extension, when the two massive
planet-candidates for HD 100546 are embedded in the disk (20Mj,, at ~10 AU and 15My,, at
~50-70 AU). In this case, the outer planet is embedded in the disk after 2.5 Myr of evolution, i.e.
the outer planet is much younger than the inner planet. Figure adapted from Pinilla et al. (2015a)

suggested by Quanz et al. (2013a, 2015), and Currie et al. (2015) (i.e., ~15Mjyy),
this outer planet should be at least ~2-3 Myr younger than the inner planet, to trap
the right amount of dust particles and produce an outer ring of emission that is 100
times fainter than the inner ring of emission as observed with ALMA-Cycle O (right
panel of Fig.4.13). This supports the fact that the outer planet may be in the act of
formation. In the case that the outer planet is very massive and it has a similar age
than the inner planet, the amount of the trapped dust is too high and the models are in
disagreement with current ALMA and ATCA observations of this disk (Walsh et al.
2014; Wright et al. 2015). To prove the existence of the planet and have insights
on its mass and location, Perez et al. (2015b) proposed to measure the effects that
a cicumplanetary disk can have on the gas kinematics. In addition, planets can also
have an important effect on the chemical evolution and clear tracers such as HCN
and its isotopologues can detect planetary heating (Cleeves et al. 2015). ALMA
future observations will give crucial insights about embedded planets in systems as
HD 100546. Recent mm-observations of other transition disks, such as HD 97048,
HD 169142, and HD 163296 (Walsh et al. 2016; van der Plas et al. 2017; Isella et al.
2016; Fedele et al. 2017), also show multiple rings structure and suggest that TDs
may have more sub-structures than a single and predominant pressure bump.
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4.6.4 Trapping at the OQuter Edge of a Dead Zone

Angular momentum is transported outward in protoplanetary disks to sustain
accretion onto the central star (e.g., Armitage 2011). Different mechanisms have
been proposed for angular momentum transfer, including MRI turbulence, MHD
winds, and disk self-gravity (e.g., Turner et al. 2014). MRI has been the leading
mechanism for transferring angular momentum throughout the disk, which arises
from the magnetic tension between two adjacent fluid elements of the disk that
rotate with different speed (e.g., Balbus and Hawley 1991). In the denser regions
of the disk, such as the midplane, where X-rays, FUV-rays, cosmic rays cannot
completely penetrate, the disk can decouple from the magnetic field and MRI is
expected to be inefficient. These regions of low ionization are called dead zones,
where the effective a-viscosity is expected to have low values (<107#), generated
perhaps by the hydrodynamic vertical shear instability (Lin and Youdin 2015). The
boundaries of dead zones might explain gaps and asymmetries of transition disks.
The shape of the dead zone in protoplanetary disks is still an open question, because
it depends on different factors such as dust density and its properties, the magnetic
field, chemistry, and the sources of ionization (e.g., Dzyurkevich et al. 2010).

The accretion rate in a steady-state of protoplanetary disks depends on the
disk viscosity, such that M = 37Xv (v defined in Eq.(4.16), which is directly
proportional to a-viscosity). At the outer edge of a dead zone where the effective
a changes from high values outside to low values inside the dead zone, a gas
accumulation is expected. As a result, the surface gas density has a bump at the
outer edge of a dead zone and hence a pressure bump is formed that is capable to
trap particles. Pinilla et al. (2016a) studied the trapping of dust at the outer edge of
dead zones and analyze if the potential observational signatures can create structures
like a transition disk. For this a simplified parametrization of o changing with radius
is assumed, which depends on the gas surface density to mimic the effect of MRI-
driven turbulence.

Figure 4.14 shows the vertically integrated dust density distribution after 0.5 Myr
of dust evolution (left panel), when a dead zone (with ¢ = 10~*) extends up to
20 AU. At the location of the dead zone edge « increases to ~10~2 and a bump in
the gas surface density forms, which has amplitude of a factor of ~5. In this bump
large grains (mm and cm-sized particles) are trapped. Inside the dead zone, there is
effective growth because the relative velocities due to turbulence are low due to the
low values of . Because of this effective growth, the dead zone is depleted in small
grains (right-upper panel in Fig.4.14). As a consequence of the trapping and the
effective growth inside the dead zone, the synthetic images derived from radiative
transfer simulations show that the cavity and a ring-like emission at optical and mm-
emission are co-located (lower panels in Fig. 4.14). Pinilla et al. (2016a) found that
the cavities are expected to be observed at short (optical and NIR emission) and long
wavelengths independent on the shape of the dead zone that is assumed, as observed
in transition disks.
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Fig. 4.14 (Upper left:) Vertically integrated dust density distribution after 0.5Myr of dust
evolution in a disk with a dead zone extending out to 20 AU. Outside the dead zone edge, a bump
in the gas surface density forms, trapping large particles. (Upper right:) A comparison of the gas
surface density and the dust distribution for both small particles (micron-sized) and large particles
(millimeter and centimeter-sized). (Lower panels:) Simulated images of the dead zone (edge
shown by the solid white circle) particle trapping models shown above. (Lower left:) the polarized
intensity in the R-band (0.65 um) from instrumental simulations for ZIMPOL with SPHERE.
(Lower right:) ALMA simulated images at 0.85 mm with 0.1” angular resolution. Adapted from
Pinilla et al. (2016a)

Observationally, gas inside the mm-cavity seems to be much more depleted (by
several orders of magnitude, e.g., van der Marel et al. 2015) than the dead zone
predictions (less than one order of magnitude). To solve this inconsistency in the
case of dead zones, Pinilla et al. (2016a) included the effect of a MHD wind that
removes mass from the inner disk to the dead zone models. In these cases, the inner
part of the disk is highly depleted, and a broad and distinct ring in the final gas
surface density remains at million year timescales. In this case, large particles are
trapped at the peak of the gas bump and a large segregation between gas (thus small
grains) and large particles is created as in the case of planets. A potential method to
distinguish both mechanisms as possible origins for transition disk structures is to
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spatially resolved broadening of molecular line profiles to measure radial changes
of turbulence.

4.7 Asymmetries: Spiral Arms in Self-gravitating Disks
and Vortices

In previous sections, we explain mechanisms for only radial trapping that create
ring-like, nearly axisymmetric structures. However, azimuthal or non-axisymmetric
trapping can also occur due to anti-cyclonic vortices and spiral arms in self-
gravitating disks. In this section, we discuss both mechanisms and their observa-
tional consequences.

4.7.1 Trapping in Self-gravitating Spiral Arms

Self-gravity can be an important source of angular momentum transport, in partic-
ular in the outer parts regions where the disk is cold and MRI may not be effective
to ionize the disk (Lin and Pringle 1987; Fromang et al. 2004; Vorobyov and Basu
2009). The physical processes that can lead to gravitational unstable disk and its
evolution include the mass, size, and disk temperature (see Kratter and Lodato 2016,
for a recent review). The criterion for a disk to be gravitationally unstable is given
by the Toomre parameter, defined as

cs§2 M, h
= ~ <1-2, 4.24
Q aGXY Mdisk r ~ ( )
where M, is the stellar mass and Mgg = nXr? is a local estimate (at r) of

the disk mass. The total disk mass is close to the maximum value of this local
estimate (for finite disks). Disks which are more massive and colder and thinner
(i.e., colder) are more likely to become unstable. Gravitational instability (GI) can
lead to the fragmentation of the disk and the formation of clumps at very early times
of evolution in Class 0 and I objects. The outcome of GI can be either the formation
of stellar companions, large scale spiral arms, or smaller scale gravito-turbulence,
depending on disk properties such as the mass infall rate onto the disk (Kratter et al.
2010a,b; Rafikov 2009). We focus on the parameter space of spiral arms (high mass
disks with moderate infall rates) because these large scale regions of high pressure
are effective particle traps (Rice et al. 2004).

Dipierro et al. (2015a) modeled the trapping of dust particles by self-gravitating
spiral arms in a 1D (radial) + 1D (azimuthal) dust dynamics model, using the gas
disk model from Lodato and Rice (2004). For the initial condition, it was assumed
a Mgisx /M, = 0.25 with power laws for the initial density and temperature profiles,
such that ¥ o« r~! and T o r—1/2, In this case, for the dust evolution the processes
of growth and fragmentation were neglected, but as a first estimate we assumed a
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Fig. 4.15 Dust surface density for micron-sized particles [1-100] pm (left-panel) and centimeter-
sized particles [1-100] cm (right-panel) in the case of trapping by self-gravitating spiral arms.
Figure adapted from models in Dipierro et al. (2015a)

dust distribution from one micron-sized t0 dmax ~ dfrag [Eq. (4.17)], and solve the
advection-diffusion equation for each grain size. For the turbulence, it was assumed
a = 0.05 as a simplified parameter for the gravito-turbulence expected from GI
simulations (Rice et al. 2005).

Figure 4.15 illustrates the effect of trapping in self-gravitating spiral arms. In
particular, it shows the dust surface density for micron-sized particles [1-100] pm
and centimeter-sized particles [1-100] cm. The distribution of the small grains that
are well coupled to the gas (the micron-sized grains) are showing similar structures
than the gas and the disk radial extension is as the gas, i.e. ~150 AU. The disk
extension of the centimeter-sized particles is smaller <100 AU and the dust density
of the large particles is enhanced inside the spiral arms due to the trapping.

As a consequence of the trapping of the large grains inside spirals arms induced
by self-gravity, it is expected that strong spiral structures can be detected with high
angular resolution at millimeter and centimeter wavelengths. At short wavelengths,
less dominant but still detectable spiral arms are predicted (Dipierro et al. 2015a).
Most detections of spiral arms in protoplanetary disks have been at scattered light in
the NIR, which trace the distribution of small hot dust particles in the upper layers of
the disk (e.g., Canovas et al. 2013; Garufi et al. 2013; Avenhaus et al. 2014; Benisty
et al. 2015; Stolker et al. 2016). For most of these disks, the mass estimated from mm
dust emission is inconsistent with self-gravity as the explanation for the observed
structures. Planet—disk interaction is an alternative explanation for spiral arms seen
in scattered light imaging (e.g., Pohl et al. 2015; Dong et al. 2015a). However, some
work finds that embedded planets fail to create the high contrasts and opening angles
observed in the spiral arms of several protoplanetary disks (Juhdsz et al. 2015).
Other explanations for the observed spiral arms include interaction with an external
binary (Dong et al. 2016), an unstable accretion shock from an external envelope
(Lesur et al. 2015), MHD effects (Lyra et al. 2015), and light-travel-time effects
caused by the shadow of an object orbiting close to the central star (Kama et al.
2016).
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4.7.2 Trapping in Anti-cyclonic Vortices

Anti-cyclonic vortices can form in protoplanetary disks as a result of the Rossby
wave instability (RWI). To trigger the RWI, disks must contain a special radial
structure which produces an extremum in the vortensity (vertical vorticity per unit
surface density) and/or entropy (Lovelace et al. 1999). Since certain pressure bumps
can trigger the RWI, mechanisms that lead to the formation of vortices are similar
to those discussed previously for pressure bumps: planet—disk interactions and
transitions to dead zones. In the case of planet—disk interaction as the origin of
vortices, only under suitable conditions of massive planet and low disk viscosity, the
vortices are long-lived and able to trap particles (e.g., Ataiee et al. 2013; Zhu and
Stone 2014; Hammer et al. 2017). However they may form, anti-cyclonic vortices
are regions of high pressure, where particles with St 1 are effectively trapped,
creating high contrast asymmetries in the mm- or cm-emission.

To study the trapping by an azimuthal pressure bump, such as the ones from
anticyclonic vortices, Birnstiel et al. (2013) investigated the azimuthal distribution
of particles taking into account turbulent mixing and azimuthal drift and assuming
a steady state dust density distribution which is radially confined due to a particle
trap. A weak and long-lived azimuthal gas pressure gradients can produce strong
azimuthal concentrations of the dust with St «. Figure 4.16 shows the distribu-
tion of micron-sized (1-10 pwm) and millimeter-sized (1-10 mm) particles when a
smooth pressure bump is assumed in the azimuthal direction (Birnstiel et al. 2013).
These calculations use a hybrid 1D (radial) + 1D (azimuthal) analytical model.
For the radial dust density distribution, particles accumulate in a radial pressure
bump induced by a massive planet in the disk (Sect.4.6), while for the azimuthal
distribution, mixing and drift are both considered.

For Stokes numbers below unity, larger grains (traced at longer wavelengths),
are concentrated more narrowly in azimuth (see also Lyra and Lin 2013). The
concentration of dust particles inside the vortex can lead to dust-to-gas ratios over
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Fig. 4.16 Dust surface density for micron-sized particles 1-10 pm (left-panel) and millimeter-
sized particles ~1-10 mm (right-panel) in the case of trapping by a smooth pressure bump in the
azimuthal direction. Figure adapted from models in Birnstiel et al. (2013)
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unity and feedback from the dust to the gas can lead to the vortex destruction (e.g.,
Chang and Oishi 2010).

Azimuthally asymmetric mm-emission has been observed in several transition
disks, suggesting that whatever causes the inner cavity can also create a long-
lived vortex that traps particles. Some of these asymmetries are low-contrast (e.g.,
SR 21, HD 135344B, LkHa 330; Isella et al. 2013) and others are high-contrast (e.g.,
HD 142527 and IRS 48; Casassus et al. 2013; Fukagawa et al. 2013; van der Marel
et al. 2013). These high contrast disks, the asymmetries are azimuthally narrower
in the longer wavelength emission, as expected for vortex trapping (Casassus et al.
2015; van der Marel et al. 2015).

However, this wavelength dependence is not evident in some transition disks
with low contrast asymmetries. For instance, Fig.4.17 shows ALMA Cycle 0 and
I observations of SR21 at 0.45 and 0.88 mm. The images are restored with the
same beam of 0.27” in order to be comparable. Analyzing the disk structures at
the two wavelengths, the azimuthal asymmetry does not become narrower at longer
wavelengths contrary to theoretical predictions of trapping by a vortex. The Stokes
numbers of the particles that are traced at these two wavelengths are lower than
unity, assuming the gas surface density obtained from observations of CO and its
isotopologues (Pinilla et al. 2015d; van der Marel et al. 2016).

At the moment, the origin of the asymmetries in transition disks like SR 21 and
HD 135344B is unclear. Intriguingly, optical and NIR scattered light observations of
the latter system reveal strong spiral structures which may be related to the asymme-
try observed at mm-emission. An alternative mechanism to create asymmetries in
protoplanetary disks, which has a weaker grain size dependence, is disk eccentricity
(Ataiee et al. 2013). Disk can become eccentric when high-mass planets (25 Myyp)
are embedded in the disk (Kley and Dirksen 2006).
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Fig. 4.17 ALMA Cycle 0 and I observations of the transition disk SR 21 at 0.45 and 0.88 mm,
respectively. The two images have been restored with the same beam for comparison. Figure
adapted from Pinilla et al. (2015d)
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4.8 The Formation of Planetesimals

In this section we consider how modern models of planetesimal formation relate
to particle traps of various types. For more complete summaries of work on planet
formation, we suggest detailed reviews of the subject (Chiang and Youdin 2010;
Johansen et al. 2014). This chapter has focused on long-lived, large scale particle
traps, as these are the most amenable to direct observation. Such traps are also
promising sites of planetesimal formation for several reasons. First, saving particles
from rapid radial drift gives more time for planetesimal formation. Second, collision
speeds should be lower and more amenable to growth in particle traps, due to drift
speed and perhaps less turbulence. Third, the collection of particles to high densities
can trigger the gravitational collapse of small solids into larger planetesimals. These
theoretical advantages for planetesimal formation are especially relevant now that
long lived particle traps are an observational reality.

Several caveats must be attached to the hypothesis that planetesimals primarily
form in long lived particle traps. First (and for this chapter foremost) particle traps
cannot be too efficient at converting dust and pebbles into planetesimals, or else the
particle traps would not be observable and disk’s mm-excess would be too small.
For the coagulation models presented in this chapter, solids do not grow past the
St = 1 barrier of ~cm- to m-sized solids (see, e.g., Figs. 4.5, 4.8, and other grain
size figures in this chapter). Planetesimals could form in models of this type if
additional physics, notably self-gravity, were included in a full (possibly magneto-)
hydrodynamical model. Second, particle traps caused by a planet cannot be the
primary cause of planetesimal formation, either in systems that do not form massive
gap-opening planets or assuming that the core accretion hypothesis holds. Thirdly,
particle traps must exist at many locations in the disk to be a leading cause of
planetesimal formation. A range of locations is certainly possible given the diversity
of proposed mechanisms for particle traps.

These caveats serve to motivate the two main ideas of this section. Firstly, self-
gravity may ultimately be responsible for the assembly of >km-sized planetesimals.
Secondly, the long lived particle traps discussed in this section are not the only way
to trap particles and trigger planetesimal formation. We summarize the streaming
instability (SI), a powerful particle concentration mechanism that arises from drag
forces (Youdin and Goodman 2005; Youdin and Johansen 2007), and can trigger
planetesimal formation either with or without existing pressure bumps and particle
traps (Johansen et al. 2007, 2009b). We also describe related secular gravitational
instabilities (SGI) which depends on the interplay of drag forces and self-gravity
(Youdin 2011). While streaming instabilities are too small scale to be directly
observed, SGI provide an alternate explanation for observable dust rings, which
does not depend on gas pressure maxima (Takahashi and Inutsuka 2016).
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4.8.1 The Gravitational Collapse of Solids into Planetesimals

Earlier in this chapter, we described the role of gas self-gravity. Particles can also
become strongly self-gravitating, if particle densities become large due to sedimen-
tation to the midplane and/or particle trapping. The hypothesis that gravitational
instabilities of solids are responsible for planetesimal formation is long-standing
(Safronov 1969; Goldreich and Ward 1973).

The main obstacle to the gravitational collapse hypothesis is that turbulent gas
tends to stir particles out of the midplane, and also away from particle traps. Some
level of midplane turbulence is hard to avoid in disks, due to the global pressure
gradients introduced in Sect.4.2. These pressure gradients drive a vertical shear
between a particle-laden midplane—which forces gas to orbit closer to Keplerian
speeds—and the more sub-Keplerian gas away from the midplane. Turbulence
driven by vertical shear instabilities has long been appreciated as an impediment to
particle sedimentation and thus the high densities needed for gravitational collapse
(Cuzzi et al. 1993). Radial pressure gradients are now known to also drive streaming
instabilities, as described below.

There currently exist several scenarios for planetesimals to form by gravitational
collapse despite disk turbulence. These possibilities include pressure bumps as
particle traps, streaming instabilities and SGI. These scenarios are not mutually
exclusive, as a range of processes could enhance particle densities until collapse
occurs. Particle traps have an additional advantage that radial pressure gradients at
the traps’ pressure maxima. Thus, the otherwise “inevitable” turbulence caused by
radial pressure gradients should be much weaker in particle traps.

The promise of particle traps for planet formation was simulated in detail by
Johansen et al. (2007). In this groundbreaking work, particle traps (in the form of
MRI zonal flows) combined with the streaming instability to cause the clumping
of St = 0.25-1 sized solids which collapsed gravitationally into Ceres mass
planetesimals. We next summarize the streaming instability, which (if nothing else)
is currently the most thoroughly vetted hypothesis for the formation of 1-100km
planetesimals.

4.8.2 Streaming Instabilities and Planetesimal Formation

The streaming instability is a robust instability in protoplanetary disks, which arises
from the relative drift (streaming) between solids and gas (Youdin and Goodman
2005). Under the right conditions, described below, the streaming instability
causes strong particle clumping (Johansen and Youdin 2007), which can trigger
gravitational collapse into planetesimals (Johansen et al. 2009b).

The key physical ingredient for the streaming instability is the back reaction of
drag forces on the gas in protoplanetary disks. This back reaction naturally produces
the streaming instability as particles drift through the disk gas. The energy for the
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instability comes ultimately from the disk’s radial pressure gradient, specifically
the pressure work done on the disk gas as it flows radially outward (Youdin and
Johansen 2007). This radial outflow of gas is a consequence of angular momentum
conservation with the solids that drift inwards.

The streaming instability is closely related to the secular drag instability (Good-
man and Pindor 2000). While the streaming instability treats drag as a microscopic
force on particles (as in Sect.4.2 but also including the back reaction on the
gas), the secular drag instability considers the macroscopic “plate” drag on the
particle midplane layer. The fact that both treatments of drag forces predict particle
clumping helps explain why dissipative drag forces are able to clump particles.

From the basic ingredients of the streaming instability, the optimal conditions for
the streaming instability to drive strong particle clumping are readily understood.
The three key parameters for the streaming instability are particle size (or St), the
mass ratio of solids to gas, and the strength of the radial pressure gradient. Particle
concentration is strongest for intermediate sized particles, near St ~ 0.3 (Yang
et al. 2016). The fact that St of order unity gives the optimum size for particle
concentration is consistent with the fact that streaming instabilities depend on radial
drift.

Since the streaming instability relies on the feedback of particles on gas, a
high particle density is needed. To quantify this density criterion requires some
care, because in real disks, the midplane particle density is affected by particle
sedimentation. In the artificial case where particle sedimentation is turned off, the
average density ratio of particles to gas, €, can be fixed in a computer simulation,
and € = 0.2-1 gives the strongest particle clumping, consistent with the need for
strong feedback (Johansen and Youdin 2007). In the realistic case with particle
sedimentation, the surface density ratio of particles to gas is fixed and referred
to as Z, an effective “metallicity” or particle-to-gas-mass ratio in a local patch of
the disk. The density ratio in the midplane then evolves according to the balance
between particle sedimentation and stirring caused by the streaming instability and
any other sources of midplane turbulence and related dynamical activity.

The required metallicity for strong particle clumping by the streaming instability
is at least Z 2 0.015. This threshold is determined by self-consistent hydrodynamic
simulations where streaming instabilities (i.e., particle—gas interactions) are the only
source of turbulence (Johansen et al. 2009b). In these simulations St~ 0.25-1 with
a headwind speed of nug = 0.1c,. As particle sizes depart from the optimum St
values, higher Z values are needed to trigger strong clumping. As headwind speeds
increase (or decrease), the minimum Z needed for strong clumping increases (or
decreases, respectively) (Bai and Stone 2010b). This finding highlights the delicate
balance between particle stirring and particle clumping. The radial pressure gradient
is the driving force for the streaming instability, but since the streaming instability
also stirs particles, higher Z values are needed for particle clustering as the radial
pressure gradient increases.

Note that there is no way to distinguish between particle stirring caused by
“streaming instabilities” vs. that caused by ‘“vertical shear instabilities” in any
meaningful way. There is no difference between streaming instabilities with vertical
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stratification (on the one hand) and vertical shear instabilities with non-zero St
(on the other), because the physical ingredients are identical, namely: Keplerian
dynamics with vertical gravity, a radial pressure gradient and two way drag forces
between particles and gas.”

The fact that effective metallicities near the cosmic value of 0.01 can trigger
strong particle concentration via streaming instabilities is promising for planetesi-
mal formation. The fact that modestly super-Solar abundances can lead to enhanced
particle sedimentation and gravitational collapse was expected from earlier studies
of vertical shear instabilities (Sekiya 1998; Youdin and Shu 2002). Enhanced Z
values can be achieved several ways, including particle traps, gas removal, and also
by simple radial drift in a smooth disk, which produces particle pileups as solids
drift towards the inner disk (Youdin and Chiang 2004). Of course, a “metallicity”
near solar in large pebbles (St near unity) requires a combination of efficient particle
growth and/or more significant enhancements in the fofal particle-to-gas ratio, to
account for the small dust that is not optimally sized and doesn’t take part in
strong clumping (Bai and Stone 2010a). Whether coagulation can produce enough
of the optimally sized solids for the streaming instability (to produce planetesimals)
is subject of ongoing research that depends on the disk and coagulation model
(Drazkowska and Dullemond 2014).

The streaming instability can strongly concentrate solids even when self-gravity
is weak, or turned off completely. However, self-gravity is required to create
gravitationally bound planetesimals, to determine their masses (Johansen et al.
2009b; Simon et al. 2016; Schifer et al. 2016) and to contract the particle clumps to
solid densities. Currently simulations cannot track in detail the gravitational collapse
of particle clumps into planetesimals all the way to solid densities. Initial attempts
to model this final collapse phase show that binary and even triple planetesimals can
result from the fragmentation of collapsing clumps, which may explain the binaries
in the primordial Kuiper Belt (Nesvorny et al. 2010).

Figure 4.18 shows a planetesimal formation simulation from Simon et al. (2016)
with St = 0.3, Z = 0.02 and nug = O0.lc,;. The snapshots span ten local
orbital periods. In the early snapshot at the upper left, the streaming instability is
concentrating particles into azimuthally elongated rings. By the final snapshot in
the lower right, self-gravity has caused these rings to contract and then fragment
into multiple planetesimals. The number, N, of planetesimals of a mass m follows
a roughly powerlaw distribution dN/dm o< m~'® (Simon et al. 2016) with some
evidence of an exponential taper (vs. a sharp cutoff) at high masses (Schifer et al.
2016). The masses produced in this brief formation phase should quickly evolve as
the planetesimals continue to accrete (Johansen et al. 2015).

2Tt is tempting to define the strong vs. weak clumping regimes as the “streaming” vs. “vertical
shear” regimes. However the fact that clumping can be weak without vertical shear for the
unstratified streaming instability (e.g., with low St and € values) shows that such a distinction
is misleading.
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Fig. 4.18 Snapshots from a planetesimal formation simulation by Simon et al. (2016) of particle
clumping by streaming instabilities and gravitational collapse. Images show the column density
of solids with St = 0.3 versus radius and azimuth (x,y) in units of the gas scale height. Time
evolves from top-left to bottom-right over ten local orbits. The circular clumps in the final panel
are planetesimals with masses equivalent to ~100 km radii

For this chapter, we should emphasize the small scale of streaming instability
clumping is < 0.2H ~ 0.005r, too small even for ALMA. And if the clumping
scales could be measured, the rapid concentration and collapse occurs over several
orbits, only a tiny fraction of the disk’s few Myr lifetime. Thus at any given moment,
only a small fraction (if any) of a disk could be expected to be in a strong clumping
phase due to streaming instabilities.
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4.8.3 Secular Gravitational Instabilities

We now briefly discuss secular gravitational instabilities (SGI), a hypothesized
mechanism for both planetesimal formation (Ward 2000; Youdin 2011) and
observed dust rings (Takahashi and Inutsuka 2016). Given the apparent effectiveness
of the streaming instability, it is reasonable to ask how any other instability could
be relevant. SGI could be relevant for smaller particles (lower St) which are not
concentrated by the hydrodynamic streaming instability. The key distinction for
SGI (compared to streaming instabilities) is that self-gravity is important from the
outset at creating particle clumps.

The “secular” in SGI refers to the role of dissipative drag forces in gravitational
collapse. Absent frictional drag, self-gravity is usually only significant above the
Roche density, when self-gravity is stronger than tidal gravity. However, with
friction, radially wide particle rings can gradually contract due to self-gravity, even
below the Roche density (Youdin 2005). The key to this slow mode of gravitational
collapse is the exchange of angular momentum between the particle ring and disk
gas. For planetesimal formation to occur, these rings must eventually fragment into
planetesimals, or perhaps even larger cores as the mass in these rings can exceed
Earth masses (Youdin 2011).

There are two main problems with SGI. The first is that gravitational collapse
is opposed by turbulent diffusion which acts to spread the rings as they attempt to
contract (Youdin 2011; Shariff and Cuzzi 2011). The effects of turbulent stirring are
especially strong in the desired regime of lower St where collapse timescales are
long.

The second main problem with SGI is uncertainty. Detailed numerical simula-
tions have yet to be carried out, in part due to computational cost. Existing analytical
studies of linear instability parameterize key uncertainties (namely the turbulent
diffusion) and ignore important physical effects like vertical stratification. Thus
more study is needed to determine the actual relevance of SGI.

The optimistic view of SGI is that its limitations as a planetesimal formation
mechanism—the very slow contraction of wide rings—make it possible to observe
these particle rings. Since the non-linear evolution of SGI is poorly understood,
it is also possible that these rings evolve into vortex-like blobs (Takahashi and
Inutsuka 2014). Particle clumps created by SGI should not be associated with a
strong pressure maximum. This provides a key observational distinction between
particle traps generated by pressure bumps of various types.

The physics of the SGI (particle self-gravity and drag) also applies inside
pressure maxima, and could be important for plantesimal formation there. The larger
questions posed by the SGI are similar to the one posed by streaming instabilities.
Are particles primarily concentrated by structures in the gas disk (that are not
directly caused by particle dynamics)? Or do particles spontaneously cause their
own clumping, potentially over a wider range of disk locations? Coupled theoretical
and observational studies are needed to understand the relative importance of these
different mechanisms.



4 Particle Trapping in Protoplanetary Disks 129
4.9 Summary and Future Perspectives

In protoplanetary disks, the millimeter-sized particles in the outer regions at 250 AU
(or meter-sized objects in the very first AU) are expected to experience a rapid
inward drift, caused by the head-wind that particles experience in standard gas
disks where pressure decreases radially. This radial drift barrier is predicted to be
more severe for dust particles in disks around Brown Dwarfs than in T-Tauri or
Herbig disks. As a result, millimeter/centimeter-sized particles are expected to be
rapidly depleted in any smooth protoplanetary disks, before planetesimals can form.
This is in disagreement with millimeter-observations of protoplanetary disks, which
evidence the existence of large-sized particles in disks in different star-formation
regions and around different type of stars.

Pressure bumps and/or streaming instabilities are possible solutions for this
radial drift barrier. Pressure bumps have the distinct advantage of being directly
observable. In this chapter we present the main results of dust evolution models
when pressure bumps of different origin exist, including: zonal flows, the outer edge
of a dead zone, embedded planet(s), self-gravitating spiral arms, and anti-cyclonic
vortices. The results of the models touched in these chapter and the comparison with
observations are summarized as follows:

1. Models of particle evolution should explain the observed values of the spectral
index, i.e. the spatially integrated value when high spatial resolution is not
available. The low values observed indicate mm/cm-sized particles in the outer
regions of protoplanetary disks. Slowly evolving pressure bumps with amplitudes
of ~25-30% above the background can retain mm/cm particles and explain
observed spectral indices. In this explanation, multiple ring-like structures should
be revealed when disks are studied at high resolution, which has now been
observed for HL Tau and TWHya.

2. For disks around Brown Dwarfs (BDs), the amplitude of pressure bumps must
be higher, ~40-60% to explain mm-observations of BD disks. MHD models
assuming BD parameters are needed to understand if pressure bumps with this
amplitude are possible.

3. Transition disks (TDs) have particle traps exterior to a central cavity that is
cleared of mm-emission. Embedded planets (inside the cavity) or a dead zone
boundary (at the cavity edge) could explain these TDs. Both mechanisms lead
to similar structures of the gas and particles of different sizes. Future gas
observations of TDs could determine the dominant mechanism, with import
implications for exoplanet statistics. For instance, spatially resolved observations
of molecular line widths could measure turbulence as a function of radius,
revealing boundaries between dead and active regions in the disks.

4. A radially broad pressure bump can form as a result of a massive planet
embedded in the disk. Such bumps cause the spatial segregation of small and
large grains. Other mechanisms, such as dead zones with MHD winds, could
also generate broad bumps with similar size segregation of dust particles.
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5. Pre-transition disks are similar to TDs, but with a near infrared excess caused
by small grains in the inner disk. To explain this behavior, we first note that
even when large particles are trapped in the outer part of the disk by a pressure
bump, small grains can be mixed and dragged with the gas and move towards the
inner regions. In normal TDs these small grains do not build up and indeed can
be depleted by efficient growth and radial migration. Pre-transition disks can be
explained by the effect of the water snow line. When dust particles lose their ice
mantles inside the snow line, they fragment more easily. The build-up of small
dust in the inner disk can explain the near-infrared excess of pre-transition disks.
Disk can evolve from a pre-transition disk to a TD when a massive planet carves
a deep enough gap to stop the replenishment of dust from the outer disk.

6. In addition to rings, non-axisymmetric particle traps are caused by anti-cyclonic
vortices and spiral arms in self-gravitating disks. Vortices can form by the Rossby
wave instability, which develops at the outer edge of gaps opened by planets or at
the outer edge of dead zones. Particle trapping in vortices leads to high contrast
asymmetries at mm-emission. The azimuthal extent of emission is predicted to
decrease at longer wavelengths, as larger solids collect closer to the core of the
vortex. Similarly, emission from spiral arms is expected to be more compact
and with higher contrast at longer wavelengths. Observations of molecular lines
that the gas content in protoplanetary disks can help determine if spiral arms are
caused by self-gravity vs. planetary companions or other mechanisms.

7. The trapping of particles in pressure maxima is a promising route to planetesimal
formation via enhanced coagulation and/or gravitational collapse. However,
planetesimal formation cannot be too efficient in particle traps, or else the mm-
emission will be lost. The streaming instability is a planetesimal formation
mechanism that does not require pressure maxima and is difficult to observe.
The mechanism is complementary, as the streaming instability is facilitated by
the trapping of particles in pressure maxima.

We are now in an era where current telescopes have the resolution and sensitivity
to observe the structures expected from particle trapping by different physical
mechanisms. Telescopes like ALMA and instruments at the VLT (such as SPHERE,
PIONEER, and GRAVITY) are revolutionizing our understanding of disk structures
and planet formation. Future facilities, such as James Webb Space Telescope
(JWST) and the European Extremely Large Telescope (EELT), will continue
transforming our comprehension of how, where, and when the first steps of planet
formation occur.
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Chapter 5
Dust Coagulation with Porosity Evolution

Akimasa Kataoka

Abstract Theoretical studies, laboratory experiments, and numerical simulations
have shown several barriers in planetesimal formation, including radial drift,
fragmentation, and bouncing problems. Also, observations of protoplanetary disks
have shown the radial drift problems of millimeter-sized bodies at the outer orbital
radius. The key to solving these problems is understanding porosity evolution. Dust
grains become fluffy by coagulation in protoplanetary disks and this alters both the
dynamic and optical properties of dust aggregates. First, we revealed the overall
porosity evolution from micron-sized dust grains to kilometer-sized planetesimals;
dust grains form extremely porous dust aggregates, where the filling factor is ~107#,
and then they are compressed by their collisions, the disk gas, and their self-gravity.
In the coagulation process, they circumvent all the barriers if the monomers are
0.1-pm icy bodies. The mass and porosity of the final product are consistent with
those of the comets, which are believed to be the remnants of planetesimals. We
further performed coagulation simulations including porosity evolution. We found
that planetesimals can form inside 10 AU, avoiding the radial drift barrier. Further-
more, we calculated the opacity evolution of porous dust aggregates and found that
the observed radio emission could be explained either by compact dust grains or by
fluffy dust aggregates.

5.1 Introduction

Dust coagulation is the first step in planet formation. Dust grains are solid materials
in molecular cloud cores composed of silicates, water ice, carbonaceous materials
and others. These solid bodies measure ~0.1-1 pum (e.g., Mathis et al. 1977). During
the star formation process via gravitational collapse of a molecular cloud core, the
tiny solid bodies are dragged by gas and accrete to the circumstellar disk around
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the young star. In the gas disk, dust grains stick to each other to form larger
bodies, owing to their frequent collisions due to high solid density. This hit-and-
stick process ultimately causes planets to form (e.g., Weidenschilling 1977; Hayashi
1981). We aim to reveal that this dust coagulation process forms planets using
astronomical observations, theoretical studies, and laboratory experiments.

There are an enormous number of problems during dust coagulation depending
on size. The size of the solid bodies ranges from 0.1 pm to 1000 km, which is
13 orders of magnitude in size and thus 39 orders of magnitude in mass. The
dynamics of the solid bodies is determined by the friction between gas and dust,
which depends of course on the size of the solid bodies. Thus, there are different
problems corresponding to each grain size range.

The first problem is the charge barrier, where negatively charged particles cannot
collide with other particles because the electrostatic repulsive force is high enough
to avoid the collisions (Okuzumi 2009; Okuzumi et al. 2011a,b). The radial drift
problem appears when dust grains range from millimeters to meters in size. These
dust grains are decoupled from the gas, which results in facing the gas drag in an
azimuthal direction. This reduces the angular momentum of the grains and they
migrate to the central star, prohibiting further growth because the time scale of radial
migration is shorter than the growth time scale (Adachi et al. 1976; Weidenschilling
1977). There are also problems due to microphysics of dust collisions, which are
fragmentation and bouncing. If the collisional energy of dust grains is high enough
to disrupt the grains, dust grains cannot grow further. The threshold velocity of
fragmentation is a few meters per second for silicate-like aggregates, much smaller
than the typical highest collision velocity of ~50 ms™! in disks (Blum and Miinch
1993; Blum and Wurm 2008; Wada et al. 2007, 2009, 2013). Dust grains of some
size ranges do not stick, but rather bounce (Giittler et al. 2010; Zsom et al. 2010).
Even if these problems are solved and kilometer-size planetesimals are successfully
formed, there are problems with the migration of protoplanets and others, which are
beyond the scope of this chapter.

There have been many attempts to solve these problems: streaming instability
(e.g., Johansen et al. 2007), direct coagulation with high dust-to-gas ratio (e.g.,
Brauer et al. 2008), pressure trapping (e.g., Whipple 1972; Pinilla et al. 2012), vor-
tex trapping (e.g., Lyra et al. 2009), dead zone edge (Drazkowska et al. 2013), lucky
particle approach (Windmark et al. 2012), growth by condensation close to snow-
lines (Ros and Johansen 2013), direct formation of planets through gravitational
instability (Boss 2000), etc. We do not exclude any of these possibilities, but we
discuss another topic in this chapter: porosity evolution.

Dust grains have usually been assumed to have a constant internal density during
dust coagulation for simplicity. Readers can picture this by thinking about the
evolution of water droplets. Two spherical water droplets stick to each other to form
larger spherical water droplets with the same density. However, dust grains are not
liquid but solid. The dust grains are mainly composed of water ice, which has a
sublimation temperature of ~150K at the pressure in the disk, which corresponds
to a location at ~1 AU from the central star. Even inside the snowline, the dust
grains are composed of silicates, which have a sublimation temperature of ~1700 K.
Therefore, when dust grains stick to each other, they naturally form pores inside.
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The aggregates of dust grains have lower internal density, which equates to a lower
volume filling factor. We note that the internal density piy is written as pi,c = pof,
where py is the material density and f is the filling factor, and the porosity is given
as p = 1 —f. This has a great effect on dust coagulation because the enhanced cross-
section causes the frequent collisions to reduce the growth timescale and increase
the friction against the disk gas to change the dynamics. Furthermore, it also changes
the optical properties, which may change the interpretations of observations.

In this chapter, we discuss porosity evolution during dust coagulation in pro-
toplanetary disks based on the recent progress in numerical studies. As a result,
we argue that treating porosity evolution naturally solves many severe problems
in planetesimal formation. In addition, we also discuss how it affects planetesimal
formation and observations of protoplanetary disks. Finally, we also mention future
directions of the study of porosity evolution.

5.2 Porosity Evolution

First, we describe our assumptions regarding dust grains. The first dust grains are
assumed to be spherical dust grains with the same radius, called monomers. The
monomers are assumed to be 0.1 pum in size and composed of water ice.

Porosity evolution is divided into four stages, as shown in Fig.5.1. The first
stage is the hit-and-stick. The relative velocity between two small dust grains is
dominated by their thermal Brownian motion, which results in collisions with
a velocity of ~mm/s. This collisional energy is not sufficient to restructure the
aggregates because of the collisions. Therefore, one of the two colliding dust
aggregates stays at the point where it first hits the colliding aggregate. Thus, at this
stage, the porosity evolution is understood to be geometric growth. The filling factor
evolution of sequential collisional growth can be understood as a function of the
mass ratio of the two colliding aggregates. If the mass ratio of colliding aggregates
is always unity, which corresponds to hitting the copy of the same aggregates from
a random direction, this yields dust aggregates with the fractal dimension of ~1.9
(e.g., Mukai et al. 1992). If the mass ratio approaches 0, at the other extreme, which
corresponds to a monomer always hitting an aggregate, the fractal dimension yields
~3. The former case is called ballistic cluster-cluster aggregation (BCCA) whereas
the latter is called ballistic particle-cluster aggregation (BPCA). The nature of dust
coagulation in planet formation is between these two types of aggregation and the
question is which case describes the initial growth of dust grains well. Ormel et al.
(2007) have performed a pioneering work on porosity evolution. In terms of porosity
evolution, dust aggregates form porous dust aggregates, which have a filling factor
of ~1%, due to the simple interpolation for collisions in the intermediate aggregates
between BCCA and BPCA. This was investigated later by numerical simulations
of dust collisions (Okuzumi et al. 2009, 2012), which shows that similar-mass
collisions lead to many more fluffy aggregates with fractal dimensions close to ~2.
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Fig. 5.1 Schematic illustration of each stage of porosity evolution. (a) The dust aggregate hits
another aggregate to coagulate. This reduces the dust density, and occurs in the early stage of dust
growth. (b) When the collisional velocity is high enough to disrupt the dust aggregates, they are
compressed. (¢) The dust aggregate has a relative velocity with respect to the gas, and they feel the
ram pressure of the gas. The ram pressure statically compresses the dust aggregates. (d) When the
dust aggregates becomes so massive that they do not support their structures, they are compressed
by their self-gravity. This figure is published as Fig. 2 in Kataoka et al. (2013a)

As long as the dust coagulation occurs with similar-sized collisions, therefore, the
dust aggregates become more and more porous because of hit-and-stick growth.
The second stage is collisional compression. Once the collisional compression
energy exceeds a critical energy to move one connection of monomers, the first
restructuring occurs. The critical energy is that used to roll the monomers in
contact, which is defined as rolling energy Eyo; (Dominik and Tielens 1997). This
corresponds to the onset of collisional compressions. The mass and filling factor of
the dust aggregates in typical protoplanetary disks are derived to be m ~ 107*g
and f ~ 107>, However, even when collisional compression occurs, dust aggregates
are not compactified as much: the filling factor remains constant or continues to
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decrease (Suyama et al. 2008, 2012; Okuzumi et al. 2012). This can be understood
as follows. When two dust aggregates collide, they create a new void region, which
severely reduces the filling factor. Most of the collisional energy is consumed to
compress this newly created void region. As a result, the pre-existing void regions
are not very compactified. Even the collisional velocity increases with increasing
Stokes number. This effect is not effective enough to compress the aggregates
(Okuzumi et al. 2012); therefore, there must be other mechanisms to compress the
porous dust aggregates.

The third and fourth stages are quasi-static compression processes. Dust aggre-
gates always feel ram pressure from the disk gas. This ram pressure causes the
aggregates to compress. For small filling factors, the compressive strength has been
obtained by numerical simulations and is derived to be

3 1/3
feq = ( 0 P) po (5.1)
“ Eroll '

where peq is the internal mass density of the aggregate, ry the monomer radius, Epoj
the rolling energy, P the compressive strength, and py the material density of the
dust grains (Kataoka et al. 2013b). The ram pressure can be written as

mv 1

Pas = s
£ 2t

5.2)

where Pg,, is the ram pressure of the disk gas, m the mass of the aggregate, v the
relative velocity between the gas and the aggregate, r the radius of the aggregate, and
t; the stopping time. Equalizing these two equations, we can obtain the equilibrium
filling factor (or internal density), which represents the lower limit of the filling
factor. In the same manner, the fourth stage of the self-gravitational compression
can be understood. When dust aggregates become sufficiently massive, they are
compressed by their own gravity. The pressure of the self-gravity of the

Gm?

e (5.3)

P grav —

where Pg,y is the pressure due to self-gravity, G is the gravitational constant.
Combining these stages, we finally reveal the overall filling factor evolution in
protoplanetary disks, as shown in Fig.5.2 (Kataoka et al. 2013a). The 0.1-pum-
sized dust grains become extremely fluffy dust aggregates with a filling factor
of ~107>. The dust aggregates coagulate to form larger bodies maintaining the
equilibrium filling factor at the ram pressure of the gas, which results in the
filling factor of ~107*. Finally, when the dust aggregates become as massive
as 10'2g, dust aggregates are compressed to form relatively compact bodies
with f = 0.1. Note that we stop the calculation at f = 0.1 because the
static compressive strength formula is applicable where f < 0.1, whereas the
pathway of the filling factor is expected to approach the filling factor of unity.
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Fig. 5.2 The overall porosity evolution from 0.1 pwm-sized dust grains to 10-km-sized planetesi-
mals. The orbital radius is at 5 AU. The black, blue, and red solid lines correspond to hit-and-stick,
gas compression, and self-gravitational compression of dust aggregates. The red shaded region
represents where the growth time scale is shorter than the drift time scale. This figure is published
as a part of Fig. 3 in Kataoka et al. (2013a)

Interestingly, the mass and filling factor of the resultant aggregates are in relatively
good agreement with those of comets, which are believed to be the remnants of
planetesimals (A’Hearn 2011). In this way, the overall filling factor evolution has
been revealed, with the intermediate stage of extremely fluffy dust aggregates. We
discuss how they avoid the radial drift barrier indicated in Fig.5.2 in the next
section.

5.3 Growth Barriers in Dust Coagulation

We have revealed the overall filling factor evolution from dust grains to planetes-
imals. Here, we discuss how this fluffy growth is beneficial to avoiding growth
barriers in planetesimal formation.

5.3.1 Radial Drift Barrier

The radial drift problem is that the dust growth time scale is larger than the
migration time scale of dust grains, especially when the Stokes number becomes
unity. The growth time scale is strongly affected by the gas drag law. The gas
drag law is in the Epstein regime if the aggregate radius is less than the mean
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free path of the gas, whereas it is in the Stokes regime if the radius is larger
than the mean free path of the gas. As long as the gas drag is in the Epstein
regime, both growth and drift time scales depend on the mass-to-area ratio of dust
aggregates. Therefore, even if the filling factor changes, the growth time scale is
always larger than the drift time scale: the radial drift barrier is not avoidable.
However, if the radius of dust aggregates exceeds the mean free path of the gas,
then the gas drag law changes to the Stokes regime. In this regime, the growth
time scale becomes shorter. On the pathway of the filling factor evolution, when
the dust aggregates have a Stokes number of unity, the radius of the aggregates
is ~100 m, which is much larger than the mean free path of the gas, ~1 m. More
details can be found in Okuzumi et al. (2012). The region where the growth time
scale is shorter than the drift time scale is shown in Fig. 5.2. The revealed pathway of
filling factor evolution clearly avoids the radial drift barrier. Whether the radial drift
problem is avoided depends on the location of the protoplanetary disks. Roughly
speaking, rapid coagulation to avoid the radial drift barrier occurs within ~10—
20 AU but outside of the water snow line (see Okuzumi et al. 2012; Kataoka et al.
2013a).

5.3.2 Fragmentation Barrier

When two dust aggregates collide with a sufficiently high velocity, they are
disrupted and lose their mass during the collision, which causes a problem with
regard to grain growth. Theoretically, the minimum amount of energy required
for catastrophic disruption of dust aggregates is calculated by assuming that the
collision energy is equal to the energy needed to cut all the connections between the
monomers in the aggregates, which is

Eimp ~ 10nkEpreak, (5.4)

where Ejy, is the collision energy, ny is the number of all connections of the
monomers, and Eye 1S the energy required to cut one connection among monomers
that are in contact (Chokshi et al. 1993; Dominik and Tielens 1997; Wada et al.
2007). As Ejyp is proportional to the mass, which is proportional to a number of
monomers, and ng should be proportional to a number of monomers, the breaking-
up velocity does not depend on mass. Therefore, for the catastrophic disruption, the
threshold velocity has been intensively studied. Although the threshold velocity of
fragmentation does not depend on the aggregate mass, it depends on materials and
the size of the monomers.

Enormous efforts have been made with laboratory experiments that show that
the threshold velocity of silicate grains is a few ms™! (e.g., Blum and Miinch
1993) and a few tens of ms™' for ice (Gundlach and Blum 2015). In the
series of numerical simulations (Wada et al. 2007, 2008, 2011), on the other
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hand, the final form of the threshold velocity for the net growth is revealed
to be

80 (ro/0.1 um) ™ [ms™] for ice,

(5.5)
8 (ro/0.1 pm) /¢ [ms™] for silicate,

Ucol, crit =

where rj is the monomer radius (Wada et al. 2013). This is in excellent agreement
with the laboratory experiments.

We turn now from microphysics to astrophysical applications. The typical max-
imum collision velocity between dust aggregates depends on the disk models. The
collisional velocity becomes maximal when the Stokes number of dust aggregates
becomes unity. The maximum collisional velocity is mainly determined by the
gas turbulent velocity at the midplane of the disk. The midplane temperature is
significantly lower than the surface that is irradiated by stellar radiation (e.g., Chiang
and Goldreich 1997). Considering this cold midplane, the typical maximum colli-
sional velocity is around 30 ms~!. This indicates that the fragmentation problem
is significant for silicate dust grains because the fragmentation threshold velocity
is ~1-8ms~! if we assume the monomer radius to be between 0.1 and 1 pum.
However, the fragmentation problem can be avoided if we assume icy particles to
have a small monomer size, because the fragmentation threshold velocity ranges
from ~10 to 80 m s~ ! if we assume the monomer size to be between 0.1 and 1 um.
Therefore, as long as we assume 0.1-pm-sized icy particles, the fragmentation is
not a problem for planetesimal formation.

Here, we should note how this could be consistent with the observations of
protoplanetary disks, which suggest that they might be full of small grains (e.g,
Dullemond and Dominik 2005). If we assume that the fragmentation is completely
inefficient, this is not consistent with the observations. One way of solving this
problem is to introduce partial fragmentations. The fragmentation threshold velocity
in the series of numerical simulations (e.g., Wada et al. 2013) is defined by whether
the target aggregates gain mass from the projectile, called net growth. Therefore,
even if the collision velocity is lower than the fragmentation velocity, the dust
aggregates still produce small fragments, and this may explain the observations.
Another possibility is to introduce high mass ratio fragmentation, which could
lead to many fragments being produced (Seizinger et al. 2013; Krijt et al. 2015).
However, we should also mention that Wada et al. (2013) argue that the growth
efficiency via fragmentation does not depend on the mass ratio of the colliding
aggregates.

5.3.3 Bouncing Barrier

Bouncing behavior has been reported in laboratory experiments: when two dust
aggregates collide, they do not stick, but rebound, which causes a problem with dust
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growth (Giittler et al. 2010; Zsom et al. 2010). On the other hand, bouncing behavior
has not been observed in numerical simulations. However, Wada et al. (2011) found
that extremely highly packed compact aggregates can bounce, even in numerical
simulations. The transition between sticking and bouncing is determined by an
average coordination number of dust aggregates; this is equivalent to how many
monomers are connected to a single monomer. The critical coordination number for
bouncing is 6 (Wada et al. 2011), which is realized only when dust aggregates are
compact. The corresponding filling factor is uncertain, but is around f = 0.3-0.6
(Wada et al. 2011; Seizinger and Kley 2013; Kothe et al. 2013). Therefore, as long as
the filling factor is less than ~0.3-0.6, bouncing does not occur. This is always valid
if the filling factor evolution is as described in the previous section. Thus, bouncing
is not a barrier to growth if we include porosity evolution in dust coagulation.

5.3.4 Short Summary and Discussion

We have discussed the notion that planetesimal formation via direct coagulation
is possible if we include porosity evolution. The conditions are such that the
monomer size is ~0.1 pum, the monomers are composed of ice to avoid the
fragmentation barrier, and the location of planetesimal formation should be within
10-20AU in protoplanetary disks to avoid the radial drift barrier. Of course,
this does not fully solve the planetesimal formation problems, but this certainly
gives us a theory that planetesimals form under certain conditions. Furthermore,
this asks us another question: what are we looking at through radio observa-
tions? If porosity evolution is correct, it is applicable even for the outer radius,
which means that the emission may be coming not from compact spheres, which
has usually been assumed, but from fluffy aggregates. This also gives us an
opportunity to test the fluffy growth scenario. We discuss this point in the next
section.

Also, we discuss the assumptions and limitations of the numerical and theoretical
modeling that we used in this work. First of all, the monomers are always assumed
to have a single size in the numerical simulations. In reality, however, the monomers
also have a size distribution and whether the behavior is characterized by a
representative size is uncertain. Furthermore, owing to the limitation of the number
of monomers that we can treat in numerical simulations, the parameter space of
mass and filling factor has not been completely studied. Moreover, the mass ratio
of the projectile and the target and off-center collisions has been studied, but is
still under discussion. Readers should also see the papers that we did not discuss
in this chapter (Paszun and Dominik 2009; Seizinger et al. 2013; Ringl et al.
2012), and should be cautious about the assumptions that we and other authors have
made.
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5.4 Opacity Evolution

Observations of protoplanetary disks have revealed the dust and gas structure. To
measure grain size in particular, the spectral index at millimeter wavelengths is key.
The opacity of dust grains at millimeter wavelengths becomes flatter with increasing
grain size (Miyake and Nakagawa 1993). The opacity index B has been shown
to be ~0-1 for protoplanetary disks (Beckwith and Sargent 1991) if the disk is
optically thin. This indicates a significant dust growth to millimeters in size from
the interstellar medium where the grain size is in microns (Pollack et al. 1994).
These results are supported by later interferometric observations with high spatial
resolution (e.g., Andrews and Williams 2007; Isella et al. 2009; Ricci et al. 2010a,b;
Guilloteau et al. 2011). However, if the dust grains are not compact, are they really
millimetric? To answer the question, in this section, we describe the dependence of
the absorption opacity of dust aggregates on their filling factor.

To calculate the opacity of dust aggregates precisely, we need to use special
calculations such as discrete dipole approximation (DDA; Draine 1988) and the
T-matrix method (TMM; Mackowski and Mishchenko 1996). There are many
applications of calculations of dust grains in the context of dust grains in disks
(e.g., Mukai et al. 1992; Min et al. 2005, 2007). Here, we want to investigate
at least the millimeter-sized grains, which are composed of 10" of 0.1 um-sized
monomers. However, the calculations are limited by computer power and it is
impossible to calculate the opacity of dust aggregates composed of such a large
number of monomers. We therefore use a simpler method, which is the effective
medium theory (EMT).

The EMT method is a mixing rule to compute the effective refractive index of
the aggregates. The EMT approximation should be valid as long as the substructure
(i.e., monomer scale) is much smaller than the wavelengths. In addition, especially
for the absorption opacity, the EMT has good agreement with DDA and TMM
(Kozasa et al. 1992). Here, we consider the absorption opacity of dust aggregates
that are composed of micron-sized monomers at millimeter wavelengths. Therefore,
the EMT approximation should be valid.

Figure 5.3 represents the absorption opacity of dust aggregates where the
aggregate radius a and the filling factor f have values of (a,f) = (1 mm, 1.0),
(1cm, 1071, (10ecm, 1072), (1 m, 1073), (10 m, 10~*). The absorption opacities are
a good match for the five lines except for the compact grains at ~1 mm. This
indicates that as long as the product of af is constant, the absorption opacity is
degenerated even if the filling factor is changed. We have also derived a semi-
analytical formula and confirm the fact that the absorption opacity is characterized
by af except for the compact grains at the wavelengths of A = 2ma (see Kataoka
et al. 2014). We also note that Cuzzi et al. (2014) obtained similar conclusions on
the opacity of porous dust aggregates.

This tells us that we could possibly distinguish between compact spherical grains
and porous dust aggregates with the filling factor of <0.1. Figure 5.4 shows an
opacity index profile as a function of an.xf. The opacity index B is ~1.7 for
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Fig. 5.3 The absorption opacity of dust aggregates is af = 1 mm, where the aggregate radius is a
and the filling factor is f. There are five parameter sets, where (a,f) = (1 mm, 1.0), (1 cm, 1071),
(10cm, 1072), (1 m, 1073), (10 m, 10™*) presented in the same figure. This figure is published as
a part of Fig. 3 in Kataoka et al. (2014)
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Fig. 5.4 The dust opacity index B as a function of ap,x f, Where an,x is the maximum aggregate
radius when af is constant. The aggregate size distribution is assumed to be n o (af) 2. This
figure is published as a part of Fig. 11 in Kataoka et al. (2014)

both compact grains and porous dust aggregates. In the case of compact grains,
as dust size increases, the opacity index f is enhanced to be ~2.7 at the size of
amaxf ~ 0.7 mm, and then decreases with increasing size. In the case of porous dust
aggregates, however, the opacity index 8 monotonically decreases with increasing
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size. Therefore, if the opacity index of an intermediate size such as amax f ~ 0.7 mm
is constrained, we can distinguish between spherical compact bodies and porous
dust aggregates f < 0.1. This could be possible by measuring the radial dependence
of B in protoplanetary disks. The growth timescale is shorter at inner radii, and
longer for outer radii. Therefore, the radial profile of B roughly corresponds to the
as a function of different grain sizes. There have been some observational constraints
on the radial profile by using interferometric observations at radio wavelengths,
which shows that 8 is small inside the disk and large outside the disk (e.g., Isella
et al. 2010; Guilloteau et al. 2011; Pérez et al. 2012, 2015; Tazzari et al. 2016).
The results are still consistent with both compact and porous dust models. Future
observations with higher angular resolution and greater sensitivity would reveal
whether grains are compact or not.

5.5 Future Directions

Based on numerical and theoretical modeling, we argue that dust grains coagulate
to form extremely fluffy aggregates in protoplanetary disks. These fluffy aggregates
account for the observed radio emission, but the porosity and mass are highly
degenerated in emission and it is hard to distinguish between compact grains and
fluffy aggregates from continuum emission.

First, we must determine the size of the monomers. The fragmentation barrier is
avoided if the monomer size is as small as 0.1 pm. However, the barrier is still severe
if the monomer size is as large as 1 wm. Therefore, it is important to determine
the monomer size in protoplanetary disks. There have been some studies aimed at
constraining the micron-sized particles. For instance, infrared emission of dense
molecular cores is well explained by intensity scattered by micron-sized dust grains
(e.g., coreshine effect; Pagani et al. 2010). For another example, infrared-scattered
emission of protoplanetary disks is significantly fainter than expected, which is
explained well by the backward scattering of a few micron-sized particles (Mulders
et al. 2013). However, this analysis is based on the assumption that dust grains are
compact. If they are aggregates, the infrared scattering opacity could be enhanced
by the aggregated structure (Kohler et al. 2012) and the scattering properties are
determined by the monomer size (Min et al. 2016; Tazaki et al. 2016).

Second, the porosity of dust aggregates should be measured in observations of
protoplanetary disks. The radial profile of the opacity index B could distinguish
between spherical bodies and porous aggregates. However, once the filling factor
becomes less than ~0.1, it is impossible distinguish. To measure the porosity,
we have to know information on both the absorption and the scattering opacity:
the absorption opacity tells us the mass-to-area ratio (equivalent to af) of dust
aggregates (Kataoka et al. 2014), whereas the scattering opacity tells us the size of
the aggregates (Tazaki et al. 2016). Although there had been no way of constraining
the scattering opacity of large grains or aggregates, we recently proposed that
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millimeter-wave polarization of protoplanetary disks could be due to dust scattering
(Kataoka et al. 2015).

Finally, it is also important to compare the porous planetesimals as a result
of porosity evolution with comets in the solar system. Comets are believed to
be remnants of planetesimals. We have already compared the mass and filling
factor relation, which shows a filling factor of 10-50% (see A’Hearn 2011, and
references therein). Nowadays, thanks to the Rosetta mission, an enormous amount
of information on the comet 67P/Churyumov-Gerasimenko has been successfully
obtained, which could constrain the formation history of comets (e.g., Thomas et al.
2015).
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Chapter 6

Chondrules: Ubiquitous Chondritic Solids
Tracking the Evolution of the Solar
Protoplanetary Disk

Martin Bizzarro, James N. Connelly, and Alexander N. Krot

Abstract Chondrite meteorites are samples of primitive asteroidal bodies that
have escaped melting and differentiation. The only record of our Solar System’s
formative stages comes from the earliest solids preserved in chondrites, namely
millimetre- to centimetre-sized calcium-aluminium-rich inclusions (CAls) and
chondrules. These solids formed by transient heating events during the lifetime
of the solar protoplanetary disk. Collectively, CAls and chondrules provide time-
sequenced samples allowing us to probe the composition of the disk material that
accreted to form planetesimals and planets. Here, we showcase the current state-
of-the-art data with respect to the chronology and stable isotopic compositions of
individual chondrules from various chondrite groups and discuss how these data
can be used to provide novel insights into the thermal and chemical evolution of the
solar protoplanetary disk, including mass transport processes.

6.1 Introduction

Protoplanetary disks are flattened, rotating structures consisting of cool dust and gas
surrounding most young low-mass stars, and are a consequence of the requirement
to conserve angular momentum during the gravitational collapse of a prestellar
core. Astronomical observations suggest that these disks may only exist for a few
million years (Evans et al. 2009), a timescale that corresponds to the period where
observable mass accretion to the central star occurs (Williams and Cieza 2011).
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Some material, however, coalesces into centimetre-sized particles that accrete to
form larger asteroidal bodies, which represent the building blocks of planetary
systems. Thus, the study of these accreting protoplanetary disks provides direct
insights into the initial conditions for planet formation.

In the Solar System, a record of the earliest evolutionary stages of the protoplan-
etary disk is preserved in chondritic meteorites (chondrites), which are fragments
of asteroids that avoided melting and differentiation. Based on the bulk chemical
and isotopic compositions, mineralogy and petrography, 15 chondrite groups and
grouplets comprise three major chondrite classes, carbonaceous (CI, CM, CR, CV,
CK, CO, CB, CH), ordinary (H, L, LL), enstatite (EH, EL), as well as K and R, are
currently recognised. Most chondrites consist of chondrules, refractory inclusions
[Ca,Al-rich inclusions (CAls) and amoeboid olivine aggregates (AOAs)], and fine-
grained matrix (Fig. 6.1a—d). The only exception are CB carbonaceous chondrites,
which lack fine-grained matrix and contain anomalously high abundance of Fe,Ni-
metal (up to 70 vol%; Fig. 6.1e, ).

In primitive (unmetamorphosed and unaltered) chondrites, fine-grained matri-
ces are complex mixtures of micrometre-sized crystalline magnesian olivine and
low-Ca pyroxene, amorphous ferromagnesian silicates, Fe,Ni-metal, sulfides, and
organics (Greshake 1997; Abreu and Brearley 2010). Although primitive chondrite
matrices are typically considered as volatile-rich thermally unprocessed materials, a
significant fraction of this material was probably vaporised and recondensed during
high-temperature transient heating events associated with formation of chondrules
and refractory inclusions (Scott and Krot 2005).

CAIs represent the oldest Solar System dated solids and, thus, define its age
at 4567.3£0.16 Myr (Connelly et al. 2012). It is commonly accepted that CAls
formed in a hot (ambient temperature above ~1300K) disk region characterised
by approximately solar oxygen isotopic composition near the proto-Sun by evap-
oration, condensation and aggregation processes during a brief time interval that
corresponded to high stellar mass accretion rates (~ 107> Mg year™!) (Krot et al.
2009). Formation of CAlIs near the proto-Sun is also indicated by the presence in
these objects of the short-lived radioisotope '°Be (half-life of ~1.4 Myr) formed
by solar energetic particle irradiation (McKeegan et al. 2000). Some CAls were
subsequently melted, most in the same disk region. Following their formation, CAIs
were transported to large radial distances where they accreted into chondritic and
cometary parent bodies. Most chondrules formed by melting (typically incomplete)
of solid precursor material during transient heating events (peak temperature
of ~2000K) of unknown nature in different, relatively cold dust-rich regions
throughout the protoplanetary disk during its entire lifetime (Connelly et al. 2012).
Therefore, CAls and chondrules provide time-sequenced samples allowing us to
probe the composition of the disk material that accreted to form planetesimals and
planets.

Judging by their sheer abundance in chondrites, which in some cases reaches
80% by volume, chondrules must be the product of one of the most energetic pro-
cesses that operated in the early Solar System. The majority of chondrules formed
as melt droplets in high-density regions of the protoplanetary disk and accumulated
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Fig. 6.1 Combined X-ray elemental maps in Mg (red), Ca (green) and Al (blue) of the CR
(Renazzo type), CO (Ornans type), CV (Vigarano type), CB (Bencubbin type) and Acfer 094
(ungrouped) carbonaceous chondrites; (d) X-ray elemental map in Ni of HH 237. Typical
chondrites consist of chondrules (reddish), Ca,Al-rich inclusions (CAls, bluish and greenish),
and Fe,Ni-metal (Fe,Ni, black in “(a)—(e)”), all surrounded by fine-grained matrix (mx). There
are significant variations in chondrule sizes and chondrule/matrix ratio among the chondrite
groups. The majority of chondrules have porphyritic textures (see Fig. 6.2a—d). The CB metal-rich
carbonaceous chondrites have no matrix, contain very rare CAls and anomalously high abundance
of Fe,Ni-metal (up to 70 vol%); chondrules have exclusively non-porphyritic, cryptocrystalline
(CC) and skeletal olivine (SO) textures (see Fig. 6.2¢, f)
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Fig. 6.2 Backscattered electron images of (a—d) porphyritic and (e, f) non-porphyritic chon-
drules in CO, CR, and CH carbonaceous chondrites. The porphyritic chondrules consist of
ferromagnesian olivine and pyroxenes, glassy or crystalline mesostasis, Fe,Ni-metal and sulfides.
Porphyritic chondrules commonly contain relict grains (a, b), indicative of incomplete melting
of chondrule precursors. The relict grains include fragments of CAls, AOAs, and chondrules of
earlier generations. Some chondrules are surrounded by finer-grained igneous rims, indicative of
repeatable melting events experienced by these chondrules (¢, d). The non-porphyritic chondrules
contain neither relict grains nor igneous rims, suggesting that they experienced crystallisation from
complete melts. cpx = high-Ca pyroxene; Fe,Ni = Fe,Ni-metal; grs = grossite; mel = melilite; ol =
olivine; pl = plagioclase; px = low-Ca pyroxene; sf = Fe-sulfide; sp = spinel

in the disk mid-plane together with other chondritic components. Chondrules are
mainly composed of olivine ((Fe,Mg),SiO4) and pyroxene ((Fe,Mg)SiO3) minerals,
which crystallised within minutes to days between ~1800 and ~1300K (Scott
2007). Several heat sources have been proposed for the thermal processing of
chondrule precursors, including shock waves (Boss and Graham 1993; Connolly and
Love 1998; Hood 1998; Connolly et al. 2006), current sheets (Joung et al. 2004),
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x-winds (Shu et al. 1997), magnetised disk wind (Salmeron and Ireland 2012), and
colliding planetesimals (Asphaug et al. 2011; Sanders and Scott 2012). A long-
standing paradigm used to constrain chondrule-formation models is the so-called
chemical complementarity that apparently exists between chondrules and matrix in
individual chondrite groups (Hezel and Palme 2010; Palme et al. 2015; Ebel et al.
2016). In this model, it is proposed that chondrules and matrix are genetically related
and formed in highly localised regions of the protoplanetary disk. The chronology
of chondrule formation is typically based on the short-lived 2°Al to Mg decay
system [?°Al decays to Mg with a half-life of 0.705Myr (Norris et al. 1983)].
Assuming that 2°Al was uniformly distributed in the protoplanetary disk with the
canonical 26 Al/?” Al ratio of ~5x 107> commonly observed in CAls, the 26 Al-2Mg
systematics of chondrules suggest that these objects formed >1 Myr after CAls and
rapidly accreted into chondrite parent bodies together with matrix in discrete events
during the lifetime of the disk. In this view, chondrule formation is restricted to the
inner regions of the solar protoplanetary disk.

However, a number of recent studies investigating the absolute chronology of
chondrule formation as well as the isotopic systematics of individual chondrules
from various chondritic meteorites require a reassessment of current thinking with
respect to the formation history of chondrules as well as the parent asteroids
of chondrite meteorites. For example, the absolute isotopic dates of individual
chondrules suggest that the formation of these objects started contemporaneously
with the condensation and melting of CAls and lasted ~3.5Myr (Connelly et al.
2012), which indicate the existence of multiple generations of chondrules within
individual chondrites. Moreover, variability in the titanium and chromium stable
isotope compositions of chondrules from individual chondrites suggests that these
objects or their precursor was formed in distinct regions of the protoplanetary
disk and subsequently transported to the accretion regions of their respective
parent bodies (Trinquier et al. 2009; Van Kooten et al. 2016; Olsen et al. 2016).
These data are at odds with the traditional view of a short formation history for
chondrule population from individual chondrites, the basic concept of chondrule-
matrix complementarity as well as the timescales and style of chondrite parent
body accretion. In this contribution, we review the current state-of-the-art data with
respect to the chronology and stable isotopic compositions of individual chondrules
from various chondrite groups and discuss how these data can be used to provide
novel insights into the thermal and chemical evolution of the solar protoplanetary
disk, including mass transport processes.

6.2 Basic Petrological and Chemical Features of Chondrules

In typical (i.e. not metal-rich) chondrites, most chondrules have porphyritic
textures (Figs.6.1a—d and 6.2a—d) and consist of olivine and/or low-Ca pyroxene
phenocrysts surrounded by glassy or microcrystalline mesostasis. Chondrules
show large variations in mineral and bulk chemical compositions, allowing us
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to distinguish magnesian (Fa = atomic ratio Fe/(Fe+Mg)x100 or Fs = atomic
ratio Fe/(Fe+Mg+Ca)x100 < 10 mol%; type 1), ferroan (Fa or Fs > 10 mol%;
type II), and aluminum-rich (bulk Al,O; > 10 wt%) chondrules. Chondrules
with non-porphyritic textures (cryptocrystalline and barred/skeletal olivine) are
dominant in CB chondrites, abundant in CH chondrites (Figs. 6.1e, f and 6.2e, f),
but relatively rare in other chondrite groups. Chondrules are on average depleted
in siderophile (iron-loving), chalcophile (sulfide-loving) and moderately volatile
(having condensation temperature < 1000 K) lithophile (silicate-loving) elements
compared to whole rock; refractory lithophile elements (Ca, Al, Ti, and rare earth
elements (REEs)] are approximately solar (Grossman et al. 1988).

On a typical three-isotope oxygen diagram, 8'70 vs. §'80 [§'0 = (‘O/"Ogample
/0/"%0spow — 1) %1000, i = 17 or 18], chondrules generally plot along a
slope ~1.0 mass-independent fractionation line within +5%¢ of the terrestrial
fractionation line (see Fig. 6.3). In unmetamorphosed chondrites, olivine and low-
Ca pyroxene phenocrysts and mesostasis in an individual chondrule have similar
oxygen-isotope compositions (Tenner et al. 2015). Porphyritic chondrules are
thought to have formed by incomplete melting of solid precursors resulting in
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Fig. 6.3 Oxygen-isotope compositions of CAls and amoeboid olivine aggregates (AOA) and
chondrules from CR carbonaceous chondrites. The refractory inclusions and chondrules are
isotopically uniform, but have different oxygen-isotope compositions, suggesting formation in
isotopically distinct reservoirs. Refractory inclusions are !°O-enriched relative to chondrules but
160-depleted relative to the Sun (McKeegan et al. 2011). The terrestrial fractionation line (TFL)
and Carbonaceous Chondrite Anhydrous Mineral (CCAM) line are shown for reference. Data from
Tenner et al. (2015), Schrader et al. (2014), Krot et al. (2006), and Makide et al. (2009)
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preservation of several nuclei in a chondrule melt. In contrast, non-porphyritic
chondrules crystallised from melts formed by nearly complete melting of solid
precursors and/or by gas-melt condensation.

Porphyritic chondrules commonly contain relict grains that did not crystallise
from a host chondrule melt, and, therefore, provide constraints on the nature of
chondrule precursor materials and chondrule-forming mechanism(s). Relict grains
in chondrules can be distinguished based on their textures, mineralogy, chemical
and oxygen isotopic compositions. Based on these characteristics, coarse-grained
relict grains (>10-100wm) identified in porphyritic chondrules include CAls,
AOAs, fragments of chondrules of earlier generations (Fig. 6.2a, b), and, possibly
fragments of thermally processed planetesimals (see Fig. 1 of Libourel and Krot
2007). Most relict ferromagnesian olivine and pyroxene grains have oxygen-
isotope compositions that differ from those of the host chondrule phenocrysts and
mesostasis. However, the oxygen-isotope compositions of most relict olivine and
pyroxene grains are generally similar to those of typical chondrules suggesting their
close genetic relationship; these relict grains are most likely fragments of chondrules
of earlier generations (Tenner et al. 2015; Schrader et al. 2014; Jones et al. 2004;
Krot et al. 2005b; Russell et al. 2005; Kita et al. 2010; Rudraswami et al. 2011).

Because of high dissolutions rates of olivine in chondrule melts (Soulié et al.
2012), several micron-sized relict grains could have survived only in chondrules
that experienced a very small degree of melting. Chondrules in CV, CR and ordinary
chondrites are typically surrounded by finer-grained ferromagnesian silicate igneous
rims (Krot and Wasson 1995; Krot et al. 2004). Oxidation states of igneous rims (Fa
or Fs contents in their olivines and pyroxenes) are generally similar to those of the
host chondrules, suggesting formation under similar redox conditions. These rims
appear to have formed by melting of relatively fine-grained solids (<10 pwm) that
accreted on the surface of previously solidified chondrules (Krot and Wasson 1995),
indicative or repeatable transient heating events experienced by chondrules. Like
host chondrules, igneous chondrule rims typically contain relict grains (Nagashima
et al. 2015).

6.3 Chronology of Chondrule Formation

6.3.1 U-Corrected Pb-Pb Dating

Of the various radiometric clocks, U-corrected Pb-Pb dating is the only method that
provides a high-resolution assumption-free chronology of the first 10 Myr of the
Solar System. It is based on two isotopes of U that decay in a chain to stable Pb
isotopes, namely 2**U to 2’Pb with a half-life of ~0.7 Gyr and 233U to 2*°Pb with a
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half-life of ~4 Gyr. This results in 2°’Pbg/?*°Pbg (where R = radiogenic) ratios that
correspond to the amount of time passed since the system closed, by Eq. (6.1)

207 235 At _
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where A and A, are the decay constants for 2*U and 23®U, respectively; and t rep-
resents time. The 27 Pbr/?*°Pby, ratio of an inclusion is calculated by extrapolating
from an array of measured Pb isotopic values in 2“Pb/2°°Pb—2"7Pb/?*Pb space that
represent varying mixtures of radiogenic Pb and its initial Pb isotopic composition,
which should approximate that of the Solar System’s initial Pb isotope composition
(Fig.6.4). Thus, ages are defined through the internal isochron approach. It is
apparent from Eq. (6.1) that knowledge of the 233U/?3>U of an object is required
to accurately define its Pb-Pb age. Although traditionally assumed to be 137.88 in
all Solar System materials, the 23¥U/?3U values of CAls have been demonstrated to
vary by approximately 0.35%, which corresponds to offsets in calculated Pb-Pb ages

of up to ~5 Myr (Brennecka et al. 2010). The observation of U isotope variability,
attributed to the decay of the short-lived #’Cm nuclide (**’Cm decays to 2°U
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Fig. 6.4 Inverse Pb-Pb diagram. The radiogenic 2°"Pb/2Pb ratio [(>*’Pb/2°°Pb)g] can be calcu-
lated by projecting a line through data points with variable mixtures of radiogenic Pb and initial Pb
to the y intercept, where the initial Pb is theoretically zero.This variability is created by strategically
analysing related fragments, minerals, or acid leachates with variable U/Pb ratios. (Subscript R
refers to radiogenic; A and A, represent the decay constants of 2>>U and 238U, respectively; and ¢
represents time)
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with a half-life of ~15.6 Myr), voided all published Pb-Pb ages for Solar System
materials that were based on an assumed 2*U/?*>U ratio and made clear the need
to have measurements of the U isotopic compositions for all materials dated by the
Pb-Pb method. However, more recent work suggests that the 2*¥U/?*°U variability
may be limited to the CAI reservoir, where Cm/U fractionation or, alternatively,
mass-dependent 2*3U/?3>U variations can occur via evaporation and/or condensation
processes (Connelly et al. 2012; Tissot et al. 2016). This view is supported by the
homogeneous 2*3U/?3>U of chondrules and bulk planetary materials, which is used
to define the solar 233U/?3>U value of 137.786 (Connelly et al. 2012; Brennecka et al.
2015).

The majority of chondrules are believed to have formed by melting of disk dust
and rapidly (10-1000 K h™") cooled (Scott 2007). The so-called nebular chondrules
are taken here as representing chondrules formed within the protoplanetary disk
before dust and gas dissipation. A second group of chondrules apparently formed
later by planetary collisions, namely chondrules from the metal-rich CB chondrites.
Initial attempts to date nebular chondrules pooled a number of objects that resulted
in ages that were 4563.66+0.63 (Amelin et al. 2002) and 4564.32+0.81 Myr
(Connelly and Bizzarro 2009) (both ages adjusted for a U isotopic composition of
137.786). These ages can only reflect the average age of the chondrules pooled
for these studies. Large chondrules from the Gujba CB chondrite, believed to have
formed by a collision between two planetesimals, have been dated as individual
inclusions with an average age of 4562.494+0.21 Myr (Bollard et al. 2015).

The only published report on the U-corrected Pb-Pb ages of individual nebular
chondrules indicates a protracted formation history, with an age range for five
chondrules from 4567.324+0.42Myr to 4564.71+0.30Myr (Connelly et al. 2012)
(Fig. 6.5). The isochrons for all five chondrules project back to an initial Pb isotopic
composition that is close to the presumed primordial isotopic composition of the
Solar System, but with some variability interpreted to reflect a complex formation
history involving more than one melting event for some chondrule precursors. In
all cases, the isochrons projected well above the field for modern terrestrial Pb
indicating that this was not the source of non-radiogenic Pb in the fractions used
to define the isochrons. This study concluded that the ages derived for the five well-
defined isochrons with sensible extrapolations to initial Pb compositions represent
the age of the last crystallisation of these chondrules. They ranged in ages from the
oldest chondrule that overlaps the brief formation age of CAls to ~2.6 Myr after.
Thus, the first chondrules formed contemporaneously with CAls and the energy
source responsible for the formation of chondrules lasted for at least ~2.6 Myr
following condensation of CAls. A subsequent study of 17 individual chondrules
from CR and ordinary chondrites has confirmed the oldest ages of chondrules and
extends the age range of nebular chondrules formation to ~3.6 Myr after CAls
(Bollard et al. 2017). The timescales for the melting of disk solids inferred from the
Pb-Pb dates is comparable to the ~3 Myr median lifetime of disks around low-mass
stars indicated by astronomical observations of young stellar objects within star-
forming regions (Evans et al. 2009). Thus, the formation of chondrules may reflect
a generic process intrinsically linked to the secular evolution of accretionary disks
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Fig. 6.5 U-corrected Pb-Pb ages of individual chondrules and CAls from various carbonaceous
and ordinary chondrites. Figure modified from Connelly et al. (2012)

not unique to our Solar System. If chondrules are indeed an important ingredient
promoting the growth of asteroids and planetary embryos, the U-corrected Pb-Pb
dates indicate that they existed in the disk over the timescale required to assemble
Mars-sized objects.

6.3.2 The ?6Al-*Mg Decay System

With a half-life of ~705,000 years (Norris et al. 1983), the 2°Al-to->Mg decay
system is one of the most widely used relative chronometers to understand solid
formation in the early Solar System. Indeed, the short-half life of 2°Al coupled to
significant Al/Mg fractionation by condensation and evaporation processes as well
as melting and solidification allows for the determination of highly precise relative
ages. For example, it has been proposed that the epoch of primary condensation
of CAls from CV chondrites may have been as short as ~4500 years based on the
26 A1-2Mg system (Larsen et al. 2011; Jacobsen et al. 2008). These objects define the
canonical 2°Al/?” Al ratio of ~5x 107>, which is widely thought to reflect the initial
26 A1 abundance of the Solar System. Some CAls define lower initial 2°Al/27 Al
ratios (Fig. 6.6), which may reflect secondary disturbance of the 26 Al-*Mg system,
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Fig. 6.6 The inferred initial 2°Al/27 Al ratios [(2°Al/%7Al)y] in igneous CAls and chondrules in
the least metamorphosed ordinary and carbonaceous chondrites. CAIs record (2°Al/27Al), of
4-5%107°. In contrast, the (*°Al/>’Al), of chondrules are systematically lower than in CAls,
<1.5x107>. The lower initial is interpreted as reflecting a reduced initial abundance of 2°Al in
the precursor material of chondrules relative to the CAl-forming region. AC094, Acfer 094. Data
from Makide et al. (2009), Villeneuve et al. (2009), Larsen et al. (2011), Hutcheon and Hutchison
(1989), Kita et al. (2000, 2013), Kita and Ushikubo (2012), Kunihiro et al. (2004), Kurahashi
et al. (2008), MacPherson et al. (2012), Olsen et al. (2013), Ushikubo et al. (2013), and Krot and
Nagashima (2017)

or alternatively, remelting events within ~300,000 years of CAI condensation
(MacPherson et al. 2012). In contrast, chondrules recorded systematically lower
initial 2°A1/2” Al ratios. Assuming that the canonical 2 A1/>’ Al ratio represents initial
abundance of 2°Al for the Solar System as a whole, it is possible to derive a relative
chronology of chondrule formation with respect to the time of condensation of CV
CAIs. Using this approach, a number of studies have suggested a time delay of ~1—
2 Myr between the formation of CAls and chondrules, a period commonly referred
to as the CAlI-chondrule age gap (Krot et al. 2009). Such an age gap, however, is not
apparent in the U-corrected Pb-Pb ages of individual chondrules.

Luu et al. (2015) recently suggested that the bulk Al-Mg systematics of a number
of chondrules from the non-pristine and aqueously altered Allende carbonaceous
chondrites can be used to date the timing of condensation of chondrule precursors.
This is based on the observations that a number of chondrules form an array in
the Al-Mg diagram that corresponds to an initial 2Al/?’Al value of 1.2x107>,
which the authors interpret as reflecting the timing of cessation of condensation of
chondrule precursors ~1.5 Myr after formation of the Solar System first solids. This
conclusion, however, is based on the assumption of 26 A1 homo geneity, which has not
been demonstrated by any study and is not constrained by their data. Moreover, the
linear relationship is essentially defined by Al-rich chondrules, which are known
to contain a recycled CAI component in the Allende meteorite (Krot et al. 2009).
Thus, it is unlikely that the array defines a meaningful isochron. We suggest that
the acceptable MSWD (mean square weighted deviations) defined by the linear
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array is a results of the low precision of the Mg-isotope data relative to the state-
of-the-art (Bizzarro et al. 2011), which is a factor of 10 better. As such, higher
precision data is required to better understand the significance of this array. Finally,
we note that the initial 2Al/?’ Al value of 1.2x107> defined by the bulk Allende
chondrules is comparable to the initial 2°Al/2” Al value of 1.33x107> proposed by
Schiller et al. (2015a) as the initial 2 Al abundance for the inner protoplanetary disk.
In this interpretation, the bulk Allende chondrule isochron may represent the timing
of formation of chondrule precursors contemporaneously with CAI formation.

A number of recent studies have cast serious doubts on the assumption of 2°Al
homogeneity, suggesting instead that initial heterogeneity in the 2°Al/>’ Al ratio—
perhaps up to 80% of the canonical value—may have existed throughout the inner
Solar System (Larsen et al. 2011; Schiller et al. 2015a). In particular, Schiller
et al. (2015a) recently provided a detailed comparison of the U-corrected Pb-Pb
and internal 2°A1-2°Mg isochron ages for three rapidly cooled angrite meteorites.
Their results demonstrate that the 2 A1->*Mg ages obtained for angrites are system-
atically younger by ~1.5Myr relative to their absolute ages, establishing that the
angrite parent body accreted from precursor material typified by a reduced initial
abundance of 6Al relative to the canonical ratio. The three angrites concordantly
define an initial 20A1/> Al of 1.331)-21x 107 for the precursor of their parent body,
which is identical to the estimate of 1.6140.32x107 inferred from the p2°Mg*
compositions of young angrites (Larsen et al. 2011). Preliminary reports on the
comparison of the U-corrected Pb-Pb and internal 2Al-*Mg isochron ages of
individual chondrules from various chondrites also yield systematically younger
26 A1-2Mg ages relative to the Pb-Pb dates (Bizzarro et al. 2014). Collectively, these
data support the view that the bulk of the material that accreted to form asteroidal
bodies and planetary embryos was characterised by a reduced initial 2 A1/>’ Al ratios
relative to the canonical value. The reduced inner Solar System initial abundance of
26 Al relative to that of CAls has been interpreted as reflecting the thermal processing
and unmixing of presolar components with contrasting thermal properties (Trinquier
et al. 2009; Paton et al. 2013; Schiller et al. 2015b). In addition, it has been proposed
that bodies accreted beyond the orbits of the gas giants contain significant amount of
26 Al-free, thermally unprocessed molecular cloud matter (Van Kooten et al. 2016).
Given the mounting evidence for initial 2°Al heterogeneity, it appears unlikely that
the 2°A1-2°Mg system can provide an accurate chronology of the early Solar System.
In this respect, the apparent ~1-2 Myr age gap inferred from the 2°A1-2°Mg system
may simply reflect a reduced initial > Al abundance in chondrule precursors, which
would bring the chondrule 2 AlI-2Mg age distribution in line with the U-corrected
Pb-Pb dates (Bollard et al. 2017).

6.3.3 The '’ Hf-'">W Decay System

The '"$2Hf short-lived radionuclide decays to '82W with a half-life of ~9 Myr. Due
to the contrasting geochemical behaviour of Hf (lithophile) and W (siderophile),
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these two elements are fractionated by silicate-metal segregation processes that
occurred during the accretion, differentiation and early evolution of asteroidal
bodies, planetary embryos and planets (Kleine et al. 2009). In contrast to 2°Al,
which requires late-stage addition of stellar debris to the Sun’s parental molecular
cloud, the initial Solar System inventory of '32Hf is believed to reflect long-term,
steady-state galactic stellar nucleosynthesis before the formation of the protosolar
molecular cloud (Wasserburg et al. 2006; Holst et al. 2013). If correct, this supports
the view that the '®2Hf nuclide was homogeneously distributed in the protoplanetary
disk at the time of formation of canonical CAls. However, given the low abundance
of W in chondritic components such as chondrules, it is not possible to date
individual objects thereby necessitating the pooling of a significant amount of
chondrules to obtain sufficient mounts of W. Using this approach, Budde et al.
(2016) recently attempted to provide a chronology of the Allende CV chondrite
chondrule formation based on the '8?Hf-132W system. In particular, these authors
inferred that the ~3 Myr duration of chondrule formation documented by Connelly
et al. (2012) is inconsistent with presumed chemical and isotopic complementary
between chondrules and matrix that supports models of local and brief chondrule
formation (Hezel and Palme 2010; Palme et al. 2015; Ebel et al. 2016). They
hypothesised that the Pb-Pb ages reflect late stage parent body alteration without
providing any specific mechanism to explain isochrons as old as CAls. Instead,
they used the short-lived '82Hf-'82W decay system applied to 100s or 1000s of
chondrules as well as matrix and bulk samples in an attempt to obtain the true age
range of chondrules. A similar approach was used by Becker et al. (2015). However,
using matrix, bulk samples and bulk chondrules to define '3?Hf-'82W isochrons
requires independent evidence for a single, closed-system Hf-W fractionation event
affecting the matrix and chondrules to fulfil the basic requirement of a meaningful
isochron.

Budde et al. (2016) used arguments for complementarity between chondrules
and matrix, including their own '3*W data, to infer a brief formation interval for
chondrules and their immediate accretion to form chondrites with cogenetic matrix.
Invoking this model to infer coeval fractionation of Hf and W between chondrules
and matrix, these authors used these entities and mixtures of them to define a Hf-W
array that corresponds to an age of 2.2+£0.8 Myr after the formation of CAls that
they accept as the time window of chondrule formation. This overlaps the result of
Becker et al. (2015) who defined a chrondrule formation window of —0.94+2.8 Myr
relative to the formation age of CAls. However, a recent Mg and Cr isotope study of
individual CV chondrules does not support the required complementarity between
matrix and chondrules (Olsen et al. 2016). Furthermore, linearity of large multi-
chondrule fractions in Hf-W space is predicted if the age distributions of the various
populations are similar, even if they are not coeval. In this case, their age would
approximate the average age of chondrules if the Hf/W ratio of the matrix is close
to the composition of the bulk Solar System. Finally, we note that two earlier
studies (Amelin and Krot 2007; Connelly et al. 2008) have investigated the Pb-Pb
isotopic dates of Allende chondrule populations to derive average ages for chondrule
formation of 1.67+£0.9Myr and 2.85£0.45Myr after CAI formation [calculated
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using 238U/23U of 137.786 (Connelly et al. 2012)]. These ages are consistent with
that reported by Budde et al. (2016). This may indicate that both systems remained
closed in each chondrule after their respective final nebular heating event and,
therefore, both are capable of returning primary age information about chondrules
formation, even in an aqueously altered and metamorphosed meteorite like Allende.
However, only the Pb-Pb system is capable of dating individual chondrules to
determine the true age range of nebular chondrule formation.

6.4 Mechanism and Style of Asteroidal Accretion

The short time interval inferred for the formation of chondrules within individual
chondrite groups based on the 2°A1-2Mg system can be used to argue for a rapid
accretion of chondrite parent bodies. In this model, chondrules formed in high-
density regions that were possibly self-gravitating, which resulted in the rapid
collapse and accretion of these objects into chondritic parent bodies (Alexander
et al. 2008). This implies that chondrule formation and asteroidal accretion are
intrinsically linked processes. However, the protracted timescale for the formation
of chondrules inferred from the assumption-free U-corrected Pb-Pb dating method
(Connelly et al. 2012; Bollard et al. 2017) is inconsistent with this model. Indeed, the
~3 Myr formation interval for chondrules from various chondrite groups indicates
prolonged accretion timescales for chondritic parent bodies.

Recent numerical simulations suggest that the formation of asteroidal bodies and
planetary embryos may be a two-step process, where first generation planetesimal
seeds of ~50km diameter form rapidly via streaming instabilities (Johansen et al.
2007) followed by the protracted gas-drag-assisted accretion of chondrules during
the lifetime of the protoplanetary disk (Johansen et al. 2015). The gas-drag assisted
accretion of chondrules onto planetesimals is a process analogous to pebble
accretion, which is the accretion of centimetre- to metre-sized particles loosely
bound to the gas onto planetesimals seeds (Bitsch et al. 2015). In these simulations,
the largest planetesimals of a population with a characteristic radius of ~100km
undergo run-away accretion of chondrules forming Mars-sized planetary embryos
within a timescale of ~3-5Myr. This timescale is in agreement with the timing
of formation and differentiation of Mars inferred from '32Hf-'32W chronology
(Dauphas and Pourmand 2011).

A model of continuous asteroidal accretion during the lifetime of the proto-
planetary disk has important implications for the thermal evolution of asteroidal
bodies given that the accretion process is completed beyond the time when 2°Al can
provide enough energy to induce heating and differentiation (Larsen et al. 2016).
Thus, protracted asteroidal accretion predicts the existence of partially differentiated
asteroidal bodies, namely onion-shell structured bodies with differentiated interiors
consisting of silicate mantles and metallic cores surrounded by unmelted chondritic
crusts (Weiss and Elkins-Tanton 2013). Although controversial, this proposal is
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apparently supported by the discovery of remnant magnetism in chondritic mete-
orites suggesting the existence of dynamo field (Carporzen et al. 2011), which can
only occur through the establishment of a convecting metallic core.

6.5 Accretion Regions of Chondrite Parent Bodies

Large-scale nucleosynthetic isotopic heterogeneity exists among inner Solar System
solids, planets, and asteroids, most noticeably for neutron-rich isotopes of the
iron-group elements such as *Ca, *°Ti, *Cr and ®’Ni (Birck 2004). In particular,
significant **Cr variability has been documented between carbonaceous chondrite
groups and meteorites originating from asteroidal bodies believed to have formed in
the accretion regions of terrestrial planets such as ordinary and enstatite chondrites
and the majority of differentiated meteorites (Fig.6.7). Bulk carbonaceous chon-
drites are characterised by excesses in W >*Cr ranging from +57+11 to +15646 ppm
relative to the terrestrial composition (Trinquier et al. 2007). In contrast, enstatite
and ordinary chondrites as well as Mars, the Moon and most differentiated
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Fig. 6.7 p>*Cr composition of bulk planetary reservoirs. The p>*Cr notation reflects per 10°
deviations of the **Cr/*?Cr ratio of a sample relative to the terrestrial composition. Carbonaceous
chondrites formed from material that is distinct from the bulk of the material thought to have
accreted in the terrestrial planet region. Thus, the °*C values can be used to track genetic
relationships between early solids and bulk Solar System reservoirs. EC, enstatite chondrites. OC,
ordinary chondrites. Uncertainties for ureilite data are smaller than symbols. Data from Trinquier
et al. (2007) and Yamakawa et al. (2010)
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meteorites record > *Cr values that span from the terrestrial composition to deficits
of ~100 ppm. Thus, carbonaceous chondrites have apparently sampled, on average,
material formed in a distinct reservoir in the terms of their p>*Cr composition
compared to the enstatite and ordinary chondrite population. The dichotomy in *Cr
composition observed between carbonaceous and non-carbonaceous material is also
mirrored by a number of other nuclides, including $Ca, *8Ca, *°Ti, OTi, ©Ni and
88Sr (Paton et al. 2013; Schiller et al. 2015b; Regelous et al. 2008; Trinquier et al.
2009). This variability, which is interpreted as reflecting the selective unmixing of
nucleosynthetic components during the earliest stages of Solar System formation
(Trinquier et al. 2009; Paton et al. 2013; Schiller et al. 2015b; Van Kooten et al.
2016), provides a means of probing genetic relationships between early formed
solids, asteroids and planetary bodies.

It has been suggested that the observed dichotomy in the abundance of the *Cr
tracer between carbonaceous and non-carbonaceous chondrites essentially reflects
distinct accretion regions of their parent bodies, namely that the carbonaceous
material formed beyond the snow line whereas the non-carbonaceous material
originated Sunward of the snow line (Larsen et al. 2016; Warren 2011). Accretion
of the carbonaceous chondrites beyond the snow line is in accord with the much
higher water content of these meteorites (Robert and Epstein 1982; Kerridge 1985)
compared to that of enstatite and ordinary chondrites (McNaughton et al. 1981;
Robert et al. 1987; Hutson and Ruzicka 2000). Moreover, recent dynamical models
for the early evolution of the Solar System suggest that the parent asteroids of
carbonaceous chondrites formed between and beyond the accretion regions of the
giant planets and were implanted in the asteroid belt following the final outward
migration of Jupiter (Walsh et al. 2011).

In the inner Solar System, bulk planetary materials with solar or near-solar
27 A1/**Mg ratios record positively correlated variability in ?°Mg* and p>*Cr. This
correlation is interpreted as reflecting progressive thermal processing of in-falling
26 Al-rich molecular cloud material, which resulted in preferential loss by sublima-
tion of thermally unstable and isotopically anomalous presolar carriers, producing
residual isotopic heterogeneity (Trinquier et al. 2009; Paton et al. 2013; Schiller
et al. 2015b; Van Kooten et al. 2016). In this model, the correlated p>Mg*-p>*Cr
array represents the unmixing of distinct dust populations with contrasting thermal
properties, namely unmixing of old, galactically inherited homogeneous dust from
a young supernovae-derived dust component formed shortly prior to or during
the evolution of the giant molecular cloud parental to the protosolar molecular
cloud core. We illustrate this concept in Fig. 6.8, which depicts the p*Mg*-p>*Cr
systematics of three reservoirs, namely a bulk Solar System reservoir, the CAI-
forming gas and a residual disk solid reservoir. Thermal processing of dust of solar
composition occurs at Ty, which results in the establishment of two complementary
reservoirs, namely the CAI forming gas enriched in 2° Al and **Cr and a residual disk
solid reservoir depleted in 2°Al and >*Cr relative to the bulk solar composition. The
timing of the main thermal processing event (T) is thought to have occurred shortly
prior to CAI condensation. Following their establishment, the w?*Mg* isotopic
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Fig. 6.8 |12°Mg*—1>*Cr variation diagram. Diagram depicting the effect of early thermal process-
ing of presolar components on the 1>Mg* and >*Cr isotope composition of early Solar System
reservoirs with solar 2’ Al/2*Mg ratios. A thermal processing event occurs at T, which leads to
enrichments in 2°Al and >*Cr in a hypothetical gas and depletion in 2°Al and >*Cr in the residual
disk solids. The pu2°Mg* compositions of the reservoirs then evolve according to their initial 26 Al
inventory to their present-day compositions at time T,, generating a positively correlated array

composition of the respective reservoirs evolve according to their initial 26 A1/%7 Al
to their present-day, measured compositions (T,). Thermal processing at early times
thus results in a positively correlated array in the measured w>*Mg* and w>*Cr
compositions of bulk planetary materials with solar or near-solar 2’ Al/**Mg ratios.
Van Kooten et al. (2016) recently proposed that the metal-rich carbonaceous
chondrites (CB, CH and CR) accreted from material predominately located beyond
the orbits of the gas giant planets. This proposal is based on the coupled w>*Cr and
2Mg* compositions of metal-rich carbonaceous chondrites and their components,
which is distinct from bulk inner Solar System objects. In detail, metal-rich
carbonaceous chondrites and their components do not plot on the Solar Sys-
tem’s > *Cr—2Mg* correlation line but instead have a unique isotopic signature
extending from an inner Solar System composition toward a 2Mg*-depleted
and **Cr-enriched component (Fig. 6.9). This composition is consistent with that
expected for thermally unprocessed primordial molecular cloud material before its
pollution by stellar-derived 2° Al. Moreover, Van Kooten et al. (2016) suggest that the
w>*Cr and n2®Mg* compositions of these objects require significant amounts (25—
50%) of primordial molecular cloud matter in their precursor material. Given that
such high fractions of primordial molecular cloud material are expected to survive
only in the outer Solar System, the authors infer that, similarly to cometary bodies,
metal-rich carbonaceous chondrites are samples of planetesimals that accreted
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beyond the orbits of the gas giants. Collectively, the coupled p>*Cr—pu>*Mg*
systematics of various chondrite groups suggest that their parent bodies accreted
in three distinct regions. The parent bodies of ordinary and enstatite chondrites
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are inferred to have formed Sunward of the snow line whereas the CV, CI and
CM carbonaceous chondrites formed in a water-rich region located beyond the
snow line, perhaps within the orbits of the gas giant planets. In contrast, metal-rich
chondrites apparently formed from a distinct 26 Al-poor reservoir possibly located
beyond the orbit of Saturn where cometary objects accreted. This proposal can
be tested by investigating the p>*Cr—p2Mg* systematics of objects presumed to
be of cometary origin such as interplanetary dust particles or ultra-carbonaceous
micrometeorites (Busemann et al. 2009; Nesvorny et al. 2010; Duprat et al. 2010).

6.6 Multiplicity of Chondrule-Forming Mechanisms

Based on petrographic and mineralogical observations as well as chemical and
oxygen isotopic compositions, it is thought that porphyritic chondrules formed
by melting, typically incomplete, of isotopically diverse solid precursors in dust-
rich regions (dust/gas of ~100-1000 x solar) of the protoplanetary disk during
repeatable and localised transient heating events (Krot and Nagashima 2017;
Alexander et al. 2008; Cuzzi and Alexander 2006; Alexander and Ebel 2012).
Among the proposed mechanisms of chondrule formation are shock waves related
to disk gravitational instability, eccentric planetesimals, and X-ray flares (Desch
et al. 2005; Morris et al. 2012), magnetised turbulence in the disk (McNally et al.
2013), collisions between chondritic or differentiated planetesimals (Asphaug et al.
2011; Johnson et al. 2015), and splashing of differentiated planetesimals (Asphaug
et al. 2011). Although none of the proposed mechanisms can be completely ruled
out, the common presence of relict grains and Fe,Ni-metal in porphyritic chondrules
as well as the large age range of chondrules from individual chondrites, including
ages indistinguishable from CAIs (Connelly et al. 2012; Bollard et al. 2017), are
inconsistent with formation of the majority of porphyritic chondrules by splashing
of differentiated bodies.

It is well accepted that the magnesian non-porphyritic chondrules in CB chon-
drites are thought to have formed in a melt-gas plume generated by a hypervelocity
collision between planetesimals ~4.8 Myr after CV CAls (Bollard et al. 2015; Krot
et al. 2005a), with one at least one of the colliding bodies being of differentiated
nature (Fedkin et al. 2015; Oulton et al. 2016). In contrast to porphyritic chondrules,
the CB chondrules formed during a single-stage event and, therefore, represent
single generation objects, including the magnesian cryptocrystalline CB chondrules
thought to have formed by condensation as melt droplets from the impact plume
(Fedkin et al. 2015). The CH metal-rich carbonaceous chondrites, thought to be
genetically related to CB chondrites (Weisberg et al. 1995; Krot et al. 2002), contain
multiple generations of chondrules formed by different mechanisms. In detail, the
magnesian non-porphyritic chondrules formed in the CB impact plume whereas the
ferromagnesian and Al-rich porphyritic chondrules formed by incomplete melting
of isotopically diverse precursors from multiple heating events unrelated to the CB
impact (Krot et al. 2007; Krot et al. 2017). This clearly emphasises that chondrules
formed by distinct mechanisms may occur in individual chondrite groups. In this
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case, however, the two formation mechanisms result in easily identifiable distinct
petrologic features for chondrules. Accepting that shock waves are the dominant
heat source for producing chondrules in most chondrite groups, this raises the
possibility that the spectrum of petrologic features observed in chondrules is the
expression of the numerous potential sources of shock waves that were active during
the lifetime of the protoplanetary disk.

The proposal that the combined p2°Mg*—>*Cr systematics of Solar System
objects can be used to track their formation regions predicts that the chondrule-
forming process operated at various orbital distances, namely from the inner
protoplanetary disk to beyond the accretion regions of the giant planets. Although
the high surface densities and high energy environments typical of the inner
protoplanetary disk permit chondrule formation through shock-related transient
heating events (Connolly et al. 2006), thermal processing of solids in the outer
Solar System may require a different source of shocks. For example, the energy
required for the thermal processing of dust in the outer Solar System may result
from planetary embryos bow shocks or, alternatively, impacts. This emphasises that
the energy source required to melt dust resulting in the production of chondrules
may be variable in both space and time during the evolution of the protoplanetary
disk.

6.7 Tracking Mass Transport and Recycling

Similar to bulk asteroidal and planetary material, the stable isotopic compositions of
individual chondrules allow us to determine the formation regions of their precursor
material. Based on a limited dataset, Trinquier et al. (2009) identified correlated
40Ti and *°Ti nucleosynthetic variability in chondrules from the Allende CV3 chon-
drite, defining both excesses and deficits compared to the terrestrial composition.
Moreover, Connelly et al. (2012) documented **Cr variability in individual Allende
chondrules as well as chondrules from the NWA 5697 ordinary chondrite. At face
value, these results indicate that chondrules formed from isotopically heterogeneous
precursor material in different regions of the protoplanetary disk and were then
transported to accretion regions of their respective parent bodies.

Accepting that the carbonaceous chondrites did indeed accrete beyond the snow
line, a detailed investigation of the w>*Cr compositions of individual carbonaceous
chondrite chondrules can provide insights into the transport of material to the
accretion region(s) or carbonaceous chondrites. Using this approach, Olsen et al.
(2016) recently reported >*Cr data of 42 individual chondrules from CV and
CR chondrites. Their analysis establishes that considerable p>*Cr variability exists
amongst individual chondrules, most noticeably for CV chondrites (Fig. 6.10). In
detail, CV chondrules record a range p>*Cr compositions that is comparable to
that defined by our samples of chondrites, achondrites as well as meteorites from
Mars and the Moon. Although it is possible that the p>*Cr heterogeneity observed
in CV chondrules reflects the variable incorporation of a >*Cr presolar carrier, this
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interpretation is not consistent with the observed range of compositions. Indeed,
given that the scale at which individual chondrules sample disk material is at least
3 orders of magnitude smaller relative to the size of the samples typically used
to define the >*Cr composition of chondrites and achondrites, greater variability
is predicted to be recorded by individual chondrules. The comparable range of
4Cr compositions observed for chondrules and bulk samples of chondrites and
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achondrites points to a similar process imparting the >*Cr variation, namely thermal
processing of their precursor material. If correct, this establishes that the >*Cr values
of early Solar System materials can be used to provide a high fidelity record of the
formation region of their precursor material.

The range of w>*Cr compositions recorded by CV chondrite chondrules, with
both excesses and deficits relative to the terrestrial composition, requires that these
objects formed from precursors that originated at various orbital distances, namely
from the accretion regions of most differentiated asteroids and terrestrial planets to
the formation regions of carbonaceous chondrites. In accord with the abundance
of refractory inclusions formed close to the young Sun in CV chondrites (Krot
et al. 2009), the occurrence of chondrules with inner Solar System p>*Cr signatures
in these chondrites requires efficient lateral outward transport of material during
the earliest stages of the evolution of the solar protoplanetary disk. In contrast
to CV chondrules, CR chondrules define a much more restricted range of w>*Cr
values characterised by compositions found in bulk carbonaceous chondrites. This
observation suggests that CR chondrules formed from precursors predominantly
formed in the accretion region of their parent body, with little input of material with
inner Solar System >*Cr signatures. This is consistent with the low abundance of
CAls in CR chondrites thereby supporting the view of limited transport of inner
Solar System solids to their accretion region. Collectively, the i >*Cr systematics of
individual chondrules suggest that variable recycling of thermally processed inner
disk solids to the accretion of carbonaceous chondrites may be an important process
regulating the compositions of the various carbonaceous chondrite groups.

The coupled w>*Cr and n**Mg* data for individual chondrules from CV and CR
chondrites support the idea that the accretion region of metal-rich chondrites and
their components must have been isolated from that of CV chondrites (Van Kooten
et al. 2016; Olsen et al. 2016). Indeed, chondrules from CV chondrites show
broadly correlated > *Cr-pu?Mg* variability, similarly to bulk inner Solar System
reservoirs (Fig. 6.9). The lack of evidence for admixing of appreciable amounts of
thermally unprocessed primordial molecular cloud material in the precursors of CV
chondrules suggest that their accretion region(s) was spatially isolated from that
of metal-rich chondrites. In other words, inward transport of outer Solar System
millimetre-sized solids to the accretion region of CV chondrites appears to have
been limited for a significant period of the disk lifetime. A possible mechanism to
limit the inward migration of outer Solar System material is the formation of gas
giants opening gaps in the protoplanetary disk (Miiller and Kley 2013), providing
that the gas giants are able to accrete most of the solids attempting to cross the
gap. Recent numerical simulations show that rapid formation of gas and ice giants
can occur by accretion of centimetre-to-metre-sized particles by the mechanism of
pebble accretion (Lambrechts and Johansen 2012). In these models, pebbles are
concentrated by aerodynamic drag and gravitationally collapse to form objects of
up to 1000km in diameter; these planetary embryos can then efficiently accrete
leftover pebbles and directly form the cores of giant planets. Therefore, the growth
of giant cores by pebble accretion provides an efficient means of limiting the influx
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of material by generating partial disk gaps and pressure bumps outside of their orbits
(Lambrechts et al. 2014).

6.8 Outward Mass Transport Mechanisms

The w>*Cr data of individual chondrules from CV and CR chondrites suggest
variable amounts of transport and recycling of inner Solar System material to the
accretion regions of their respective parent bodies. Two classes of models have
been invoked to explain how high temperature refractory material was redistributed
throughout the disk to be incorporated into primitive bodies. One class of models are
disk models, which explore how the inward transport of mass and angular momen-
tum may result in outward transport in the early evolution of protoplanetary disks.
For example, it has been suggested that in viscously evolving disks, turbulence can
combine with the large-scale flows of the disk to carry refractory material outward
against the inward motions associated with gas drag and accretion thereby providing
ameans to preserve and diffuse material at larger orbital distances (Cuzzi et al. 2003;
Ciesla 2007, 2010). In these models, the transport of material is apparently most
efficient in highly turbulent disks, which may limit the efficiency of this mechanism
to the earliest stages. Recent studies suggest that the accretion of differentiated
planetesimals was initiated within a few 10° years of CAI formation (Schiller
et al. 2011; Kruijer et al. 2014; Schiller et al. 2015a; Larsen et al. 2016). Thus,
a consequence of outward diffusion via the disk midplane is the incorporation of
refractory material within early formed asteroidal and planetary embryos. However,
the coupled >*Cr and *°Ti systematics of Earth, Mars, most differentiated asteroids
as well as ordinary and enstatite chondrites (Trinquier et al. 2009) suggest a paucity
of CAI material in their precursors, implying that outward diffusive transport
through the midplane may not have been the dominant transport mechanism.

The second type of outward transport models is based on the magnetically driven
outflows characteristic of young stellar objects. Both observations and simulations
show that protostars exhibit powerful outflows of material accelerated to supersonic
speeds along the polar axis of the star or as winds from the disk (Bontemps
et al. 1996; Romanova et al. 2009; Sheikhnezami et al. 2012). These outflows
provide an efficient mechanism for releasing the angular momentum inherited from
the accretion process. Solids may be entrained and accelerated in jets and winds
resulting in the outward transport of material in ballistic trajectories above the disk
(Shu et al. 1996; Hu 2010). Although the role of stellar outflows in the formation
of chondritic components such as CAls and chondrules is uncertain (Desch et al.
2010), disk winds and jets are generic features of protostars and, thus, can provide
a potentially efficient mechanism for outward transport and recycling of material
during the entire lifetime of the protoplanetary disk (Hansen 2014).

The paucity of CAls as well as the lack of chondrules with an inner solar system
signature in the accretion region of the CR chondrite parent body, inferred to have
been beyond the orbits of the gas giants (Van Kooten et al. 2016), suggested little
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input of thermally processed inner Solar System solids to the outer solar system.
Thus, outward mass transport to large orbital distances such as the accretion region
of cometary objects may have been only possible during the early, deeply embedded
stage of the proto-Sun characterised by powerful high-velocity jets (Bontemps
et al. 1996). In contrast, approximately 50% of the chondrules in CV3 chondrites
have >*Cr compositions typical of inner Solar System solids indicating significant
admixing of inner Solar System material to the accretion region of the CV parent
body. The high abundance of CAI material in CV chondrites relative to CR supports
this observation. Thus, outward transport and recycling of inner Solar System
material to the outer part of the asteroid belt may have been more protracted and,
hence, driven by lower-velocity stellar and disk winds, which may have been active
for the entire duration of the accretion phase of the proto-Sun (Reipurth and Bally
2001).

6.9 The Chondrule-Matrix Complementarity

The bulk chemistry of chondrites is defined by the two major components, chon-
drules and matrix. A number of studies have investigated the apparent chemical
relationship between chondrules and matrix in individual chondrite groups (Hezel
and Palme 2010; Palme et al. 2015; Ebel et al. 2016). These studies have concluded
that the average compositions of chondrules and matrix are typically different for a
number of elements in an individual chondrite whereas the bulk composition, which
reflects a mixtures of chondrules and matrix, has approximately a solar elemental
abundance. This so-called chondrule-matrix complementary has been used to argue
for a genetic link between these two components and, therefore, formation from a
single reservoir. Given the short residence time of solids in a protoplanetary disk
due to gas drag (Weidenschilling 1977), this model, in its simplest expression,
predicts that all chondrules from a single chondrite should be in isotopic equilibrium
and have the same age. Thus, the chondrule-matrix complementarity requires that
chondrule formation and asteroidal accretion are intimately linked. However, the
observed p>*Cr variability suggests that chondrules from individual chondrite
groups formed from isotopically diverse precursor material in different regions
of the protoplanetary disk and were subsequently transported to the accretion
regions of their respective parent bodies. This is consistent with the presence of
age variability of ~3 Myr between chondrules from individual chondrites (Con-
nelly et al. 2012), which requires transport and/or storage. At face value, these
data appear inconsistent with the concept of chondrule-matrix complementary as
originally envisaged, namely that all chondrules from an individual chondrites are
all genetically related to the coexisting matrix.

Recent models of evolving viscous disks, however, suggest that a complementary
relationship between chondrules and dust can be preserved for long time-scales
provided that the decoupling between chondrules and gas is limited (Goldberg et al.
2015). In these models, various chondrule populations remained in complementarity



6 Chondrules: Ubiquitous Chondritic Solids 185

such that the bulk contribution from each source is chemically solar and, thus, so
is the final mixture. However, these experiments assume that the main transport
mechanism of chondrules occurs through outward diffusion via the disk midplane.
In disk models where outward transport of material is associated with stellar
outflows (Shu et al. 1996; Hu 2010), the coarse-grained dust component (i.e.
CAls and chondrules) is not expected to be efficiently coupled to the gas and,
thus, it is unclear how complementary can be preserved. A possibility is the
observed chondrule-matrix complementarity is an expression of the generic process
of chondrule formation and does not reflect a genetic link. In this view, the matrix
comprises a complement related to the chondrule formation process (Alexander
2005) such that the bulk composition of the matrix is shifted from its starting
composition and, thus, appears complementary to a chondrule composition. This
does not require that the matrix is genetically linked to the chondrules in an
individual chondrite but merely that some of it has experienced earlier chondrule
formation events. In this view, fractions of the matrix in a particular chondrite may
be complementary to chondrule populations in other chondritic meteorites.

6.10 Summary and Perspectives

The U-corrected Pb-Pb ages of individual CAls and chondrules provide a robust
framework to understand the chronology of solid formation in the early Solar
System. CAls formed during a brief time interval of less than ~0.2 Myr, possibly
associated with the early stages of the proto-Sun characterised by high mass
accretion rates. In contrast, the production of chondrules began contemporaneously
with the formation of canonical CAls and lasted for the entire lifetime of the
solar protoplanetary disk (Fig.6.11). All chondrite groups investigated contain
chondrules of multiple generations with a similar age range of ~3 Myr. The bulk
compositions of different chondrite parent bodies (CI, CM, CV, CO, OC and EC)
record significant stable isotope heterogeneity of nucleosynthetic origin for various
elements, which is interpreted as reflecting the selective destruction of isotopically
anomalous presolar carriers during progressive thermal processing in the inner
disk region. This nucleosynthetic variability indicates that these chondrite parent
bodies accreted in spatially distinct disk regions. The level of this heterogeneity is
comparable to the range of nucleosynthetic variability among individual chondrules
from CV chondrites. Thus, CV chondrules and/or their precursors originated in
different parts of the protoplanetary disk and were subsequently transported to
the accretion region of the CV parent asteroid. Combined with the protracted
formation timescales inferred by the absolute U-corrected Pb-Pb dating method,
the observed variability in the stable isotope compositions of chondrules paints a
dynamic picture of the early Solar System, where chondrule formation, transport
and recycling occur continuously during the lifetime of the protoplanetary disk.
Thus, accretion of individual chondrite parent bodies was a continuous process.
Given the stable isotope heterogeneity recorded by individual chondrules, the
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Fig. 6.11 Time scales of solid formation and disk evolution. The brief formation interval for the
formation of CAls is similar to the median lifetimes of class O protostars of 0.1 to 0.2 Myr inferred
from astronomical observations. Therefore, the thermal regime required for CAI condensation may
only have existed during the earliest stages of disk evolution typified by high mass accretion rates
onto the central star. In contrast, recurrent chondrule formation occurred throughout the lifetime
of the protoplanetary disk. The accretion and differentiation of asteroidal bodies, possibly leading
to the growth of Mars-sized planetary embryos within ~4-5Myr, may have been promoted by
chondrule accretion (Johansen et al. 2015). Modified from Connelly et al. (2012)

inferred continuous, layered accretion of chondrite parent bodies predicts the
existence of time-dependent isotope heterogeneity within these bodies. The growth
of sizeable asteroidal bodies and planetary embryos occurred during the lifetime
of the protoplanetary disk, possibly promoted by the gas-drag assisted accretion of
chondrules onto asteroidal seeds.

The metal-rich chondrites, namely the CR, CH and CB chondrites, formed from
precursor material that has largely escaped the thermal processing recorded by the
inner Solar System bodies. The metal-rich chondrites and their chondrules appear
to have incorporated appreciable amounts of thermally unprocessed primordial
molecular cloud material, suggesting formation in the outer part of the Solar System,
beyond the orbits the gas giant planets. Thus, thermal processing of solids, including
chondrule formation was not restricted to the inner disk regions but also occurred
in the outer Solar System. However, the mechanism and efficiency of the thermal
processing of solids at large orbital distances are poorly understood.

The stable isotope compositions of the inner and outer Solar System materials are
distinct, implying limited mixing of these two reservoirs. An efficient mechanism
to limit the inward transport of outer disk solids to the inner Solar System is
the formation of gas giants opening gaps in the disk. Collectively, these data
suggest that different chondrule-forming mechanisms may have operated at distinct
times and/or regions of the protoplanetary disk. Indeed, CH chondrites contain



6 Chondrules: Ubiquitous Chondritic Solids 187

chondrules formed by different mechanisms, including gas-melt impact plume
produced chondrules as well as chondrules formed by incomplete melting during
transient heating events.

Outward transport of solids could have occurred by a variety of time-dependent
processes, including turbulent diffusion and stellar outflows. The outward mass
transport to large orbital distances such as the accretion region of cometary objects
may have been only possible during the early, deeply embedded stage of the
proto-Sun characterised by powerful high-velocity jets. The paucity of CAls in the
accretion regions of inner protoplanetary disk bodies relative to the accretion regions
of carbonaceous chondrites and the presence of CAl-like objects in the Jupiter
family comet 81P/Wild 2 suggest that refractory inclusions were radially transported
above the midplane, possibly entrained and accelerated in stellar outflows such as
jets and disk winds. In contrast, outward transport and recycling of inner Solar
System material to the outer part of the asteroid belt appear to be more protracted
and, hence, driven by lower-velocity stellar and disk winds, which may have been
active for the entire duration of the accretion phase of the proto-Sun.

The scenario presented here for the protoplantary disk evolution can be tested
through key isotope measurements of various meteoritic solids. The continuous
layered accretion of chondrite parent bodies can be tested by high-precision bulk Mg
and Cr isotope measurements of chondrites thought to have originated at different
depths of the same parent asteroid such as ordinary chondrites of petrologic types
3-6 that experienced increasingly higher peak metamorphic temperatures (300-900
°C). A better understanding of the timing and tempo of chondrule formation and, by
extension, the nature of the chondrule forming mechanisms that may have operated
at different times can be evaluated by acquiring a statistically significant dataset
of U-corrected Pb-Pb ages of individual chondrules from various chondrite groups.
The proposal of a reduced inner Solar System initial abundance of 2°Al relative
to the canonical ratio observed in CAls can be tested by combined Al-Mg and
U-corrected Pb-Pb ages of individual chondrules from primitive chondrites. The
hypothesis that metal-rich chondrites accreted in an 26 Al-poor region of the outer
Solar System can be verified by investigating the p>*Cr—p2Mg* systematics of
objects presumed to be of cometary origin such as interplanetary dust particles
or ultra-carbonaceous micrometeorites. Finally, the roles of stellar outflows in the
outward transport of solids can be evaluated by both high-resolution astronomical
observations of young disks and realistic numerical simulations of star-formation
and evolving protoplanetary disks.
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Chapter 7
The Emerging Paradigm of Pebble Accretion

Chris W. Ormel

Abstract Pebble accretion is the mechanism in which small particles (“pebbles”)
accrete onto big bodies (planetesimals or planetary embryos) in gas-rich environ-
ments. In pebble accretion, accretion occurs by settling and depends only on the
mass of the gravitating body, not its radius. I give the conditions under which pebble
accretion operates and show that the collisional cross section can become much
larger than in the gas-free, ballistic, limit. In particular, pebble accretion requires
the pre-existence of a massive planetesimal seed. When pebbles experience strong
orbital decay by drift motions or are stirred by turbulence, the accretion efficiency
is low and a great number of pebbles are needed to form Earth-mass cores. Pebble
accretion is in many ways a more natural and versatile process than the classical,
planetesimal-driven paradigm, opening up avenues to understand planet formation
in solar and exoplanetary systems.

7.1 Introduction

The goal of this chapter is to present a physically motivated understanding of pebble
accretion, elucidating the role of the disk, planet, and pebble properties, and to
present the conditions for which pebble accretion becomes a viable mechanism to
form planets. In this work, I discuss pebble accretion from a local perspective—
a planet situated at some distance from its star—and do not solve for the more
formidable global problem (planet migration or the evolution of the pebble disk).
However, clear conclusions can already be obtained from the local approach.

The plan of this chapter is as follows. In Sect. 7.1 I outline what is understood by
pebble accretion. In Sect. 7.2 order-of-magnitude expressions for pebble accretion
are derived, which are applied in Sect.7.3 to address the question under which
conditions pebble accretion is a viable mechanism. Section 7.4 highlights some
applications.
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Fig. 7.1 Examples of planet-pebble interactions, viewed in the frame co-moving with the planet.
In each panel the filled circle denotes the physical size of the planet and the dashed circle its Hill
sphere. Pebbles, characterized by a dimensionless stopping time 7y, enter from the top, because
of the sub-Keplerian motion of the gas (Sect.7.1.2). The planet mass is given in terms of M,
[Eq. (7.10)]. Trajectories in red accrete. Only (c¢) and (d) qualify as pebble accretion, while (a),
(b), and (e) fall in the ballistic regime. In (f) particles are so small (z, = 107°) that they follow
gas streamlines

7.1.1 What Is Pebble Accretion (Not)?

Pebble accretion is a planet formation concept that concerns the accretion of small
particles (pebbles) of negligible gravitational mass onto large, gravitating bodies:
planetesimals, protoplanets, or planets.' In a more narrow sense, pebble accretion
is an accretion process where (gas) drag and gravity play major roles. Simply put,
this means that the pebble has to be aerodynamically small and the planet to be
gravitationally large.

Examples of particle-planet encounters best illustrate the concept. In Fig.7.1
several encounters are plotted for pebbles of aerodynamical size 7; and planet
mass M, which are dimensionless quantities (their formal definition is given later
in Sects.7.1.2 and 7.2.2, respectively). In (a) the small gravitational mass hardly
perturbs the pebble trajectory. Consequently, the collisional cross section is similar
to the geometric cross section, nRﬁl, where Ry is the radius of the gravitating body.

'In this work I will simply refer to the large body as “planet.’
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In (b), where the planetesimal mass corresponds to a body of radius Ry ~ 100 km,
gravitational effects become more significant. Trajectories focus, resulting in a cross
section larger than geometrical. The hyperbolic shape of the close encounters (see
inset) strongly resembles those of the well-known planet-planetesimal encounters
(Safronov 1969; Wetherill 1980). Similarly, in Fig. 7.1b gas-drag close to the body
is of little importance, because the encounters proceed fast. However, on longer
times gas drag does re-align the pebble with the gas flow.

In Fig.7.1c, where the mass of the gravitating body is increased by merely a
factor ten, the situation differs qualitatively from (b). First, the collisional cross
section has increased enormously: it already is a good fraction of the Hill sphere.
Second, the way how the pebbles are accreted is very different from (b). Pebbles
often revolve the planet several times, before finally accreting (see inset). Indeed,
where in (a) and (b) accretion relies on the physical size of the gravitating body,
this is no longer the case in (c). Even when the physical radius would shrink to zero
(i.e., a true point particle) the collisional cross section would be exactly the same,
because pebbles simply settle down the potential well. Therefore:

Pebble accretion is characterized by settling of particles down the gravita-
tional well of the planet. Pebble accretion only depends on the mass of the
gravitating body, not its radius. It is further characterized by the absence of
close, collisionless, encounters.

7.1.2 Aerodynamically Small and Large

Only particles tightly coupled to the gas qualify for pebble accretion. The level of
coupling of a particle to the gas is customarily expressed in terms of the stopping
time:

my

Fy (7.1)

Lsiop =

where m the mass of the particle, v its relative velocity with the gas, and Fp the
gas drag law. The stopping time is simply the time needed for gas drag to align
the motion of the particle to that of the gas. For example, a particle falling in a
gravitational field g will attain its equilibrium (settling) velocity after a time fop at
which point g = Fp/m or vy (the settling velocity) vsew = gfsiop. In general, Fp
depends on velocity in a non-trivial way, but for pebble-size particles under disk
conditions we typically have that Fp is linear in v. This makes #yo, a function of the
physical properties of the pebble (its size s and internal density p.) and that of the
gas, but independent of velocity. For example, in the Epstein regime we simply have
Istop = PeS/VihPgas Where vy, is the mean thermal velocity of the gas and pg, the gas
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density. A natural definition of “aerodynamical small” is that the stopping time is
small in comparison to the inverse orbital frequency, [2,;1 or Ty = $xtsep < 1.
“Heavy” bodies have 7, > 1 and move on Kepler orbits. For them #, is the time
needed to damp their eccentric motions.

Formally, the steady-state solution to the equations of motions for a particle
of arbitrary 7y, accounting for gas drag and pressure forces, read (Whipple 1972;
Weidenschilling 1977a; Nakagawa et al. 1986):

2Vhw Ts
vr=— +WtS2 = —Vasife, (7.2)
Uh
vp = vk — | +sz, (7.3)

where v, is the radial motion, vy the azimuthal, vg the Keplerian velocity and vy,
the disk headwind, the velocity offset between the gas and the Keplerian motion.
Rotation is slower than Keplerian because the disk is partially pressure-supported:

1
Uhw = _z(hgas/r)szVlogPs (7.4)
T 1 (M, \ "% (=Vjoo P (1/2—9)
= 54ms ! (”) ( lg)(r) . (1.5)
300K \2.34 Mo 3 AU

where hg,s is the gas scale height, Vi, P = dlog P/dlog r the logarithmic pressure
gradient, ; the mean molecular weight, 7| the temperature at 1au, and g the
corresponding power-law index (as in T o« r~9). Because in many disk models
q ~ 1/2 e.g., as obtained from a passively irradiated disk (Chiang and Goldreich
1997), we obtain that vy, is a disk constant. For pebble accretion, the value of vpy
and its (possible) spatial and temporal variations are key parameters.

From Eq. (7.3) it follows that large bodies (z; > 1) move on circular orbits
(v, = 0 and vy = vg) whereas small particles (7, < 1), moving with the gas, have
their azimuthal velocities reduced by vy, with respect to the Keplerian motion. The
large body hence overtakes these particles. From its perspective, the particles arrive
from the front at velocities & vpy.

7.1.2.1 Pebbles

In this chapter, I consider any particle of 7; < 1 aerodynamically small. An
(imprecise) lower limit may be added to the definition to distinguish drifting pebbles
from “inert” dust. Usually, our definition of “pebble” then refers to particles of
107372 < 1, < 1. From Eq. (7.2), it is clear that these particles (indeed all particles
around 73 ~ 1) have significant radial drift motions (This explains the slant seen in
the incoming particle flow of the r = 0.1 pebbles of Fig.7.1). It also implies that
pebbles are constantly replenished: they are lost to the inner disk, but drift in from
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the outer disk. Pebble accretion, in contrast to planetesimal accretion, is therefore
a global phenomenon: one has to consider the evolution of the dust population
throughout the entire disk (Birnstiel et al. 2010; Okuzumi et al. 2012; Testi et al.
2014).

7.1.2.2 Planets

In our context a “planet” is any body with t; > 1 moving on a circular orbit, large
enough for gravity to become important.

7.1.3 The Case for Pebble Accretion

The case for pebble accretion can be made either from an observational or
theoretical perspective. Observationally, pebbles are the particles inferred to be
responsible for the emission seen at radio wavelengths in young disks. The argument
is that the thermal emission is optically thin and is therefore proportional to the
opacity of the emitting material, k—a property of the dust grains. For a reasonable
estimate of the temperature, the ratio in flux density at two wavelengths—the
spectral energy index—translates into a ratio in opacity. Knowing the opacity in
turn constrains the size of the emitting grains (or the maximum grain size if one
considers a distribution). For example, particles much larger than the wavelength
k(1) can be expected to be wavelength independent (grey absorption), whereas
for small grains emission at wavelengths much longer than their size is suppressed
(Rayleigh regime). The observed spectral index translates into a size of the grains
that carry most of the mass. Typically, mm- to cm-particles emerge from this spectral
index analysis (e.g. Natta et al. 2007; Pérez et al. 2015). Another indication for
the presence of pebble-size (drifting) particles is that disks are found to be more
compact in the continuum than in the gas (Andrews et al. 2012; Pani¢ et al. 2009;
Cleeves et al. 2016).

The inferred pebble size also depends on their composition and internal structure
(filling factor) of the particles; porous aggregates will result in a larger size (Ormel
et al. 2007; Okuzumi et al. 2009). Even greater are the uncertainties in the total
amount of mass in pebbles, because that depends on the absolute values of the
opacity and on the assumption that the emitting dust is optically thin. A number
of assumptions enter the calculation of the opacity; apart from the size, x can also
be affected by porosity (Kataoka et al. 2014), composition, and perhaps temperature
(Boudetet al. 2005). (It is somewhat worrying that these systematic uncertainties are
rarely highlighted in studies that quote disk masses). Nevertheless, a large amount
of pebbles are inferred in this way—ranging from 107 to possibly up to 103 Earth
masses (Ricci et al. 2010b,a; Andrews et al. 2013; Pérez et al. 2015). At these levels,
it is hard to imagine that planetesimals (which cannot be directly observed) would
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yet dominate the solid mass budget. Therefore, from an observational perspective,
it can well be argued that pebbles are planets’ primary building blocks.

Theoretically, the case for pebble accretion arises from the drawbacks of the
classical, planetesimal-driven, model. In the inner disk growth is severely restricted
because of the low isolation mass Mis c1as [S€€, €.2., Lissauer 1987; Kokubo and
Ida 2000 and Eq. (7.18)], which limits the mass of the planetary embryos to that of
Mars.? In the outer disk Miso c1as 1 sufficiently large, but here the problem is that
growth is slow. First, planetesimal-driven accretion requires extremely quiescent
disk to trigger runaway growth, which is already doubtful in case of moderate
turbulent excitation (Nelson and Gressel 2010; Ormel and Okuzumi 2013). The
second, more fundamental, problem is that planetesimal-driven growth suffers
from negative feedback: a larger embryo entails a more excited planetesimal
population, increasing the relative velocities of the encounters and suppressing
the gravitationally focused collisional cross sections (e.g. Kokubo and Ida 2002).
Unless the disk is unusually massive, this quickly suppresses embryo growth beyond
~5 AU. It has been argued that collisional fragmentation would help to suppress
eccentricities (and inclinations), either by gas or collisional damping (Wetherill
and Stewart 1989; Goldreich et al. 2004; Fortier et al. 2013). However, a planet
will carve a gap in a disk of low-e particles (i.e., when 7, > 1 and e ~ 0),
preventing efficient accretion of planetesimals (Levison et al. 2010). Particle gaps
may be avoided for aerodynamically smaller fragments, but then one really needs to
address the orbital decay of this material (Kobayashi et al. 2011). In any case, when
strong collisional diminution in the presence of gas has ground down planetesimals
to particles of t; < 1, encounters enter the pebble accretion regime (Chambers
2014).

7.1.4 Misconceptions About Pebble Accretion

In closing, I list a number of misconceptions about pebble accretion:

1. Pebble accretion involves pebbles. Geologists define pebbles as particles of
diameter between 2 and 64 mm (e.g. Williams et al. 2006). Our definition of
pebble is aerodynamical: particles of stopping time below 7, = 1. Therefore, in
gas-rich environments, pebble accretion can take place over a very wide spectrum
of particle sizes: from meter-size boulders to micron-size dust grain. Conversely,
accretion of millimeter-size particles in a gas-free medium does not qualify as
pebble accretion.

2. Pebble accretion is a planetesimal formation mechanism. Pebble accretion
describes the process of accreting small particles on a gravitating body, e.g.

2A related problem is that the classical theory dictates a steep gradient in embryo mass (more
massive embryos at larger r), which, for the solar system, is very hard to comprehend (Morbidelli
et al. 2015).
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a (big) planetesimal. How planetesimals themselves form is a different topic.
Recent popular models hypothesize that planetesimals could form from a popula-
tion of pebble-sized particles (Youdin and Goodman 2005; Johansen et al. 2007,
Cuzzi et al. 2008). Planetesimal formation and pebble accretion can therefore
operate sequentially. In that case, the key question is whether, say, streaming
instability produces planetesimals large enough to trigger pebble accretion.

3. Pebble accretion is inevitable. It is sometimes alleged that the mere presence of

a large reservoir of pebble-sized particles is sufficient to trigger pebble accretion.
This is not the case. For pebble accretion, a sufficiently massive seed is needed
as otherwise encounters will not fall in the settling regime. Formally, pebble
accretion must satisfy the settling condition (see Sect. 7.2.1).

4. Pebble accretion is fast. It is true that pebble accretion is characterized by large

collisional cross sections (Fig.7.1c, d). However, the radial orbital decay of
pebbles potentially renders the process inefficient: most pebbles simply cross the
planet’s orbit, without experiencing any interaction. Therefore, pebble accretion
depends on the pebble mass flux and, in particular, on how many pebbles are
globally available. The low efficiency problem is especially severe when pebbles
do not reside in a thin layer, i.e., for turbulent disks.

7.2 The Physics of Pebble Accretion

In this section I outline the key requirements for pebble accretion and derive order
of magnitude expressions for pebble accretion rates based on timescales analysis.
These expressions are, within orders of unity, consistent with recent works (Ormel
and Klahr 2010; Ormel and Kobayashi 2012; Lambrechts and Johansen 2012, 2014;
Guillot et al. 2014; Ida et al. 2016).

7.2.1 Requirements and Key Expressions

An intuitive understanding of pebble accretion can be obtained from the timescales
involved in an encounter between a gravitating body (planetesimal, planet) and a
test particle. These are (see Fig. 7.2):

The encounter time t.,.. The duration of the encounter or the time over which the
particle experiences most of the gravitational force. It is given by tepe = 2b/ Voo,
where v, is the (unperturbed) velocity at impact parameter b.

The settling time ty. The time needed for a particle to sediment to the planet.
The settling time is evaluated at the minimum distance b of the unperturbed
encounter. There, the settling velocity reads veenn = gpifsiop Where the planet
acceleration gy is evaluated at b. Hence fyeqq = b/Vsern = b/ GMpitsiop-

The stopping time, ty.p. The aerodynamical size of the pebble.
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Fig. 7.2 Sketch of the
pebble-planet interaction,
viewed in the frame of the
circularly moving planet
(center). Pebbles,
characterized by their
aerodynamical size or
stopping time, fp, approach
a planet of gravitational mass
GM,, at impact parameter b.
The relative velocity, Voo, 1S
given by a combination of the
disk headwind, vy, and the
Keplerian shear. The
unperturbed trajectory is
indicated by the dashed line.
Key timescales are the
duration of the encounter,

fene = 2b/ Voo, the settling
timescale, tew = b/ Vseut,
where Vg 18 the
sedimentation velocity
evaluated at closest approach,
and the stopping time, Zop, Of
the pebble
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Settling Condition The interaction will operate in the settling regime

when:

1. The encounter is long enough for particles to couple to the gas during the

encounter fyop < fenc; and

2. The encounter is long enough for particles to settle to the planet, fyy <

tenc .

These conditions can also be combined into #sop + fetn < fenc-

When either of the above does not materialize, there are no settling encounters
and (according to our definition) there is no pebble accretion. The first condition
expresses that gas drag matters during the interaction, which is where pebble
accretion differs from planetesimal accretion. The second condition tells whether

pebbles can actually sediment to the planet.

It is clear that a massive planet promotes settling, since the second condition
becomes easier to fulfill and the first condition works better at larger b in any case.
However, regarding the particle size the conditions work against each other. Very
small particles (small #yy,) are always well coupled to the gas (condition 1), yet it can
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take them too long to settle (condition 2), unless b is small. On the other hand, large
particles (large #yop) satisfy the second condition at larger impact parameter, but they
may nevertheless not qualify as “settling,” because they fail to meet condition 1.

7.2.2 Pebble Accretion Regimes

In order to derive the pebble accretion rates, the following strategy is employed.
First, by equating fsq1 and f.p,c the largest impact parameter (b.o) is found that obeys
condition 2. Then, a posteriori, it is verified whether b, also satisfies condition 1.

The relative velocity v, between pebble and planet follows from the headwind
and the Keplerian shear:

3
Voo 2 Vhw + 2.QKb. (7.6)

Therefore, an impact parameter of b ~ §vhw /2 divides two velocity regimes:

* The shear regime, valid at large b;
e The wind regime, valid when impact parameters are small.

These regimes are referred to as “Hill” and “Bondi,” respectively, by Lambrechts
and Johansen (2012). Note that in the shear regime encounters last a dynamical
timescale, fope ~ [2,;1, meaning that particles 7y < 1 satisfy condition 1.

7.2.2.1 Shear (Hill) Limit

Equating fep. = .le with the settling timescale, we obtain

GMytgop \ />
by ~ ( S; Swp) ~ 1'51/3RH111 (Mp1 2 Myw/sh), (7.7)
K

where Ry is the Hill radius. For ty ~ 1 particles the impact parameter is
comparable to the Hill radius, greatly exceeding the gas free limit [see Fig. 7.1e and

Eq. (7.15)]. For 7y, < 1 impact cross sections decrease but not by much; particles
down to 7; = 0.01 still accrete at impact parameter ~20% of the Hill radius.

7.2.2.2 Headwind (Bondi) Limit

In the headwind limit, zope = 2b/Vhyw = fsen gives

2GM it
biy ~ \/ UPI stop (M < My < Mi/h). (7.8)
hw
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The impact parameter increases as the square root of the stopping time and the planet
mass, more steeply than in the shear limit. The transition from the headwind (valid
for small #yo, Or Mp) to the shear limit occurs at the mass My, sn Where bpy, = bgp:

My /s = U _ 1M, (1.9)
W/ S - - ) .
SGQ]%tslop 8 Ts
where
v v\ Ma TV r 32
M,= ™ —16x1073M W * 7.10
er x ® (SOms—l) (MQ) (AU) (7.10)

is a fiducial mass that measures the relative importance of headwind vs shear. Note
that M, is larger in the outer disk.

The headwind regime applies for My < Myy/qh. In addition, condition 1 also
curtails the validity of the headwind regime. Equating fenc = 2bpy /Vnw With fgqp it
follows that pebble accretion shuts off for My < M, where

v top 1
M, = G = SM,rs. (7.11)
Interactions where M, < M, follow ballistic trajectories, where accretion relies
on hitting the surface of the planet (Fig.7.1b). In that case the impact parameter
can be obtained from the usual Safronov-type gravitational focusing with vy, for
the relative velocity, bsar 2 RpiVesc/ Vhw Where vege = \/ 2GMy1 /Ry is the surface
escape velocity of the planet and Ry, its radius.

7.2.2.3 Aerodynamic Deflection

When the gravitational mass of the planetesimal becomes small (Vese < Upw) @
natural minimum impact parameter is the physical radius Rp,;. However, very small
particles, very tightly coupled to the gas, will follow gas streamlines, avoiding
accretion (Sekiya and Takeda 2003; Sellentin et al. 2013). This is referred to as
aerodynamic deflection and is well known in the literature of, e.g., atmospheric
sciences (Slinn 1976). It reduces the collisional cross section below the geometrical
limit. The importance of aerodynamic deflection is quantified by the Stokes number?
Stk = vnwlsiop/Rpi- Particles of Stk < 1 avoid accretion as they react to the gas flow
on times (fop) smaller than the crossing time of the planetesimal fene ~ Rpi/ Uhw-

3This is the only point where I define a Stokes number. In many works the dimensionless stopping
7, is referred to as the Stokes number, while in the turbulent literature the Stokes number is defined
as the ratio between the stopping time and an eddy turnover time.
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However for gravitating bodies there is always a channel to accrete particles by
settling, because the large fnc—a lower limit to feyc is always ~ R/ vnw—=enables
the settling condition. To zeroth order, Eq. (7.8) still applies, even in cases where
bnw < Rp. A more detailed analysis should account for the modification of the
flow pattern in the vicinity of the gravitating body, which depends on the Reynolds
number (Johansen et al. 2015; Visser and Ormel 2016).

7.2.3 The Accretion Rate

In both the headwind and the shear regimes, the accretion rate M= % Voo pp, 18:
Mip ~ 2 GMptsoppp = 67 Ry 7,82k pp (7.12)

(as immediately follows from equating sy = fenc and solving for b%veo) Where pp
is the density in pebbles. There is no transition between the shear and headwind
regimes in terms of the accretion rate. However, Eq. (7.12) did assume that the
pebbles are spread out in a thick disk; the accretion is 3D. When the pebbles reside
in a thin layer, the accretion becomes rather:

\/ 8GM,ts0pvnw Xp  headwind reg.

Mop ~ 2000bpp Zp =
2 ooTPASE 2R 2kt Zp shear reg.

(7.13)

where Yp is the surface density in pebbles. It is instructive to contrast these rates
with the classical expressions for Safronov focusing

2
2n R, GM,
) RﬁlvthP = P! op, (7.14)

UCSC

Uhw Uhw

Msat = 1 (
assuming that the surface escape velocity vesc > vhw and the 3D limit; and with the
gas-free, planar, zero eccentricity limit:

Mgas—free ~ 11 \/RleIS.[iHQK Z‘P (7 15)

(Nishida 1983; Ida and Nakazawa 1989).

Although pebble accretion is fast and the rates increases with My, the rates
are not superlinear. If M o« M* then x = 1, 1/2 and 2/3 in Eq.(7.12) and
Eq. (7.13), respectively. Only Safronov focusing is a runaway growth phenomenon
(k = 4/3 for constant internal density); pebble accretion is not. However, the
transition between Safronov-focusing and pebble accretion proceeds at a super-
linear pace, since M3D is usually much larger than Msaf [see also Eq. (7.19)].
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7.2.4 The Pebble Flux

The pebble accretion rates given above scale with the amount of pebbles that are
locally available (Xp or pp). Because of their drift this quantity is expected to vary
with time. It is useful to express the surface density in terms of the pebble mass flux
through the disk Mp,disk:

Mp gisk

Sp =
27 rvarin (Ty)

(7.16)

where I have ignored diffusive transport.

A simple model for the mass flux Mp’disk can be obtained from a timescale
analysis (Birnstiel et al. 2012; Lambrechts and Johansen 2014). This entails that
at any radius r dust grains coagulate into pebbles that start drifting at a size where
the growth timescale fgowin €xceeds the pebble drift timescale farife = 7/Vayife. This
results in a mass flux Mp,disk = 2mwrgXovarp, Where the subscript “0” refers to
the radius where the pebbles enter the drift-dominated regime—the pebble front
(Lambrechts and Johansen 2014)—and X is the initial density in solids. Clearly,
ro > r with ro(¢) increasing with time, since coagulation proceeds slower in the
outer disk.

The drift-limited solution (fgow = tarifi; Birnstiel et al. 2012) also gives the
(aerodynamic) size of the pebbles for r < ry (the region where pebbles drift).
Typically, pebble sizes are then 7, ~ 1072 (Lambrechts and Johansen 2014).
However, it must be emphasized that all of this depends, to considerable extent,
on dust coagulation physics—sticking properties, relative velocities, fragmentation
threshold, internal structure, etc.; see Johansen et al. (2014) for a review—and also
on the structure of the evolving outer disk. In this review I will not adopt a global
pebble model, but formulate conclusions based on the local conditions of a growing
planetary embryo.

7.2.5 The Pebble Isolation Mass

When the planet mass becomes large it will start to perturb the disk, changing
the radial pressure gradient (ViogP) in its vicinity. Clearly, when the perturbation
becomes non-linear—planets massive enough such that their Hill radius exceeds the
scale height of the disk, Ry > hgas—a gap will open and a pressure maximum
emerges upstream (Lin and Papaloizou 1986). Pebbles then stop their drift at
the pressure maximum. The gap opening condition can be rewritten M /M, >
(hgas/r)*, which translates into a pebble isolation mass of

hgas/r :
Mpiso ~ 40 Mg 0.05 . (7.17)



7 The Pebble Accretion Paradigm 209

for a solar-mass star. In a more detailed analysis, based on radiation hydrodynamical
simulations, Lambrechts et al. (2014) and Bitsch et al. (2015a) argue for a numerical
pre-factor of 20 Mg. For comparison, the classical isolation mass (valid for bodies
that do not drift) is (Kokubo and Ida 2000):

7\ 3/2 3/2 —1/2
b Xoolid r\3 (M,
Mi%ocas ~0.16 M s 7.18
ol ® (10) (10gcm—2) (AU) (M@) (7.18)

where b is distance between protoplanets in mutual Hill radii.

The pebble isolation mass is of great importance for the formation of giant
planets. Since pebble accretion halts for My > Mp g, it sets an upper limit to the
heavy elements mass of giant planets. Reaching the pebble isolation mass, however,
does not spell an end to giant planet formation. In contrast, it may even accelerate
it, because the pre-planetary envelope has lost an important source of accretional
heating and opacity. Gas runaway accretion sets in once envelope and core mass are
similar (Rafikov 2006) and this may well be triggered soon after the pebble isolation
mass is reached.

7.2.6 Summary: Accretion Regimes

Figure 7.3 summarizes the accretion regimes as function of the pebble dimension-
less stopping time 7, (x-axis) and the planet mass (y-axis). For the planet Eq. (7.10)
has been used to convert to a dimensionless mass M. Lines of M = M, and
My = My sh are invariant in terms of the dimensionless (7, M), but not in terms
of the physical mass. Now consider a small planetesimal (e.g. 1 km) that accretes
pebbles of a certain stopping time (e.g. t; = 0.1). Initially, it accretes those pebbles
with the geometric cross section (0o ~ Jngl), but at:

* M, = Rplvﬁw /2G (Vese = Upw) accretion switches to the so-called Safronov
regime, where gravitational focusing enhances the collisional cross section by a
factor of (Vesc/ vhw)z. Pebble accretion commences at

* M, = M, [Eq.(7.11)], where ballistic accretion gives way to accretion by
settling. This transition is abrupt.* Specifically, the boost obtained from crossing
the M, = M line is:

M 3D fsz o
. ~ ~ 100, (7.19)
Msq M=, Ryi/Ruin

4According to the expressions derived above, the transition is discontinuous. In reality, it is just
very steep. Numerically, one finds that the cross section for accretion by settling exponentially
decreases when M) < My (e.g. Ormel and Kobayashi 2012). Correspondingly, the (numerical)
transition between the settling and ballistic regime is given at the point where the rates due to
settling and ballistic interactions equal.
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Fig. 7.3 Sketch of the accretion regimes as function of the pebble aerodynamical properties (x-
axis) and that of the planet(esimal) (y-axis). The dimensionless planet mass M (left y-axis)
is defined as My = My /M,, where M, is given by Eq.(7.10). The conversion to physical
masses (right y-axis) holds for a radius of 1 AU and an internal density of ps = 3gcm™3. The
primary dividing line is M, = M., distinguishing ballistic encounters, where gas-drag effects
are unimportant, from settling encounters, where particles accrete by sedimentation. The line
My = My indicates where Keplerian shear becomes important and the line Stk = 1 where
aerodynamical deflection matters

at 1 AU. Accretion proceeds in the headwind regime at a rate given by Eqgs. (7.12)
or (7.13), dependent on the thickness of the pebble disk. At

* My = My [Eq.(7.9)], pebble accretion switches to the shear limit. Pebble
accretion continues until

* M, = Mpjs [Eq. (7.17)], where the pebble isolation mass is reached.

The ballistic:settling transition heralds the onset of pebble accretion. From
Eq. (7.10) it follows that the transition occurs at a larger mass for increasing orbital
radius. Visser and Ormel (2016) have calculated a more precise expression for the
radius Rpy where pebble accretion commences:

—0.36
Uhw Pe r A\ 008
Rpa ~ 520km (50ms—1) (gcm_S) (AU) 028, (7.20)

Once pebble accretion commences, the jump in M is also more dramatic in the
outer disk (Eq.(7.19), since Rpi/Ruin is lower). In addition, for the outer disk,
aerodynamic deflection is less of an issue since pebbles will have a larger stopping
time, because of the lower gas density.
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7.3 Results

I illustrate the outcome of pebble accretion with a series of contour plots, where
contours of a quantity Q are plotted as function of planet mass and particle size.
Instead of the order-of-magnitude expressions derived above, I employ more precise
expressions that have been calibrated to numerical integrations (Ormel and Klahr
2010; Ormel and Kobayashi 2012; Visser and Ormel 2016). But many of the key
features highlighted in Fig. 7.3 will resurface.

I adopt the following disk profiles for the gas surface density and midplane
temperature:

Sy = 10° gem™ (ArU)_l . T =300K (ArU)_l/2 (7.21)

and take the disk headwind to be v, = 50ms~!. I further assume that planetesi-
mals’ internal density increases according to:

R 0.5
pe(Ry1) = 0.08 gcm ™ (k;ll) , (7.22)

which crudely interpolates between “porous planetesimals” and rocky planets. The
internal density of pebbles is taken to be ps = 1 gcm™>. The standard value of the
turbulent strength is a7 = 1074,

7.3.1 The Collision Cross Section

First, in Fig. 7.4, the collision cross section, normalized to the geometrical cross
section, is plotted, foon = (b/R)z, for r = 1 AU. The lower x-axis now gives the
pebble radius (in cm) and the upper x-axis translates this to dimensionless stopping
time. Remark that the tick marks for t; are much denser spaced beyond t, = 1072,
because of the transition to Stokes drag. The y-axis again gives the planet mass or
radius. The thick, dashed, black line denotes the transition between the ballistic and
the settling regimes.

Many of the features of Fig. 7.3 can also be identified in Fig.7.4. Below R, ~
100 km the cross section is that of the geometrical cross section (white area). Also,
a steepening of the ballistic:settling transition (the dashed line) occurs below 1 mm,
where aerodynamic deflection becomes important. Indeed, the collisional cross
section can become very low. While micron-size dust grains may be produced by
(colliding) planetesimals, they are not accreted by them! However, in a turbulent
medium particles will collide more easily to the planetesimal (Homann et al. 2016).
This effect is not included here.
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Fig. 7.4 Collision factor f,.y: the collision cross section with respect to the geometrical cross
section at 1 AU. The thick dashed line delineates the ballistic regime from the settling regime.
Note the sharp increase in f.oy across this line at higher #y,

In any case, it is clear that aerodynamically very small particles (z; ~ 107°—
107%) are hard to accrete and that settling (pebble accretion) of small particles
gives low f.on (upper left corner). This simply reflects the strong coupling to the
gas, which is not accreted. Rates are much larger for bodies that accrete larger
pebbles (z, ~ 1073-1) in the settling regime, which happens when the planetesimal
crosses ~100km. In particular, at this ballistic:settling transition accretion rates
jump dramatically. For example, from R, = 200 to 400km and 7, = 0.1 feon
increases a 100-fold [see also Eq. (7.19)]. Once f.on ~ 10* (top right corner) pebbles
are accreted at the (maximum) Hill cross section, 0co ~ Rlzﬁu.

7.3.2 Accretion Efficiencies: 2D and 3D

Does a large accretion cross section also imply a high accretion rate? For pebble
accretion this is a difficult question to answer since pebbles drift. The accretion rate
[Eq. (7.12)] depends on the surface density of pebbles X'p that are locally available.
Due to their drift, pebbles are constantly rejuvenated: old pebbles leave the accretion
region while new pebbles from the outer disk drift in. The question how large
accretion rates are at a certain time therefore depends on the evolution of all solids.
Analytical approaches (which work for smooth disk; see Sect.7.2.4) or numerical
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ones (Birnstiel et al. 2012; Drazkowska et al. 2016; Sato et al. 2016; Krijt et al.
2016) have also been developed.

However, even though the accretion rate requires a global model, a useful local
quantity can still be defined: the pebble accretion efficiency or accretion probability
Pegr. This is simply the pebble accretion rate on the planet [Eq. (7.12)] divided by
the pebble accretion rate through the disk:

Petr = M = m (7.23)
e fpgisk 27 Vain Zp '

where M is given by either Eq.(7.12) or Eq.(7.13). Note that Eq.(7.23) is
independent of X'p. An efficiency of P > 1 guarantees accretion of the pebble.
On the other hand, when Pt < 1 most pebbles avoid capture to continue their
radial drift to the star.

In Fig. 7.5a contours of P are plotted in the 2D-limit (M = M2d). In the 2D
limit it is assumed that the pebbles have settled to the disk midplane, which would
be the case for a laminar disk. As is clear from Fig.7.5a a pebble is more likely to
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Fig. 7.5 The efficiency of pebble accretion or accretion probability Py for (a) the 2D limit
(pebbles reside in the midplane) and (b) for the general 3D case with our standard oy = 10™*
for 10 AU. Values around 1 indicate very efficient accretion, while Py < 1 indicates most
pebbles drift to the interior disk, instead of being accreted. The thin-dashed line in (b) indicates
the transition between 2D and 3D accretion (h, = bo1)
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be accreted by a larger planet(esimal), which is obvious. Much less obvious is the
trend in the horizontal direction. On the one hand, large pebbles result in larger cross

1/2
sections, increasing M2d, but in the 2D limit M2D is sublinear in T, M2D o rv/ or

x rf & [Eq. (7.13)]. On the other hand, the drift velocity is linear in 73 [Eq. (7.2)].
Hence, the drift dependence wins out: smaller pebbles are more likely to be accreted.

However, even for moderate turbulence accretion may well proceed in the 3D
limit: the pebbles are distributed in a vertical layer of thickness larger than the
impact radius b. Correspondingly, a scale height correction is applied to get a

net accretion rate of:

o b
M = Mop col , (7.24)
bcol + hpeb \/S/JT

where A, is the scale height of the pebble layer (Dubrulle et al. 1995; Cuzzi et al.
1993; Youdin and Lithwick 2007):

o
hpebz\/ " hga. (7.25)

ar + Ty

The form of M adopted in Eq. (7.24) ensures the 2D and 3D expressions in the limits
of beol 3> hpep (2D) and beo) K hpep (3D), respectively.

The scale height-corrected accretion probability is presented in Fig. 7.5b. The 3D
probability is always lower than the 2D limit and the lines are more horizontal. Even
Earth-mass planets accrete pebbles rather inefficiently, meaning that a large pebble
flux is needed for these planets to grow. For fixed planet mass the pebble size where
beol = hpep, 1.€., the transition from 2D to 3D (thin dashed line), has the highest
accretion probability.

7.3.3 The Pebble Accretion Growth Mass, Mp g

From the pebble accretion probability P, I define

M,

, (7.26)
Pegr

MP,grw =

as the amount of pebbles needed to grow the planet. This is a very useful quantity
since it immediately highlights where growth is slow or fast. For example, a
very large Mp gw—€.g., thousands of Earth masses—indicates a bottleneck for the
growth of the planet, because it is unlikely that so many pebbles are available. On
the other hand, low Mp 4 likely indicate that growth is rapid. To obtain the actual
growth timescale, Mp g should be divided by the pebble flux Mp’disk. Guillot et al.
(2014) already introduced Eq. (7.26) as the filtering mass: Mp g is also the mass in
planetesimals needed to ensure accretion of a single pebble.
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Fig. 7.6 Required mass in pebbles to grow a planet by pebble accretion as function of pebble size
(x-axis) and planet mass (y-axis) at 10 AU for the standard disk model [Eq. (7.21)] and oy = 107%.
Contours denote the total amount of pebbles in Earth masses needed to e-fold the planet’s mass
and include the pebbles that are drifting past without accretion. In red regions, growth is likely
to stall. Above the ballistic:settling dividing line (thick dashed) growth is significantly boosted
but nevertheless requires tens-to-hundreds of Earth masses in pebbles. Above the thin dashed line
pebble accretion reaches its 2D limit

In Fig. 7.6 Mp g is plotted for » = 10 AU. What is immediately obvious is that
Mp gy is very large just below the pebble accretion initiation threshold (the black
dashed line). Clearly, geometric and Safronov accretion are not effective in growing
planetesimals large; and the initiation of pebble accretion relies on the presence of
a massive-enough seed that is produced by a process other than sweep up of small
particles. Such a seed may result from classical self-coagulation mechanisms (i.e.,
runaway growth of planetesimals) or, more directly, from the high-mass tail of the
planetesimal formation mechanism, e.g., by streaming or gravitational instabilities
(Cuzzi et al. 2010; Johansen et al. 2015; Simon et al. 2016; Schiifer et al. 2017).

Even in the settling regime, the required pebble masses are substantial. Also note
that Mp g, refers only to one e-folding growth in mass. In general, growth from an
initial mass Mj,; to a final mass Mg, takes a total mass of

Miin
MP,tol = MP,ng(Tsv M)dlogM (727)

ini

in pebbles. For example, growth from 1073 to 10 Earth masses involves almost 10 e-
foldings. Clearly, giant planet formation by pebble accretion requires massive disks;
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Fig. 7.7 Required pebble masses at 1 AU at standard (a) and high (b) turbulence levels. The a7 =
10™* case is shown in Fig. 7.6

at least several hundreds of Earth masses are needed to form a 10 Mg core. Also,
the pebbles need to be of the right (aerodynamic) size. Pebbles of t; ~ 1 are not
very suitable, as they drift too fast. Smaller pebbles are preferred.

Figure 7.7a shows contours of Mp g, at 1 AU. At 1 AU Mp 4, is significantly
lower than at 10 AU, because the pebbles are more efficiently accreted. The larger
P.s is caused by (1) a higher probability of encountering the planet because of the
smaller circumference (27rr); and (2) a reduced scale height of the pebble layer.
However, it is especially below the ballistic:settling line where the change is the
largest. Windmark et al. (2012) and Garaud et al. (2013) have hypothesized that
some particles could cross the fragmentation/bouncing barriers that operate around
7, = 1, because of fortuitously colliding with particles at low collision energies. To
grow into planetesimals, these “lucky” particles, however, still need to grow fast.
Ignoring the radial drift problem, and with some tuning of the parameters this could
work at 1 AU, but for » > 1 AU sweep up growth in the geometric and settling
regimes becomes simply too slow, as is seen in Fig.7.6.

A major determinant for the efficacy of pebble accretion, and a key unknown,
is the turbulence strength parameter, o7. Since disks are observed to accrete onto
their host stars, it has been hypothesized that disks are turbulent, with the turbulent
viscosity providing the angular momentum transport. For example, the magneto-
rotational instability (Balbus and Hawley 1991), which operates in sufficiently
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ionized disks, provides oy ~ 1072. However, the turbulence could also be
hydrodynamically driven, such as the recently postulated vertical shear instability
(Nelson et al. 2013; Stoll and Kley 2014), the spiral wave instability (Bae et al.
2016), or the baroclinic instability (Klahr and Bodenheimer 2006), which provide
perhaps ar ~ 107*. Or one could imagine layered accretion (Gammie 1996),
of which the disk wind model has recently become popular (Bai 2014, 2016). In
that case the midplane—relevant here—stays laminar. Given these uncertainties—
indeed ar is very hard to constrain observationally (Teague et al. 2016)—it is best
to consider a7 as a free parameter and test how it affects the pebble accretion rates.

In Fig.7.7b Mp 4 is plotted for ay = 1072, which significantly reduces the
spatial density in pebbles in the midplane and increases Mp gy compared to the
nominal @ = 10™* value. For 7, < a7 = 1072 Mp. .erw 18 very flat. The reason is that
accretion is now in the 3D limit, where M is linear in both 7, and Mp—dependencies
that cancel upon conversion to Mp g Still, at 1 AU pebble accretion is relatively
efficient. However, at 10 AU the dependence on o7 becomes more extreme. In
Fig.7.8 contours of Mp ., are plotted for ay = 1072 and oy = 107°, (the nominal
ar = 107* case is plotted in Fig.7.6). From Fig.7.8 it follows that the mass
requirements are very high for turbulent disks (o7 = 1072), but more comfortable
for laminar disks (c; = 107°). For the outer disk in particular, the ability of pebble
accretion to spawn planets strongly depends on the level of turbulence.
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Fig. 7.9 This figure illustrates the dependence of the required pebble mass on the headwind
parameter, vyy,—compare with Fig. 7.6, above

In addition to a7, the pebble accretion efficiency is sensitive to the radial pressure
gradient in the gas [VioP; see Eq.(7.4)]. In the case where the pressure gradient
reverses—i.e., at a pressure maximum—pebbles will no longer drift inwards. It
is clear that at these locations pebble accretion becomes very fast and the planet’
growth is given by the rate at which the pebbles flow in, Mp 4. More generally,
pebble accretion is quite sensitive to vy as Fig. 7.9 demonstrates. In Fig.7.9 the
disk headwind has been increased (a) or decreased (b) by a factor 2 with respect
to the default vp, = 50ms™! (see Fig.7.6). An increase by a factor 2 may arise,
for example, from a corresponding increase in the temperature of the disk (hotter
disks rotate slower). From Fig. 7.9 it is clear that vy, affects (1) the pebble accretion
rates in the settling regime and (2) the dividing line between ballistic and settling
regimes. Pebble accretion can be triggered more easily and proceeds faster when
Upw 18 lower.

7.3.4 Summary

From these numerical experiments the following conclusions emerge:

1. Pebble accretion is generally an inefficient process. Not all pebbles are accreted.
2. The efficiency of pebble accretion and its capability to produce large planets
strongly depends on the vertical thickness of the pebble layer, which is deter-
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mined by the disk turbulence. In particular in the outer disk, pebbles simply drift
past the planet without experiencing an interaction. Efficiencies are also boosted
in regions where the radial gas pressure gradient is small.

3. Pebble accretion is more efficient for particles of 7, < 0.1. Specifically, for a
given mass, pebble accretion is most efficient for particle sizes where the growth
modes switches from 2D to 3D, i.e., where Aper, & beol.

4. Pebble accretion requires an initial seed that must lie above the M = My line
[Eq. (7.20)] distinguishing ballistic from settling encounters. Such a seed must be
produced from the planetesimal formation process or (failing that) by classical
coagulation among planetesimals. The pebble accretion initiation mass is much
larger in the outer disk.

7.4 Applications

I close this chapter with a brief recent overview of applications of pebble accretion.

7.4.1 Solar System

Lambrechts et al. (2014) argue that that the pebble isolation mass [Eq.(7.17)]—
the upper limit at which planetary cores can accrete pebbles—naturally explains
the heavy element contents in the solar system’s outer planets. After this mass is
reached, pebble accretion shuts off; and the lack of accretional heating (and arguably
opacity) will trigger runaway accretion of H/He gas. In their model, Uranus and
Neptune never reached Mp js, and accreted pebbles during the lifetime of the disk.
Their arguments rely on an efficient accretion of pebbles (indeed they do consider
the 2D limit), which means that turbulence levels had to be low or that the solar
nebula contained massive amounts of pebbles.

A key parameter in the pebble accretion scenario is the size and number of
the initial seeds. Here, the classic planetesimal-formation model has the advantage
that growth proceeds through a runaway growth phase, where the biggest bodies
outcompete their smaller siblings, since Msaf is superlinear [Eq. (7.14)]. However,
pebble accretion is a more “democratic” process; embryos will tend to stay similar
in terms of mass (Sect. 7.2.3). This was demonstrated by the N-body simulations of
Kretke and Levison (2014), in which the pebbles were shared more-or-less evenly
among the growing embryos, resulting in a bunch of Mars-to-Earth size planets, but
not the ~ 10 Mg needed to form gas giants.

A way to remedy this problem is to invoke classical planet formation concepts.
In Levison et al. (2015a) pebbles were fed into the simulation on much longer
timescales (~Myr), resulting in the dynamical excitation of especially the small-
est embryos. Pebbles then were preferentially accreted by the largest embryos,
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recovering the “winner-takes-it-all” feature that giant planet formation requires.
This, so-called “viscously-stirred pebble accretion” (essentially a blend between
classical planetesimal accretion and pebble accretion) was also applied to the inner
solar system (Levison et al. 2015b). Here, the authors claim to have found a possible
solution to the persistent “small Mars” problem (e.g. Raymond et al. 2009) by
reversing the mass-order of planetary embryos: more massive embryos can form
further in because accretion is more efficient. Although encouraging, it must be
emphasized that these N-body models contain a great number of free parameters—
ranging from the initial size-distribution of planetesimals, their location in the disk,
to the properties of the pebbles and the gas—which means a proper investigation
would imply a (prohibitively?) large scan of the parameter space.

Adopting a more basic approach, Morbidelli et al. (2015) claimed that solar
system’s “great dichotomy”—small Mars next to big Jupiter—naturally follows
from pebble accretion. The key feature is the iceline. Pebbles (7)) as well as the
pebble flux (Mp,disk) are large exterior to it; the first because of the fragmentation
velocity threshold of silicate vs icy grains and the second because the pebbles lose
their ice after crossing the iceline. Morbidelli et al. (2015) find that the 7, = 107!
pebbles beyond the iceline accrete more efficiently than the smaller pebbles (7, ~
10~2) interior to it (Fig. 7.6, albeit for different disk parameters, gives the gist of
their result). Hence, Jupiter’s core grows faster than Mars’ and eventually, when it
opens a gap, will starve the inner disk of pebbles. A similar result, using a more
elaborate model, was found by Chambers (2016).

7.4.2 Exoplanetary Systems
7.4.2.1 Super Earths

One of the key surprises of the last decade has been the discovery of the super-
Earth planet population (Fressin et al. 2013; Petigura et al. 2013): close-in planets
(r ~ 0.1 AU) of mass between Earth and Neptune, which are rock-dominated but
often have a gaseous envelope (Lopez et al. 2012). Because super-Earths orbit
their host stars at close distance, there is no longer a timescale problem for their
assembly—even without gravitational focusing coagulation proceeds fast. In the
classical in sifru model there is however a mass budget problem and to form super-
Earths in situ the canonical Minimum-Mass Solar Nebula surface density profile
(Weidenschilling 1977b; Hayashi 1981) has to be cranked up (Chiang and Laughlin
2013). Another challenge is that the isolation masses at ~ 0.1 AU are very small and
that embryos need to merge at a later stage through giant impacts, while preserving
their hydrogen/helium atmospheres (Inamdar and Schlichting 2015; Lee and Chiang
2016).

In the context of the pebble accretion model super-Earths formation at/near the
inner disk edge seems very natural. The idea is that pebbles drift inwards until
they meet a pressure maximum. This could simply be the disk edge (provided
pebbles do not evaporate!) or an MRI active/dead transition region (Kretke and Lin
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2007; Chatterjee and Tan 2014; Hu et al. 2016). At the pressure maximum, mass
piles up until gravitational instability is triggered. Pebble accretion then proceeds
until the pebble isolation mass [Eq.(7.17)], which indeed evaluates to super-Earth
masses. An advantage of pebble migration over planet migration is that pebbles,
due to their coupling to the gas, avoid trapping in mean motion resonance, which is
needed to explain those very compact systems. However, to reproduce the exoplanet
architecture in a framework that includes Type I migration remains challenging
(Ogihara et al. 2015; Liu et al. 2017).

7.4.2.2 Distant Planets

Another hallmark of the exoplanet field has been the discovery of distant planets,
of which the HR-8799 system is the poster boy (Marois et al. 2008, 2010). HR-
8799 harbors four super-Jupiter planets at, respectively, 15, 24, 38, and 68 AU—too
far to form with the classical core-accretion model. It has therefore been proposed
that these planets formed from a gravitational unstable disk (Dodson-Robinson
et al. 2009; Boss 2011). Pebble accretion of the resulting clumps can accelerate
their collapse, because the accretion effectively cools the clump (Nayakshin 2016).
Pebble accretion may also re-invigorate the core-accretion model, provided the disk
is laminar. In Fig.7.10 the required pebble masses for moderate (¢ = 10™*) and
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very low turbulence levels (a7 = 107%) are given. For moderate turbulence, pebble
accretion requires a pebble reservoir of hundreds of Earth masses, while in the
laminar case accretion becomes quite efficient when the particles are of sub-mm
size. Although challenging, forming these distant planets by pebble accretion cannot
be dismissed at first hand.

7.4.2.3 Population Synthesis Models

The assembly of a solid core is a critical (albeit not the only!) part of planet
population synthesis models (see, e.g., Ida and Lin 2004; Mordasini et al. 2009 and
their sequels). Because they rely on the classical (planetesimal-driven) scenario,
sufficiently large planetary embryos can only form around ~ 5 AU (because of
the isolation mass constraint [Eq.(7.18)]. On the other hand, as also discussed
in Sect.7.1.3, accretion is getting progressively slower in the outer disk.> Conse-
quently, there is a limited range in the disk where giant planets can form; and success
relies on fortuitous placement of initial seeds in massive disks (Bitsch et al. 2015b).

Because of pebble drift, growing cores have in principle access to the entire solid
mass of the disk. This, according to Bitsch et al. (2015b), makes pebble accretion
attractive. From the results described in this review, it is clear that success also
depends on the turbulent state of the (outer) disk and on the existence of a massive
pebble reservoir; but it is true that once conducive conditions materialize there is no
longer a timescale problem. In addition Bitsch et al. (2015b) find a prolific formation
of super-Earths and ice giants. Recently, pebble accretion-driven models have also
been adopted to understand the composition and chemistry of Jupiter-size planets
(Madhusudhan et al. 2016; Ali-Dib 2017)—a potentially observable characteristic.
However, any population synthesis model is as strong as its weakest link. In this
regard, key concerns are the lack of a physical model for the formation of the seeds
and the hyper-sensitivity of the synthesized planet population to the prescription for
planet migration (Coleman and Nelson 2014). Nevertheless, accounting for pebble
accretion opens up new avenues to understand the exoplanet population as a whole.
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Chapter 8
White Dwarf Planetary Systems: Insights
Regarding the Fate of Planetary Systems

Amy Bonsor and Siyi Xu

Abstract Planetary material accreted by white dwarfs provides critical insights
regarding the composition of planetary material. The analysis of polluted white
dwarfs suggests that rocky planetary material similar in composition to bulk Earth
is common, and that differentiation and collisions play a key role in planetary
systems. Infrared observations track the accretion of dusty planetary material in
disks that share many similarities with Saturn’s rings, as well as proto-planetary
disks. Planetary material arrives close to the star, scattered inwards from an outer
planetary systems that has survived the star’s evolution. White dwarf planetary
systems provide key observational constraints that enable us to study the evolution
of planetary systems under extreme conditions.

8.1 Introduction

Almost all stars where exo-planets have been detected to date will one day evolve
to end their lives as white dwarfs. Theoretically even the fate of our own Solar
System is uncertain (Duncan and Lissauer 1998). Whilst we are unable to observe
the evolution of our Solar System in real time, we can study nearby white dwarfs
to try and infer what may happen to our Solar System and other planetary systems,
once their host stars leave the main-sequence.

White dwarfs are the faint remnants of stars like our Sun. They have a typical
mass of 0.6 M, but a radius of about Earth, and cool from a temperature of over one
hundred thousand kelvin to a few thousand kelvin, in the age of the Universe. Stars
like our Sun, and up to a mass of about 8 M, swell to become giant stars. They loose
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a substantial fraction of their mass (between half and two thirds), mainly during the
tip of the asymptotic giant branch, in a planetary nebulae. The compact remnant
left behind becomes a white dwarf. Whilst the inner planetary system may be lost,
swallowed in the giant star’s expanding envelope, Mustill and Villaver (2012) show
that rocky planets should survive exterior to ~3 AU and gas giants initially exterior
to ~5 AU. Any surviving planetary system expands, due to adiabatic mass loss, and
Villaver and Livio (2007) show that the planetary system interior to 15 AU should
be devoid of giant planets, unless they have arrived in this region after the giant
branch. Outer debris belts, outside of a few AU, will survive the star’s evolution,
albeit stripped of small planetesimals (up to tens of metre in size on the AGB), which
are rapidly replenished by collisions during the early white dwarf phase (Bonsor and
Wyatt 2010).

Observationally it is very difficult to study white dwarf planetary systems
directly. Detection of outer planets, or outer debris belts is difficult due to their
low luminosity. The best way to study the planetary system orbiting a white dwarf
is from observations of planetary material that has been accreted by polluted white
dwarfs. A white dwarf should have an atmosphere that is pure hydrogen or helium.
The presence of heavier elements indicates the recent accretion of material from
exterior to the white dwarf. Over 30% of white dwarfs exhibit heavy elements in
their spectra (Zuckerman et al. 2003, 2010; Koester et al. 2014), the composition
of which are consistent with rocky planetary material, in general similar to bulk
Earth (Jura and Young 2014). Alongside observations of gas and dust, polluted white
dwarfs provide the best way to study the fate of planetary systems.

8.2 Planetary Systems Post-main Sequence

A white dwarf may be orbited by planets and (or) debris belts, exterior to a few AU,
that have survived the star’s evolution. The most likely explanation for white dwarf
pollution is that planetary material has been transported from this outer planetary
system close enough to the star to be tidally disrupted (about a solar radius).
Fragments from the disrupted planetary bodies accrete onto the star. There are few
transport processes that lead to planetary material arriving this close to the white
dwarf. For example, Bonsor and Wyatt (2010) show that Poynting-Robertson drag
can only transport dust grains smaller than 20 mm to the star, if they start exterior
to 1 AU. Scattering remains the most effective mechanism at transporting planetary
material from the outer planetary system down to the star. The accreted material
could originate from a range of sources, asteroids, comets or planets. We use the
term planetesimal to refer to any planetary body that is in a debris belt.
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8.2.1 Dynamical Instabilities Following Stellar Mass Loss

When a star loses mass, if the mass loss is adiabatic, the orbits of any planets or
planetesimals spiral outwards. The planet’s semi-major axis increases as

Mi ®.1)
ar = a; . .
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With a reduced central mass, the influence of any planetary bodies on one another
increases. This can lead to dynamical instabilities. Debes and Sigurdsson (2002)
illustrate how an initially stable configuration can become unstable following mass
loss. Such instabilities can lead to planetary bodies scattered onto star-grazing orbits,
which in turn can lead to the pollution of white dwarfs. White dwarf pollution
could occur when planets (minor planets or exo-moons) themselves are scattered
onto star-grazing orbits, or alternatively when planets scatter smaller bodies, either
exo-moons, or planetesimals (asteroids or comets) onto star-grazing orbits. There
is as yet no consensus in the literature regarding which process dominates, and
probably all processes are occurring. However, important insights can be derived
by considering the frequency, level and composition of the pollution. The scattering
of larger bodies will be less frequent and lead to higher levels of pollution than the
(continuous) scattering of smaller bodies, as shown by Wyatt et al. (2014).

8.2.1.1 Planetesimals

The observational evidence for the presence of both planetesimals (debris belts)
and planets in white dwarf systems is growing (Wyatt 2008). About 30% of A
stars, the progenitors of most white dwarfs, exhibit an infrared excess from a
debris belt (Su et al. 2006). When the star loses mass, the influence of any planets
on the planetesimals in that system increases. This can lead to the scattering of
planetesimals by planets. We can consider two scenarios.

In the first, the inner edge of a planetesimal belt is carved out by a planet that has
cleared its chaotic zone of material. The width of the chaotic zone, for a planet on a
circular orbit, is given by Wisdom (1980):

Betaos _ ( "o )2/7 , (82)
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where C is a constant whose value is about 1.2, ap is the planet semi-major axis,
my is the planet mass and M is the stellar mass. As the stellar mass decreases, the
size of the chaotic zone increases. This leads to increased scattering, as shown by
Bonsor et al. (2011) and Frewen and Hansen (2014) for eccentric planets. Bonsor
et al. (2011) show that a single planet at 30 AU (or 60 AU post-stellar mass loss),
interior to a planetesimal belt, scatters sufficient material inwards in order to explain
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the observed white dwarf pollution, if there exists an interior planetary system
that is similarly efficient at scattering planetesimals inwards as our Solar System.
Bonsor et al. (2011) assume a distribution of planetesimal belt masses that fits the
observations of debris disks around A stars (Wyatt et al. 2007), evolved to the start of
the white dwarf phase (Bonsor and Wyatt 2010). The accretion rates from scattering
fall off steeply with time after the start of the white dwarf phase.

In the second scenario, planetesimals are scattered due to the increase in width of
unstable resonances. Debes et al. (2012) show that the width of the interior mean-
motion resonances with Jupiter in the asteroid belt increase following stellar mass
loss. In the restricted three-body case, expanding for low eccentricities (Murray and
Dermott 1999), the maximum libration width for interior first-order resonances is
given by

16C,e\'/? ¢, \'"* 2c
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where 7 is the mean motion of the planetesimal is proportional to the stellar mass,

n = \/ Ggf{* , a, e are the semi-major axis and eccentricity of the planetesimal, C,

and j, are constants from the distributing function (Murray and Dermott 1999). This
width is inversely proportional to the stellar mass. As the star loses mass, many
previously stable particles become unstable, as shown in Fig. 8.1. Debes et al. (2012)
use N-body simulations to determine the rate at which asteroids are scattered onto
star-grazing orbits in the post-main sequence Solar System. They show that this
mechanism can produce the observed accretion rates from polluted white dwarfs in
a planetary system with an asteroid belt than has a mass ~820 times that of the Solar
System’s asteroid belt.

Figure 8.1 shows that the difference in scattering rates between an exterior and
interior planet is minimal, and the scattering rates are dominated by the planet and
belt mass. Whilst more material survives in outer planetesimal belts, it is easier
to transport material inwards from an inner planetesimal belt, and it is, therefore,
currently not clear from the dynamics whether the accretion would be dominated by
planetesimals that originate from planetesimal belts that are close to the star (exo-
asteroid belts) or planetesimal belts that are further from the star (exo-Kuiper belts).

8.2.1.2 Planets

Dynamical instabilities and planet—planet scattering are thought to be a key feature
of the early evolution of planetary systems, e.g. Raymond et al. (2009). Most
instabilities occur early (<10 Myr), after which planetary systems generally settle
down to stable configurations (Raymond et al. 2010). Late-time instabilities are rare
(Raymond et al. 2010; Bonsor et al. 2013). Such stable configurations, however, may
not remain stable following stellar mass loss on the giant branches. Analytically it
can be shown that by reducing the stellar mass, the separation of two planets must



8 White Dwarf Planetary Systems 233

teool (Myl’)
10"
1010
M
-1
(9s7) 40e
106
100 -7
PR Bonsor et al, (2011)
P Debes etal, (2012) - - = = T
102 o 1 | )
5 10 15 20 25
T. (10°K)

Fig. 8.1 The accretion rates derived from calcium for known white dwarfs, assuming a compo-
sition of bulk Earth (Farihi, personal communication). These are compared to the distribution
of accretion rates fitted to the scattering simulations of Bonsor et al. (2011), tracking scattering
following the increase in width of the chaotic zone post-stellar mass loss (black solid line), and
Debes et al. (2012), following the increase in width of internal resonances with a planet (black
dashed line). The blue dashed line shows an asteroid with the mass of the current day asteroid belt,
whereas the black dashed line shows a mass of 820 times the current day. The dotted lines show
the minimum and maximum of the distribution (Bonsor et al. 2011), depending on planet mass and
belt mass. Any comparison with the observed distribution of accretion rates must take into account
selection effects that make it harder to detect lower accretion rates for hot stars

increase in order for them to continue to be Hill stable (Debes and Sigurdsson 2002;
Veras et al. 2013).

Planetary systems are chaotic and the exact dynamics depend on the exact
configuration of individual systems. A wide range of numerical simulations have
shown (Debes and Sigurdsson 2002; Veras et al. 2013; Mustill et al. 2014; Veras
et al. 2016a) that instabilities can occur both during the giant branch evolution and
in the white dwarf evolution that follows. Whilst the rate of instabilities decreases
significantly with time after the end of mass loss, instabilities can still occur long
into the white dwarf phase (Veras et al. 2013). Some instabilities lead to planets that
approach close to the star, whilst others may scatter planets into regions where these
planets then scatter planetesimals onto star-grazing orbits. The majority of planets
are ejected following stellar mass loss (Veras et al. 2016a), in addition to which
non-adiabatic mass loss for objects on long period orbits can lead to the escape of
planets or comets (Veras et al. 2011; Veras and Wyatt 2012).
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8.2.1.3 Exo-Moons

In our Solar System, many planets are orbited by several moons or satellites. Payne
et al. (2016) show that gravitational scattering amongst planets following stellar
mass loss leads to the liberation of exo-moons. These exo-moons could themselves
be scattered onto star-grazing orbits, or instead be scattered into a region where they
readily scatter planetesimals onto star-grazing orbits, thus, leading to white dwarf
pollution.

8.2.1.4 The Influence of Binary Companions

The rate of dynamical instabilities induced by stellar mass loss necessarily decreases
very steeply as a function of time after the end of stellar mass loss (or white dwarf
cooling age). The presence of a binary companion can induce dynamical instabilities
in a planetary system following stellar mass loss, even after Gyrs of stable evolution.
This can lead to white dwarf pollution even in old white dwarfs, in a manner that is
relatively independent of age.

It has been shown for main-sequence planetary systems, that whilst in general
wide (@ > 1000 AU) binary companions do not influence the dynamics of the
planetary system, the orbit of the binary varies due to Galactic tides. During periods
of ‘close’ pericentre passage, the binary may excite the eccentricities of planets,
even ejecting them (Kaib et al. 2013). The increased eccentricity of exoplanets in
systems with wide binary companions has been confirmed by observations (Kaib
et al. 2013). The same scenario could be applied to white dwarf planetary systems.
If the white dwarf is orbited by a wide binary companion, the planetary system
may remain unperturbed for billions of years, before Galactic tides alter the orbit of
the companion such that it induces dynamical instabilities in the planetary system.
The increase in separation of the binary following stellar mass loss increases the
perturbations on the binary’s orbit due to the Galactic tides, making it more likely for
the first close approach of a binary to occur during the white dwarf phase. Figure 8.2
shows the evolution of a possible binary orbit and its first close approach during the
white dwarf phase.

In Bonsor and Veras (2015) we show that the first close approach of a wide binary
companion can lead to pollution even in Gyr old white dwarfs. The presence of a
planet is not a necessity, although it can aid the scattering of planetesimals onto
star-grazing orbits. The polluted white dwarf, WD 1009-184, with its companion
at 6870 AU and an effective temperature of 9940 K (equivalent to a cooling age of
~700Myr) (Sion et al. 2009; Zuckerman 2014) stands out as an example system
where this mechanism could be acting. Based on a wide binary fraction of ~10%,
we estimate that this mechanism could contribute to pollution in up to a few percent
of any sample of white dwarfs. Zuckerman (2014) presents a sample of 17 white
dwarfs with companions separated by more than 1000 AU, searched for Ca II with
Keck/VLT and finds that 5 are polluted, a similar rate to pollution in apparently
single white dwarfs (~ 30% Zuckerman et al. 2003).
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8.3 Circumstellar Material

Young stellar systems are characterised by the accretion of gas and dust onto the
central star. Proto-planetary disks are the sites of complex gas and dust processes
that potentially lead to grain growth and planet formation, as well as the clearing
of the inner cavities during transition disk phases. The same stars, at the very end
of their lives, when all that is left behind is a compact remnant, can again accrete
material. The observations of gas and dust very close to some polluted white dwarfs
tell us about these accretion processes in action. Whilst some similar physical
processes are shared by the accretion of material onto white dwarfs and in proto-
planetary disks, the accretion rates and scales are very different. In many respects
the circumstellar disks around polluted white dwarfs share more similarities with
Saturn’s rings.

8.3.1 Dust

Observations in the near-infrared of a sub-set of polluted white dwarfs find excess
emission, over and above that predicted for the stellar photosphere. This emission is
from dusty material at temperatures of around a thousand Kelvin. If such material
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is heated by the white dwarf, it will reside within a solar radius of the white
dwarf, i.e. within the Roche limit. Asteroids that are scattered into this zone will be
disrupted by strong tidal forces. The observed dusty material is thought to originate
in the disrupted bodies and accretes onto the white dwarf, leading to the observed
pollution.

The first dusty white dwarf was observed in 1987, G29-38 (Zuckerman and
Becklin 1987), shortly after the discovery of the first debris disk around a main-
sequence star (Aumann et al. 1984), and before the first planets were discovered
in 1991 (Wolszczan and Frail 1992). Initially the debate in the literature regarded
whether the emission was from a brown dwarf companion or dust (Wickramasinghe
et al. 1988; Tokunaga et al. 1988; Haas and Leinert 1990; Graham et al. 1990a,b;
Telesco et al. 1990). The infrared emission was linked to the presence of heavy
elements discovered in the spectra by Koester et al. (1997). G29-38 remains one
of the best studied dusty white dwarfs, with the largest infrared excesses, observed
over wavelengths from K-band (2.2 pm) to 24 pm (Reach et al. 2005).

There are now over 40 dusty white dwarfs, all of which are polluted (Farihi 2016).
The frequency of infrared excess for white dwarfs has been characterised by several
surveys, which reach a consensus of 1-5% (Girven et al. 2012; Farihi et al. 2009;
Barber et al. 2012; Debes et al. 2011; Hoard et al. 2013; Mullally et al. 2007). The
majority of the white dwarfs where an infrared excess has been detected are warm
stars, with T > 10,000 K, with a few notable exceptions (Xu and Jura 2012). The
rates of infrared excess are strikingly lower than the fraction of stars where pollution
is detected of around 30%, e.g. Zuckerman et al. (2003, 2010) and Koester et al.
(2014).

Infrared spectroscopy of six dusty white dwarfs has revealed the presence
of molecular emission features, most notably from silicates (Jura et al. 2009).
The dusty material accreting onto these polluted white dwarfs appears to have
a composition similar to rocky material in our Solar System, and similar to
the compositions derived from white dwarf pollution (Xu et al. 2013). Future
observations, for example using MIRI on JWST, will be well placed to further
characterise the composition of the dust.

8.3.1.1 Structure of Emitting Dust

The observations constrain the temperature of the emitting dusty material; it clearly
lies very close to the white dwarfs, generally within the tidal limit. The standard
model, widely used in the literature to explain the observed emission is an opaque,
flat dust disk, akin to Saturn’s rings (Jura 2003). This dust disk must have a scale
height that is significantly less than the white dwarf radius, in order that sufficient
energy can be reprocessed by the disk to explain the observed infrared luminosities
of the brightest objects (Reach et al. 2009). The observed silicate emission features
(Jura et al. 2009) must result from an optically thin region of the disk, such as a
surface layer or warped disk (Jura et al. 2007).
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8.3.1.2 Accretion and Dust

The dust observed close to white dwarfs supplies the accretion that is observed as
pollution. Dust spirals inwards under Poynting-Robertson drag (PR-drag). Rafikov
(2011a) and Bochkarev and Rafikov (2011) show that PR-drag alone is sufficient to
supply the observed accretion in most polluted white dwarfs in an opaque, flat dust
disk. Rafikov (2011b) and Metzger et al. (2012) suggest the coupling between gas
and dust as a potential mechanism to enhance the accretion rates for those polluted
white dwarfs with accretion rates higher than possible from PR-drag alone.

In this section we focus on what infrared observations of white dwarfs can
tell us about the accretion. A conundrum exists. The fraction of white dwarfs
with an infrared excess (a few percent) is significantly lower than the fraction
that are polluted (about 30%). Bonsor et al. (2016) show that this discrepancy
cannot be explained by opaque, flat dust disks that escape detection. At 4.5 um,
observations with Spitzer or WISE should detect 95% of these disks, if they extend
from T;, = 1400 K to the Roche limit.

In order to assess the frequency of dust around white dwarfs, Bonsor et al.
(2016) consider an unbiased sample of 528 white dwarfs with Spitzer and WISE
observations collated from the literature. Figure 8.3 plots the cumulative distribution
of infrared excesses at 4.5 wm (or W2) in this sample, this is the fraction of those
white dwarfs where the observations are sensitive to a given excess, that have an
infrared excess above the given level. The observations are consistent with up to
3.3% of the stars in the sample having an opaque, flat dust disk that spans from
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Fig. 8.3 Infrared observations of an unbiased sample of white dwarfs are consistent with the
presence of a wide, opaque, flat dust disk around up to 3.3%, whilst pollution occurs for around
30% of stars. Plotted is the cumulative distribution of infrared excesses (black); the number of stars
in the sample with an infrared excess above a given level, divided by the number of stars for which
such an excess is detectable, compared to two models in which all stars have a disk that extends
from T;, = 1400 K to the Roche limit, or a distribution of disk widths, where the number of disks
of width ér/r varies as (6r/ r)”%* (Bonsor et al. 2016)
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Tin = 1400K to the Roche limit, and has an inclination randomly selected from
an isotropic distribution, as shown by the blue dashed line in Fig.8.3. This is
significantly lower than the typical pollution rate of 30%. The only way to reconcile
the observations with 30% of stars having an opaque, flat dust disks, is for most of
those dust disks to be narrow. If the number of disks with a width §r/r decreases as
(8r/r)™%4, 30% of the stars in the sample can have a dust disk, yet 18% must have
a dust disk narrower than 10737, as shown by the orange dot-dashed line. Whether
it is physically reasonable for so many stars to have such narrow dust disks remains
unclear.

Figure 8.4 and Bonsor et al. (2016) present four alternative explanations for the
absence of an infrared excess, depending on the white dwarf’s temperature and
accretion rate. For the oldest white dwarfs, with the longest sinking timescales,
the absence of an infrared excess can be explained by an opaque, flat dust disk
that has been fully accreted, yet sustains detectable pollution (green region). The
absence of an infrared excess for white dwarfs with low accretion rates (<107 gs™!)
can be sustained by the accretion, via Poynting-Robertson drag, of optically thin
dust, whose infrared emission is below our detection limits, however, this dust
must be replenished, if no variability in the infrared excess or pollution is expected
(blue region). For the hottest white dwarfs, dust that is released from a disrupting
body and directly heated by the stellar radiation will sublimate. Those hot polluted
white dwarfs without an infrared excess could have pure gas accretion (brown
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Fig. 8.4 The absence of an infrared excess for a polluted white dwarf can be explained by (1)
undetected optically thin dust (blue) (2) pure gas accretion, as dust sublimates directly (brown) (3)
enhanced accretion of optically thin dust (red) or (4) short dust disk lifetimes compared to sinking
timescales (green). The dashed and dotted lines show the accretion rate due to Poynting-Robertson
of undetected (R45,m = 0.3) optically thin and optically thick dust disk (Rafikov 2011a), with an
inner temperature of 7, = 1400K and Ry, = Ryoche- The accretion rates over plotted are from
either Ca (stars) (Farihi, personal communication) or Si (diamonds) (Koester et al. 2014), assuming
a composition of bulk Earth. Red symbols indicate the detection of an infrared excess
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region). The greatest uncertainty remaining with this scenario is whether the fast
timescales for accretion of gas (Rafikov 2011b; Metzger et al. 2012) can be
reconciled with the continued presence of accretion at a steady-state, potentially via
the replenishment of material. Warm white dwarfs with high accretion rates are the
hardest to explain. It could be that the accreted material in these objects sublimates at
lower temperatures (~900 K), such that the brown region takes over the red region.
Alternatively, the accretion of optically thin dust could be enhanced by the presence
of gas. Future unbiased surveys that examine the occurrence of pollution, dust and
gas in white dwarfs are key to understanding the full picture.

8.3.1.3 Variability

Recently, short term variability has been discovered around a dusty white dwarf
WD J0959-0200 (Xu and Jura 2014). Within 300 days in 2010, its fluxes in 3.6 and
4.5 pm have decreased by ~ 30% and the flux levels have remained unchanged ever
since then. WD J0959-0200 also displays calcium triplet emission from an orbiting
gas disk! (Farihi et al. 2012). There are at least two scenarios that can explain the
partial destruction of the dust disk. An impact of a small object onto a pre-existing
dust disk or instability within the dust disk, possibly due to the coupling of the dust
and gas (Rafikov and Garmilla 2012; Metzger et al. 2012). Further investigation is
needed to understand the origin of the change of the infrared fluxes.

8.4 Compositions of the Accreting Planetesimals

Spectroscopic observations of polluted white dwarfs allow us to infer the chemical
compositions of the accreting planetary material. There are about a thousand
polluted white dwarfs know to-date and the majority were discovered in the Sloan
Digital Sky Survey (Dufour et al. 2007; Koester et al. 2011). Calcium is the most
easily detected element in the optical wavelength range and it is the only element
detected in most polluted white dwarfs. In order to measure the full composition,
high resolution spectroscopic observations are required. There are only a handful
of such objects that have been thoroughly studied (Jura and Young 2014). In the
optical range, we are mostly sensitive to the rock-forming elements, such as Ca, Mg,
Si, Fe and O. The ultraviolet wavelength range is most ideal for detecting volatile
elements, including C, S and N. So far, a total of 18 elements have been detected in
a white dwarf’s atmosphere, including C, O, Na, Mg, Al, Si, P, S, Ca, Sc, Ti, V, Cr,

'0ut of all the dusty white dwarfs, eight of them display double peaked emission lines from a
circumstellar gas disk. Some of the gas lines also change on yearly timescale (e.g. Génsicke et al.
2006). However, the detailed discussion about these systems is beyond the scope of this review.
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Mn, Fe, Ni, Zn and Sr. Here, we summarise the highlights of the compositions of
extrasolar planetesimals and discuss the implications of these measurements.

8.4.1 Bulk Compositions

Our solar system is the best studied planetary system and can be used as a bench-
mark to understand other planetary systems. In terms of bulk composition, the best
measurement comes from the analysis of meteorites, which are the building blocks
of rocky planets. The standard picture is that planets formed by accreting from
material in the surrounding area, which is strongly dependent on the temperature
of the protoplanetary disk at a given location (Larimer 1967; Wetherill 1990). The
overall compositions of the solar system objects are a result of the temperature
gradient of the protoplanetary disk: dry, rocky, terrestrial planets in the inner solar
system and ice and gas giants in the outer solar system. CI chondrites are considered
to be the most primitive object in the solar system and have a composition that
closely resembles the solar composition (Lodders 2003). Do extrasolar planetary
systems have similar abundance patterns?

Figure 8.5 shows the abundances of materials that have been accreted onto
polluted white dwarfs (Xu et al. 2014). The composition of bulk Earth and comet
Halley are also shown for comparison. So far, the accreting material mostly
resembles the composition of bulk Earth, which is dominated by four elements,
O, Mg, Si and Fe. The only possible exception is #12 Ton 345, which has accreted a

Si

Bulk Earth

C

ds

5 : Comet Halley

15,000 17,000 19,000 21,000 23,000
Tesr (K)

7.90 .
11,000 13,000

Fig. 8.5 A compilation of 12 white dwarfs with detections of at least O, Mg, Si and Fe (updated
from Xu et al. 2014). The abscissa represents the effective temperature of the white dwarf, which
is related its cooling age. The ordinate is surface gravity, which is connected to the main sequence
mass. The mass fractions of the major elements are labelled. #12 Ton 345 is the only white dwarf
that has accreted a planetesimal with a substantial amount of carbon. Here, the result from Jura
et al. (2015) is shown. See Sect. 8.4.1 for more details. Most white dwarfs have accreted extrasolar
planetesimals with compositions similar to bulk Earth
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significant amount of carbon (Jura et al. 2015). The relatively low oxygen abundance
suggests the accreting material has little H,O. The parent body is probably an
analogue to dry Kuiper Belt Objects. However, the high carbon result is a bit
controversial because a different group found a much lower carbon abundance by
analysing the ultraviolet spectrum of Ton 345 (Wilson et al. 2015).

In Fig.8.5, #6 GD 61 and #11 WD J1242+5226 have accreted a significant
amount of oxygen. Detailed abundance analysis shows that the oxygen is over
abundant compared to the quantities required to combine with other observed
elements to form typical rocky minerals, e.g. MgO, SiO,, FeO or Fe,03;, CaO,
Al,Os, etc. Therefore, the natural explanation for the oxygen over-abundance is that
H,O must be an important constituent of the accreting material (Farihi et al. 2013;
Raddi et al. 2015).

Note all white dwarfs shown in Fig. 8.5 sit in a “sweet spot” of 11,000-23,000K.
At a higher temperature, pollution could come from radiative levitation, which
complicates the analysis (Koester et al. 2014); at a lower temperature, dredge-up
from the core could also bring material to the white dwarf’s atmosphere (Brassard
et al. 2007). No general trend is present in the abundance of the accreting material
with respect to the white dwarf’s effective temperature or the main sequence mass.
It has been proposed that as the white dwarf cools/ages, the accreting material could
change from asteroid-analog to comet-analog (Bonsor et al. 2011; Xu and Jura
2012). High resolution spectroscopy for a large sample of white dwarfs at different
temperatures is required to study the full range of compositions in exo-planetary
asteroids.

8.4.2 Differentiation and Collisions

In the solar system, there are objects with very different compositions from the
chondritic abundances. For example, iron meteorites are largely made from iron
and probably come from the core of a differentiated parent body. The formation
of Mercury is likely to involve the collision of two objects (Benz et al. 1988).
Differentiation and collisions can significantly change the compositions of extra-
solar planetesimals; the formation of planets with non-chondritic compositions is
inevitable (O’Neill and Palme 2008).

One idea for exploring these effects is shown in Fig. 8.6, which looks for evidence
for core and crust separation. Fe and Al are a representative core and crust element,
respectively. The dispersion between Fe-to-Al ratios measured in polluted white
dwarfs is much larger than the ratios measured in CI chondrites and planet-hosting
stars. It shows that differentiation and collisions can be common in extrasolar
planetary materials (Jura et al. 2013). In addition, 16 heavy elements are detected in
the parent body that is accreting onto the white dwarf GD 362. The best match solar
system object with a similar composition is mesosiderite, a blend of core and crust
material (Xu et al. 2013). Evidence for differentiation and collision can be found in
individual objects given enough elements are detected.
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Fig. 8.6 Abundance ratios between Fe and Al versus Si and Al from materials accreted onto
polluted white dwarfs (black dots), chondrites (red triangles) and planet-hosting stars (blue
squares). A few solar system rocks are also included as magenta symbols (bulk Mercury, Dunite,
bulk Moon, MORB [Mid Ocean Ridge Basalt] Jura et al. 2013). Si and Al are typical crust material
while Fe is mostly contained in the planetary core. The vertical black dotted line represents a model
with a blend of core and mantle material while the sloped black dotted line represents a blend of
core and crust material with 10% core by mass. The toy model can fit all the observed abundances
in polluted white dwarfs. Chondrites and planet-hosting stars reside in a very small phase space.
In addition, the dispersion between the Fe-to-Al ratios is much larger than that of Si-to-Al ratios,
likely due to differentiation and collision

Plate tectonics can be closely related to a planet’s habitability and its effect has
been under intense investigation (Valencia et al. 2007; Foley et al. 2012). Earth is
the only known object that has undergone plate tectonics and an important outcome
is the enrichment of the so-called “incompatible” elements, e.g. Ba, Sr, in Earth’s
continental crust compared to other crust materials in the solar system. Polluted
white dwarfs can be used to search for evidence of plate tectonics on extrasolar
rocky objects. A pilot study on two objects was performed and upper limits of Ba-
to-Ca ratios were obtained (Jura et al. 2014). No evidence for plate tectonics was
found but this search should be extended to additional targets.

8.4.3 Implications

Planetesimals are the building blocks of planets and measuring their compositions
can place strong constraint on planet formation models. For example, recent studies
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hypothesised that carbon planets could form around carbon-enhanced stars (Bond
et al. 2010; Moriarty et al. 2014). So far, all the abundances observed in polluted
white dwarfs have found low carbon abundances. Whatever the planet formation
pathway it is, it must be universal in both the solar system and extrasolar planetary
systems.

Tracing the volatile elements and locating the snow line/soot line is a key goal in
the study of protoplanetary disks (Lecar et al. 2006; Qi et al. 2013). One end result
of volatiles are accreted onto the planetary objects in the system. Viewed as an
ensemble, most white dwarfs are accreting from water-depleted extrasolar objects
(Jura and Xu 2012). We are sampling drying rocky objects and this provides indirect
evidence that snow lines can be present in other systems.

8.5 WD 1145+017: A White Dwarf with an Actively
Disintegrating Asteroid

The tidal disruption of an asteroid is the standard model to explain white dwarf
pollution (Jura 2003). However, the disintegrating asteroid has never been directly
observed, until very recently.

8.5.1 Intriguing Light Curve

WD 1145+017 was observed in the first campaign of the extended Kepler mission.
Multiple transits with periods around 4.5h were detected during the 80-day
observation and significant evolutions were detected (Vanderburg et al. 2015).
Ground-based follow-ups came quickly and the transit properties are very unique
(Croll et al. 2015; Rappaport et al. 2016; Génsicke et al. 2016; Gary et al. 2017).
(1) Transits are deep—transit depths as deep as 70% have been detected. (2) Transit
profiles are asymmetric—the egress lasts much longer than ingress. Similar transit
profiles have been observed for disintegrating planets around main sequence stars.
(3) The transit duration is much longer than expected for a solid object. (4) Light
curve changes on a daily basis and it can be completely different after several weeks.
A light curve is shown in Fig. 8.7.

The general consensus is that there is an actively disintegrating object around the
white dwarf WD 1145+017. The transits are produced by dust coming off from the
disintegrating objects. There are still many mysteries, particularly the long term
evolution of the system (Veras et al. 2016b). How many fragments are there in
the system? What is the dust production mechanism? What is the typical size and
composition of the dust?
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8.5.2 Infrared Excess

WD 11454017 displays strong excess infrared radiation starting from the K band
(Vanderburg et al. 2015). The SED can be fit by a warm disk within the tidal radius
of the white dwarf, similar to the disk model discussed in Sect. 8.3.1. However, it
is puzzling that the dust disk is not aligned with the transiting objects (Vanderburg
et al. 2015; Xu et al. 2016). The infrared excess can also be fitted with a blackbody
companion. Future observations, particularly near infrared spectroscopy, would
reveal the nature of the infrared excess.

8.5.3 Polluted Atmosphere

High-resolution spectroscopic observations of WD 1145+017 with the Keck Tele-
scope reveal 11 heavy elements, including O, Mg, Al, Si, Ca, Ti, V:, Cr, Mn, Fe and
Ni, making it one of the most heavily polluted white dwarfs known (Xu et al. 2016).
The overall abundance pattern is very similar to those of CI chondrites, as shown in
Fig. 8.8. The relatively high oxygen abundance indicates the possibility of presence
of water in the accreting material. However, further observations are required to
confirm this due to the large uncertainty associated in the oxygen measurement

gt ® @® steady-state |[]
B instantaneous

7,

-

S 6t

3 BN

£ 5 e
=
n 4
< my:
§ °
X

€

0 Amn, ‘ ‘ ‘ ‘
1000 1100 1200 1300 1400 1500 1600 1700

Condensation Temperature (K)

Fig. 8.8 Mass fraction of an element relative to Si in the material accreted onto WD 1145+017,
normalised to the ratios in CI chondrites (Xu et al. 2016). Two models to derive the intrinsic
abundances of the accreting material are presented, including the steady-state approximation and
instantaneous model. Within the uncertainties, the overall abundance ratios are very similar to those
observed in CI chondrites, consistent with abundances observed in other polluted white dwarfs (see
Fig.8.5)
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Fig. 8.9 Example of circumstellar feature detected around WD 1145+017 from Xu et al. (2016).
The figure is shown in velocity space in the white dwarf’s reference frame. The black and blue
lines represents data taken with Keck/HIRES and a slightly lower resolution spectrograph ESI a
few weeks later. The red line represents the best model fit to the photospheric lines. The lower solid
magenta line is the HIRES data minus the model—residual from circumstellar gas absorption

(Xu et al. 2016). High resolution ultraviolet spectroscopy would allow us to measure
the abundances of volatile elements, such as C, S and possibly N so we could assess
the volatile content of the accreting material.

8.5.4 Circumstellar Gas

High-resolution spectroscopic observations from Keck also discovered numerous
absorption features from Mg, Ca, Ti, Cr, Mn, Fe and Ni around WD 1145+017.
These features are broad, with a line width of ~300kms™!, asymmetric and deep,
with an average depth about 15% below the continuum, as shown in Fig. 8.9. They
all come from transitions with a lower energy level between 0-3 eV (Xu et al. 2016).
These absorption lines are formed from circumstellar gas around WD 1145+017,
likely associated with the disintegrating objects.

Previously, circumstellar gas has been detected around other white dwarfs, but
none of them are morphologically similar to WD 1145+017. By monitoring the
circumstellar features, Redfield et al. (2016) found that they change on a very
short timescale. Further investigation is needed to understand the changes of the
circumstellar feature.

8.6 Conclusions

In this chapter, we provide evidence that planetary systems around white dwarfs
are common. Studying these systems can provide us with vital information regard-
ing the formation and evolution of planetary systems, in particular the bulk
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compositions of extrasolar rocky objects. There is no other technique in the
foreseeable future that will provide such good bulk compositions for rocky planetary
material outside our Solar system. The recent discovery of an actively disintegrating
asteroid around WD 1145+017 provides an exciting opportunity to study the
real time tidal disruption processes and further our understanding of white dwarf
planetary systems.

Looking into the future, Gaia will significantly increase the white dwarf popula-
tion. Ongoing and future spectroscopic surveys, e.g. the Sloan Digital Sky Survey,
WEAVE and 4MOST, will return many more polluted white dwarfs. The James
Webb Space Telescope will allow us to measure the dust composition and directly
link that to the atmospheric pollution. In addition, upcoming transit surveys and
time-domain studies, such as TESS, LSST and Pan-STARRS, will likely return many
more objets similar to WD 1145+017.

Acknowledgements We thank Bruce Gary and Saul Rappaport for updating Fig.8.7 for this
chapter.
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Chapter 9

Observational Signatures of Planet Formation
in Recent Resolved Observations

of Protoplanetary Disks

Ruobing Dong, Zhaohuan Zhu, and Jeffrey Fung

Abstract Planets form in gaseous protoplanetary disks surrounding newborn stars.
As such, the best way to learn how planets form from observations is to directly
watch them forming in disks. By doing so, we can directly address the three most
fundamental questions in planet formation: when, where, and how planets form.
In the past, due to the difficulties in directly detecting planets in disks, planet
formation has been a subject of theoretical astrophysics. Now, thanks to a fleet
of new instruments with unprecedented resolving power that have come online
in the past decade, we have just started to be able to directly resolve structures
in protoplanetary disks that are unambiguously associated with planet formation
activities. By comparing these observations with theoretical models of disk—planet
interactions, we will be able to constrain the locations and properties of the (unseen)
planets. This is the onset of a new field—observational planet formation. In this
chapter, we highlight selected recent progresses in this field, with emphases on
numerical modeling of observational signatures of planet-induced structures in
disks, as well as the comparison between models and observations.

9.1 Introduction

The study of how planets form is among the most active research areas in
contemporary astronomy. Although it is widely accepted that they form in gaseous
protoplanetary disks surrounding newly born stars (typically one to a few million
years old), the specific processes that transform the building blocks—sub-micron-
sized interstellar medium grains and various spices of gas molecule in the star
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forming environment—to the final products are not well understood. Because
protoplanetary disks are the birthplaces of planets, the best way to study how
they form from observation is to directly watch them forming in disks. This is
the only direct way to address the three most fundamental questions in this field:
when, where, and how planets form. Unfortunately, identifying young planets in
disks is difficult, as none of the major planet detection techniques invented to date
is particularly suitable for this purpose.! Because of this, planet formation has
historically been a subject of theoretical astrophysics.

A promising alternative method to look for forming planets in disks is to infer
their existences and properties through gravitationally induced structures caused
by disk—planet interactions. In theory, we know planets can drive spiral density
waves (e.g., Goldreich and Tremaine 1980; Lin and Papaloizou 1993), clear material
around their orbits to form gaps (e.g., Bryden et al. 1999), and induce vortices
at the gap edge (Koller et al. 2003; Li et al. 2005; for a recent review on disk—
planet interactions see Kley and Nelson 2012). These structures are on much larger
physical scales and can be much more prominent than the planets themselves. If we
can directly detect such structures in resolved observations of disks, and assert they
are induced by (embedded and unseen) planets, these structures will be the signposts
of planets.

Now, thanks to a fleet of new instruments with unprecedented resolving power
that have come online in the past decade, a new field—observational planet
formation—is emerging. These new instruments, along with new observational
techniques, have enabled us to spatially resolve fine structures in the inner tens of
AU of protoplanetary disks, and many of them are potentially planet-induced. High
spatial resolution is the key in this novel field. Planets are generally believed to form
at a few to a few tens of AU in disks; at these distances, planet-induced structures,
such as spiral arms and gaps, are on the order of 1-10 AU in size. At 140 pc, the
distance to nearby star formation regions (e.g., Taurus), these sizes transform to
about 0.01-0.1” in angular scale. For reference, the angular resolution of HST is
about 0.1” at J-band.

There are two spectral windows in which we can routinely achieve the needed
angular resolution to resolve planet-induced structures in nearby star forming
regions. The first window is optical to near-infrared (NIR). A few 8 m class
ground based telescopes equipped with adaptive optics (AO) and various stellar
halo suppression techniques have enabled us to take scattered light images with
sufficient angular resolution to probe the inner regions of disks. The most important
instruments at these wavelengths are NAos-COnica (NACO; Lenzen et al. 2003) and
Spectro-Polarimetric High-contrast Exoplanet REsearch (SPHERE; Beuzit et al.

'The two most prolific techniques, radial velocity and transit surveys, demand the target star to be
quiet and stable, so that the tiny signal introduced by the motion of a planet can be disentangled
from the light curve of the star. Newborn stars tend to be too active, which largely washes out the
planetary signal (although see David et al. 2016). Meanwhile, protoplanetary disks are often bright
at near-to-mid-infrared wavelengths, which renders identifying planets through direct imaging
difficult.
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2008) onboard the Very Large Telescope (VLT), the High-Contrast Coronographic
Imager for Adaptive Optics (HiCIAO; Tamura et al. 2006) onboard Subaru, and
the Gemini Planet Imager (GPI; Macintosh et al. 2008) onboard Gemini. These
instruments can achieve diffraction limited resolution at R-band (~0.6 um) to K-
band (~2um) (~0.04" at H-band, or 6 AU at Taurus). To suppress the stellar
contributions in their images, they are equipped with coronagraphs to block the
central star, and more importantly, dual-beam polarimeter to take polarized intensity
images (Perrin et al. 2004; Hinkley et al. 2009). They can routinely achieve an inner
working angle (IWA) as small as 0.1” from the star (14 AU at Taurus). At these
wavelengths, imaging observations probe the distribution of small dust grains, um-
sized or smaller, due to their dominance in scattering starlight.

The other spectral window is mm to cm wavelengths, at which two radio inter-
ferometers, the Atacama Large Millimeter Array (ALMA) and the Expanded Very
Large Array (EVLA), detect dust thermal continuum and molecular line emissions
from disks. The improvements of the two arrays over the previous generation of
interferometers, such as the Submillimeter Array (SMA), the Combined Array
for Research in Millimeter-wave Astronomy (CARMA), and the Plateau de Bure
interferometer (PdBI), are mainly threefold: they have longer baselines for finer
spatial resolution (for reference, ALMA can achieve 0.02” with a 16 km baseline
at Band-6, or 1.3 mm); larger collecting area and better site condition for increased
sensitivity; and more baselines for better uv coverage (in Fourier space). At mm to
cm wavelengths, observations are mainly sensitive to the spatial and temperature
structures of ~mm-sized dust grains, as well as various molecule species.

As of 2016, about 30 protoplanetary disks have been spatially resolved at various
wavelengths. In nearly all of them, features have been detected; they include spiral
arms, gaps, cavities, and clumps. While the origins of these features are currently
in debate, evidence is mounting that many of them may be the products of planet
formation in disks. There are at least two conditions to unambiguously establish a
linkage between an observed feature and an embedded (unseen) planet:

* theoretically predicted observational signatures of disk—planet interaction, taking
into account the specific observational conditions, can quantitatively match the
observation; and

* in the cases when the predicted planet cannot be directly verified using other
methods, alternative explanations for the same feature that do not involve planets
must be ruled out.

Currently, the best way to accomplish the first task is to produce synthetic images
of planet-induced structures under realistic conditions, and compare them with
real data. This process requires a combined effort of hydrodynamics and radiative
transfer simulations: the former calculates the response of a disk to the presence
of planets, producing the spatial distribution of gas and dust particles of various
sizes; and the latter generates synthetic images of these disks given the angular
resolution and sensitivity. In principle, hydro and radiative transfer equations should
be coupled, as material distributions affect radiative transfer processes, and vice
versa; in reality such calculations are still technically challenging at the moment,
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and current efforts have been largely limited to separate steps, in which density
structures produced by hydro simulations are post-processed by radiative transfer
simulations to produce images.

In this chapter, we will discuss three types of planet-induced structures: gaps
and cavities (Sect. 9.3), spiral arms (Sect. 9.4), and vortices (Sect.9.5). In Sect.9.2
we will give an overview of the general scheme and numerical methods that we
employ to study synthetic observational signals of planet-induced structures. In each
of the later three sections, we will present numerical disk modeling of observational
signatures, and compare them with actual data from observations. This chapter does
not aim at an overview of this general topic; rather, it serves to highlight some of
the latest progresses in this direction, with an emphasis on the works done by the
authors.

9.2 General Modeling Scheme and Numerical Methods

We carry out hydrodynamic and radiative transfer simulations to produce NIR
scattered light and mm dust continuum images for disk-planet models. We adopt
the following general workflow:

1. We run global 2D vertically integrated hydro simulations or direct 3D hydro
simulations to calculate the surface density (in 2D simulations) or volume density
(in 3D simulations) structures of a disk with one or multiple planets. For scattered
light, we run gas simulations only, and assume the sub-jum-sized small grains
are well mixed with the gas, due to their short stopping time; for mm continuum
emissions, we carry out multi-fluid simulations, with dust particles at various
sizes approximated as separate fluids to calculate their spatial distribution as they
interact with the gas. For the latter, grain growth/fragmentation are not taken into
account.

2. The resulting density structures are fed into a radiative transfer tool to produce
synthetic images. For 2D simulations, we puff up the disk in the vertical
dimension by a Gaussian profile (i.e., hydrostatic equilibrium solution for
vertically isothermal, thin disks) that follows a parametrized scale height profile
in the radial direction i/r oc 2. For 3D simulations, the exact 3D volume
density structures are fed into the radiative transfer tool.

3. The full resolution radiative transfer images are convolved with Gaussian point-
spread functions (PSF) to simulate the appropriate angular resolutions for
comparisons with observations.

For hydro simulations we employ three different grid-based codes, depending on
the purposes:

e FARGO Masset (2000) (Zhu et al. 2011, 2012; Dong et al. 2015c; Zhu and
Baruteau 2016; Baruteau and Zhu 2016),
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¢ Athena/Athena++ Stone et al. (2008) (Zhu and Stone 2014; Zhu et al. 2014, 2015;
Dong et al. 2015b, 2016c¢),
* PEnGUIn Fung (2015) (Fung and Dong 2015; Dong et al. 2016a,c),

The first two codes are CPU-based while the latter is GPU-based. For spiral
arms, we also carry out simulations of massive disks with no planets to study the
morphology of spiral arms induced by gravitational instability (GI) (Dong et al.
2015a, 2016b).

Initially, the system is axisymmetric in all simulations, and we adopt power law
radial profiles as initial conditions for both the surface density and the temperature
(X o< r*, T o r?). Also, in 3D simulations the disk is isothermal in the vertical
direction (except in Dong et al. (2015b), Zhu et al. (2015), in which an adiabatic
equation of state with simple radiative cooling is adopted in certain cases). The
planets are assumed to be on circular orbits in all cases, and planetary migration is
not taken into account. At the beginning of the simulations, we gradually inject the
planets into the disk, and turn on their masses in about ten orbits. Different types of
planet-induced features take different amount of time to reach (semi-)steady state.
Planet-induced spiral arms typically reach their final states in a few to a few tens of
orbits, while gaps approach their final width and depth on viscous timescale, which
can be thousands of orbits or more in a low viscosity environment. In most cases,
our simulations are run to either (semi-)steady state, or typical disk lifetime.

We perform both 2D and 3D hydro simulations of disk—planet interactions.
Different types of simulations have different pros and cons, and are suitable
for different purposes. 2D simulations calculate the surface density of the disk
(gas and/or dust) as perturbed by the planets. The resulting disk structures need
to be puffed up in the vertical direction for radiative transfer postprocessing.
Such simulations are numerically cheap, thus good for large parameter space
explorations. However, they may not be used to model observations that are sensitive
to disk surface structures, such as certain NIR scattered light observations. 3D
simulations directly calculate volume density of gas and/or dust, and can be used to
produce all kind of observations. However they are numerically orders of magnitude
more expensive than 2D simulations, and are more suitable for modeling individual
objects. The outcomes of 2D and 3D simulations in planet-induced spiral arms and
gaps are compared in Zhu et al. (2015), Fung and Chiang (2016), Dong and Fung
(2017a,b). 2D simulations generally produce weaker inner spiral arms in scattered
light than 3D simulations, while 2D and 3D simulations produce very similar gaps
in scattered light.

For the radiative transfer simulations, we mostly use the Monte Carlo radiative
transfer (MCRT) tool (Whitney et al. 2013). The 3D gas and dust structures are
directly read into the code (2D simulations are vertically puffed up to 3D first).
As discussed in Sect. 9.1, scattered light is determined by the spatial distribution of
small/sub-pwm-sized grains, which we assume are always well coupled to the gas;
while ALMA dust continuum images probe the distribution of the big/~mm-sized
grains, which are followed separately from the gas in our simulations. For the small
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grains, we use the standard interstellar medium (ISM) grains models (Kim et al.
1994), which are made of silicate, graphite, and amorphous carbon, with a size (s)
distribution n(s) o s> in between 0.02 and 0.025 wm. For the big grains, we
assume a similar composition, and a size distribution n(s) o« s~ all the way to
s = 1 mm. Mie scattering is adopted when the particle size is smaller or comparable
to the wavelength. We assume 100:1 for the gas-to-total-dust mass ratio, as the gas-
to-solid mass ratio in the interstellar medium, and 9:1 for the big-to-small-dust mass
ratio. We note that both are working assumptions only, and real systems may have
different ratios (e.g., Ansdell et al. 2016).

The full-resolution model images produced by the MCRT simulations need to be
convolved with PSFs before comparing with actual data. We use Gaussian kernels as
PSFs. At H-band, we convolve the images to an angular resolution of 0.04”, or 6 AU
at 140pc (unless otherwise indicated), as a good approximation to the resolution
achieved by Subaru, VLT, and Gemini with their high contrast imaging systems. We
normally assume the source is at a distance of 140 pc from Earth, as the distance to
nearby star forming regions such as Taurus. Within ~200 pc from Earth, there are at
least hundreds of protoplanetary disks that can be resolved by the aforementioned
instruments.

Finally, the resulting model images are compared with real observations. Quan-
titative comparisons can be done for a variety of feature properties, such as contrast
(how much brighter or fainter features are relative to the surrounding background),
shape, and physical size.

9.3 Gaps

In this section, we discuss observational signatures of planet-opened gaps, and
compare numerical models with gap observations. This section mainly highlights
the work in Zhu et al. (2011, 2012) and Dong et al. (2015c¢).

9.3.1 Observations

Gap-like features have been discovered in many disks. A particularly interesting
group is the so-called transitional disks (see the recent review Espaillat et al. 2014).
Discovered through their unique infrared deficit from NIR to ~10 pm, which signals
a lack of warm dust in the inner few to few tens of AU (Calvet et al. 2005; Espaillat
et al. 2007, 2010), these disks have been subsequently shown to harbor gaps or
cavities in spatially resolved observations at NIR (Thalmann et al. 2010; Hashimoto
etal. 2011, 2012; Mayama et al. 2012; Canovas et al. 2013; Garufi et al. 2013; Quanz
et al. 2013b; Grady et al. 2013; Avenhaus et al. 2014b; Tsukagoshi et al. 2014;
Momose et al. 2015; Pinilla et al. 2015; Akiyama et al. 2015) and mm wavelengths
(Andrews et al. 2011; Casassus et al. 2013; Fukagawa et al. 2013; van der Marel
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et al. 2013; Pérez et al. 2014; Perez et al. 2015; Zhang et al. 2014). These gaps
are wide and deep. In resolved cases, their sizes are typically tens of AU, while the
surface density depletion can be up to several orders of magnitude in both the dust
and the gas (e.g., Dong et al. 2012a; van der Marel et al. 2015b, 2016). Figures 9.1
and 9.2 show examples of such systems at both NIR and mm wavelengths.

The properties of the cavity, such as its size and depletion, can be measured
from observations. These properties are dependent on wavelengths. In particular,
the cavity sizes in dust continuum are systematically larger than they are in scattered
light and in the gas (e.g., Zhang et al. 2014; van der Marel et al. 2015b, 2016). In

Fig. 9.1 Examples of transitional disks in NIR scattered light from the Subaru-based SEEDS
survey (Tamura 2009)
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Fig. 9.2 Examples of transitional disks in mm dust continuum emissions (Fig. 11 in Williams and
Cieza 2011)

extreme cases, NIR images do not show the cavities seen at mm, down to their inner
working angles (e.g., Dong et al. 2012b; Follette et al. 2013).2

Narrow gaps have also been observed in disks. The two best examples are the
multiple gaps discovered in HL Tau and TW Hya; in the latter gaps are seen in
both scattered light and dust continuum emission (Akiyama et al. 2015; Rapson
et al. 2015; Andrews et al. 2016), while in the former the gaps are seen in dust
continuum and gas emission (ALMA Partnership et al. 2015; Yen et al. 2016;
Carrasco-Gonzilez et al. 2016). Different from transitional disks, these narrow gaps
tend to have a lower depletion. In both HL Tau and TW Hya, the gap regions are only
a few to a few tens of percents fainter than their surroundings. Generally speaking,
a surface density depletion of a factor of a few is needed in order for the gap to be
visible in current NIR scattered light observations, while a depletion on the order
of ~10% in mm-sized dust may be enough for the gap to be visible in ALMA
continuum observations.

2The inner working angle in scattered light imaging observations of disks indicates the minimum
angular separation from the star, inside which disk structures cannot be accessed.
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9.3.2 Modeling

Both wide and narrow gaps can be opened by planets—a narrow gap may be
opened by a single planet, and wide gaps such as those in transitional disks may
be opened by multiple planets, since a single planet can hardly account for the
gap width in the gas (Zhu et al. 2011; Dodson-Robinson and Salyk 2011).> The
conditions for gap opening by a single planet, i.e., the viscous criteria and thermal
criteria, are summarized in Bryden et al. (1999) (however note that Goodman
and Rafikov (2001) pointed out in extremely low viscosity environment, planets
with masses much lower than these conditions may still open gaps due to the
nonlinear wave damping effects). The criteria for opening a common gap instead
of several individual gaps in the multiple planet scenario is that the individual gap
width exceeds the separation between adjacent planets (Duffell and Dong 2015).
Figure 9.3 shows synthetic images of 4 planet-disk models from Dong et al. (2015c).
Two of the models have a single planet (models 1 x 0.2Mj and 1 x 1Mj), and the
other two have four planets (models 4 x 1M; and 4 x 2Myj; the first number in the
names indicates the total number of planets, and the second number indicates the
mass of each planet in the unit of Mj). The parameters of the models are listed in
Table 9.1.

In scattered light, the planets in 1 x 0.2M; and 1 x 1M; open narrow gaps
around their orbits (~25-35 AU), while the planets in 4 x 1M; and 4 x 2M; open
a large common gap extending inward to a few AU. In contrast, the dust continuum
emission in all models with M, > 1M; has a large gap extending from a few AU
to ~40 AU. This is caused by the “dust filtration” effect (e.g., Rice et al. 2006;
Paardekooper and Mellema 2006), as illustrated in detail in the context of transition
disks in Zhu et al. (2012) (see also Pinilla et al. 2012 and de Juan Ovelar et al.
2013). As the (outermost) planet opens a gap, the gas pressure peaks at the outer
gap edge. This pressure bump acts like a dam that stops and accumulates particles
with a dimensionless stopping time T around unity. For a dust particle with a size s
at the midplane of a disk, its dimensionless stopping time is

Ty s7xq02 P 10gem™

T, =12 =
2%, lgem™3 Imm X,

(CAY

where p,, is the grain’s density and X, is the gaseous disk’s surface density. For the
mm-sized grains, the pressure bump outside the outermost planet’s orbit in all four
models effectively traps the grains and piles them up. Increasing the mass of the
planets in the four planet models from 1M; to 2Mj causes the gas gap to become
wider and the edge to become sharper, so the “ring” in the big grains becomes

3Really massive companions, such as stellar mass companions, may be able to open gaps wide
enough, though their presences have generally been ruled out in direct imaging observations.
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Fig. 9.3 Synthetic raw (full resolution) and convolved H-band polarized intensity images (left
two columns) and ALMA band 7 (870 wm continuum) intensity images (right two columns) for
our models (Table 9.1) at face on angle. The names of the models are labeled on the left. Systems
are assumed to be at 140 pc. The convolved H-band images have a resolution of 0.04”, and the
convolved ALMA images have a resolution of 0.1” (beam size indicated at the lower right corner in
the convolved mm images) to mimic realistic angular resolutions. The grey crosses in the convolved
images mark the orbits of the planets. The figure is from Dong et al. (2015¢)

wider and moves outward. This dust filtration mechanism naturally provides an
explanation for the observed wavelength dependence of gap sizes in transitional
disks.
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Table 9.1 Model properties

Planet mass Planet position Evolution time Mgig* Particle size®
Model M; AU yr Mo mm
1 x 0.2M; 0.2 30.0 4x10° 0.04 1
1 X 1M; 1 30.0 4x10° 0.04 1
4 X 1M; 1/1/1/1 30.0/18.9/11.9/7.5  4x10° 0.04 1
4 X 2M; 2/2/2/2 30.0/18.9/11.9/7.5  4x10° 0.04 1
3 X 0.2M; 0.2/0.2/0.2 12/30/65 2x10° 0.2 1

Properties of the models
2The initial gas disk mass
PThe size of the particles in the two fluid hydro simulations. Models are from Dong et al. (2015c)

Table 9.2 Comparison of NIR gap contrast between observations and models

System name Gap contrast at H band References

RX J1604.3-2130 3.6£0.5 Mayama et al. (2012)
HD 142527 42+1.2 Canovas et al. (2013)
SAO 206462 33+1.9 Garufi et al. (2013)
PDS 70 3.5 £ 0.7 (along major axes) Hashimoto et al. (2012)
4 X 1My 3.5 Dong et al. (2015¢)

4 X 2M; 6.0 Dong et al. (2015¢)

The gap contrast is the ratio of the peak intensity at the outer gap edge to the minimum intensity at
the trough of the gap; the quoted value is the azimuthal mean while the quoted error in observations
is the standard deviation over different azimuthal angles. The first three observed systems are
relatively face-on, while PDS 70 has a non-trivial inclination of 50°, so only major axes are taken
into account. The floor intensity inside the gap is detected only in HD 142527. In the other three
systems the possible inner edge of the gap (if exists) is blocked by the inner working angle in
observations, so the measured gap contrast may be a lower limit. Observational noise is not added
in our model images, so measured values may be upper limits

Common gaps opened by multiple planets can well match the observations of
transitional disks. Table 9.2 shows the comparisons of the gap contrasts and widths
at NIR wavelengths between the models and four transitional disk systems. The
models reproduce the observed gap contrasts. For dust continuum observations,
generally only upper limits on the gap contrasts exist at the moment due to limited
sensitivities and angular resolutions in existing mm observations; these upper limits
are consistent with model predictions.

Figure 9.4 shows another multiple-planet model (3 x 0.2Mj). Different from
models 4 x 1My and 4 x 2Mj, the three planets are placed far apart from each other.
As a result, they each open a narrow gap around their orbits. These narrow gaps
qualitatively match the characteristics of HL Tau. We note that the depths of these
mm gaps are significantly enhanced compared to the depths in gas, due to the dust-
gas coupling effects.
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Fig. 9.4 Comparison between Model 3 x 0.2M; with the ALMA observation of HL Tau (1.0 mm,
Band 6+7, ALMA Partnership et al. 2015). Model image has an inclination of 45° and a position
angle of 138°. The color scale is logarithmic and the unit is arbitrary

9.3.3 Discussion
9.3.3.1 Alternative Mechanisms for Gap-Like Features in Disks

Non-dynamical mechanisms to open big gaps as in transitional disks have been
proposed, such as photoevaporation (e.g., Clarke et al. 2001; Alexander et al. 2006;
Owen et al. 2012; Rosotti et al. 2013) and grain growth (e.g., Dullemond and
Dominik 2005; Birnstiel et al. 2012). However, all these mechanisms have major
drawbacks and cannot explain at least a subset of systems. If transitional disks are
produced by photoevaporation, their accretion rates are expected to be low, because
photoevaporation only effectively removes material from the disk and open gaps
at later stages when the disk accretion rate is lower than the photoevaporation
rate. However, the average accretion rate of transitional disks as a whole is only
slightly lower than that of ordinary T Tauri or Herbig stars (Andrews 2015), which
disqualifies photoevaporation as the mechanism responsible for the majority of
transitional disks. Grain growth can explain the infrared dip on the SED, but cannot
produce the sharp gap edges as observed (Birnstiel et al. 2012). For narrow gaps,
secular gravitational instability has been proposed as an alternative gap-forming
mechanism (Takahashi and Inutsuka 2014), and the locations of the gaps have been
noticed to coincide with the snow lines of certain volatile species (e.g. gaps in
HL Tau Zhang et al. 2015). However, detailed quantitative models are needed to
compare with observations in order to constrain these theoretical models.
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For ring-like or arc-like features in scatted light, disk self-shadowing has been
proposed as an explanation (e.g., Garufi et al. 2014; Chen et al. 2012; Quanz et al.
2013b; Akiyamaet al. 2015; Momose et al. 2015). In this scenario, the dark region in
the disk is shadowed by puffed up inner disk structures, with the bright ring/arc-like
structures outside the dark regions being the edges of the shadows. Through detailed
radiative transfer modeling, Dong (2015) has shown that shadowing by inner disk
structures, such as a puffed inner rim at the dust sublimation radius, cannot produce
ring/arc-like features in scattered light; rather, they can only produce broken power
laws in the radial profile of the scattered light.

9.3.3.2 Dynamics of Multi-Planet Systems in Transitional Disks

While common gaps opened by multiple planets is an attractive mechanism for
explaining the gaps in transitional disks, one needs to consider if such planetary
systems can be stable over the disk lifetime for their gaps to be seen, as gravitational
planet—planet interactions may disrupt such systems and scatter the planets. Through
N-body simulations, Dong and Dawson (2016) studied the stability of multi-
planet systems that are required to open gaps consistent with transitional disks
observations. In general, without the aid from gas damping, systems with a smaller
number of more massive planets tend to be dynamically stable for the typical
disk lifetime, while systems with a larger number of less massive planets may
be unstable. Eccentricity damping from the residual gas inside the gaps can help
stabilize systems by locking planets into mean motion resonances, establishing a
chain of pairs resembling the older HR 8799 system (Fabrycky and Murray-Clay
2010).

9.3.3.3 The Occurrence Rate of Transitional Disks vs the Occurrence Rate
of Giant Planets at Large Distance

If the gaps in transitional disks are common gaps opened by multiple planets, the
giant planet occurrence rate at wide separations must equal or exceed the occurrence
rate of transitional disks, which is determined to be ~10% from various surveys
(e.g., Muzerolle et al. 2010; Luhman et al. 2010). Dong and Dawson (2016) found
that this can only be satisfied under some of the most favorable conditions for
gap opening, namely, #/r < 0.1 and ¢ < 0.001 in the gap regions (see the
dependence of gap depth on planet mass; Fung et al. 2014); more importantly,
the occurrence rate of giant planets at ~1-50 AU has to largely follow the radial
velocity statistics (Cumming et al. 2008), not the direct imaging statistics (Brandt
et al. 2014). This situation may be significantly mitigated if the disk viscosity is
lower than 1073, enabling lower mass planets to open gaps through non-linear wave
damping processes.
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9.4 Spiral Arms

In this section, we discuss the observational signatures of spiral arms induced by
giant planets (and more massive companions), and compare numerical models with
observations of spirals in disks. This section mainly highlights the work in Zhu et al.
(2015), Dong et al. (2015b, 2016a,c), and Fung and Dong (2015).

9.4.1 Observations

Spiral arms have been found in a few protoplanetary disks, such as AB Aur
(Hashimoto et al. 2011), MWC 758 (Grady et al. 2013; Benisty et al. 2015), SAO
206462 (Muto et al. 2012; Garufi et al. 2013; Stolker et al. 2016), HD 100453
(Wagner et al. 2015), HD 100546 (Boccaletti et al. 2013; Avenhaus et al. 2014a;
Currie et al. 2015; Garufi et al. 2016), AK Sco (Janson et al. 2016), V1247 Orionis
(Ohta et al. 2016), LkHo 330 (Akiyama et al. 2016), and TW Hya (Rapson et al.
2015). At this moment almost all spiral arm observations are in scattered light;
resolved mm observations currently suffer from insufficient spatial resolution, and
cannot pinpoint the mm counterparts of these arms (Chapillon et al. 2008; Isella
et al. 2010, 2013; Andrews et al. 2011; Pérez et al. 2014; Marino et al. 2015a) (but
see Christiaens et al. 2014; van der Marel et al. 2016).

Among these disks, MWC 758, SAO 206462, and HD 100453 form a subgroup—
they all have two roughly symmetric arms (Fig. 9.5). Their arms are global, spanning
from 10s to 100 AU from the primary, and extending over at least 180° azimuthally.
These arms are rather open, with pitch angles (the angle between the azimuthal
direction and the tangent of the arms) of 10° or more. Most strikingly, in all cases
the two arms are in approximate m = 2 rotational symmetry. The parent disks of all

SAO 206462 HD 100453

M J

50 AU

Fig. 9.5 The three near-symmetric double arm systems in scattered light: MWC 758 (Benisty et al.
2015), SAO 206462 (Garufi et al. 2013), and HD 100453 (Wagner et al. 2015)
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three systems are recognized as transitional disks, with a giant cavity at the center.
In all of the systems, only HD 100453 has a confirmed companion—a 0.3My M
dwarf at 120 AU (the primary star is 1.7Mp).

9.4.2 Modeling

Recent modeling work has shown that a massive companion (giant planet, brown
dwarf, or stellar mass companion) can excite two prominent spiral arms inside its
orbit that match the morphologies of the observed arms. Figures 9.6 and 9.7 present
the surface density and synthetic H-band images of 6 disk-planet models (Dong
et al. 2015b). The two inner spirals excited by a planet with ¢ = M,/M, >
1073 can be visible in scattered light images under current NIR direct imaging
capability, and they have a morphology resembling the observed double arm
systems. Quantitatively, they match observations in (1) pitch angle, (2) contrast,
(3) radial and azimuthal extends. The two outer arms can also be visible, however
they are too tightly wound given typical disk scale heights. Figure 9.8 shows a
comparison between the inner two arms excited by a g = 0.006 planet with MWC
758.

Figure 9.9 shows a comparison between a model (left) and the observation of HD
100453 (right). The companion—disk interaction model reproduces all main features
in the system, in particular, the morphology of the arms, and the size of the truncated
disk around the primary star. In addition, the model predicts the disk around the
primary star to be rotating in a counterclockwise direction, which is the same as the
companion.

The morphologies of companion-induced spiral arms can be dramatically mod-
ified by the viewing angle of the system (Dong et al. 2016a) (Fig.9.10). A giant
planet opens a gap and excites two prominent spiral arms in the inner disk; the inner
disk arms, the outer disk ring, and the gap are readily detected when viewed face-on.
Depending on the viewing inclination and position angle, the trailing-double-arm
pattern for face-on views may appear as one trailing arm; two trailing arms on one
side of the star; or two arms on the same side but winding in opposite directions.

At high inclinations, the disk ring outside the gap opened by a giant planet
may manifest itself as two pseudo-arms placed symmetrically about the minor axis
winding in opposite directions. This may be the origin of the two arms in systems
like AK Sco. Figure 9.11 shows that a model image of a disk perturbed by a 3Mj
planet at 25 AU, when viewed at 70° inclination, resembles the AK Sco system as
observed by SPHERE (Janson et al. 2016).
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Fig. 9.6 Model results of disk—planet interaction models with planet mass g = M,/M, = 1073,
showing the relative surface density perturbation X'/ X, (left column, linear scale); H-band full
resolution polarized intensity images (middle, logarithmic scale, the central 0.2” has been masked
out to highlight the structures in the outer disk); and 1/r2-scaled convolved images (right, linear
scale, convolved by a Gaussian PSF with FWHM= 0.06"). The location of the planet is marked by
the green dot, which is located at 50 AU in the top and middle models, and 125 AU in the bottom
model. The top and bottom models adopt an isothermal equation of state, while the middle model
adopts an adiabatic equation of state. This figure is from Dong et al. (2015b)
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Fig. 9.7 Same as Fig. 9.6, but for the ¢ = 6x 1073 models. This figure is from Dong et al. (2015b)

9.4.3 Discussion
9.4.3.1 Alternative Spiral Arm Theories

Although numerical modeling has shown that the observed symmetric double-arm
patterns can be well explained by a giant companion outside the arms, ultimately we
need to directly identify the companion to definitively confirm this scenario. So far,
only the companion in the HD 100453 system has been confirmed, while a campaign
to look for the predicted planet in the other two systems is currently underway.
Some companion-less alternative mechanisms have been proposed. In particular,
massive disks may develop gravitational instability (GI), which can produce spiral
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MWC 758

0.5 140 AU

Fig. 9.8 Left: Synthetic image of a disk model with a ¢ = 0.006 planet (green dot) (Dong et al.
2015b). Right: SPHERE observations of MWC 758 (Benisty et al. 2015)

K1-band Intensity
0 200 400 600 800
I 0 0000 ]

HD 100453 er et al. 2015)

RA (arcsec)

Fig. 9.9 Model image alongside the observation of the HD 100453 system at K1-band [the
observation is taken by the infrared dual-band imager and spectrograph on VLT/SPHERE [(Wagner
et al. 2015)]. HD 100453 B is at a projected separation of 120 AU from the center. The model on
the left adopts all the parameters about the disk and the companion as constrained by observations.
The inner 0.15” (IWA, 17 AU) is masked out. The units are mJy arcsec 2 for the model image,
and arbitrary for the VLT/SPHERE observation. This figure is from Dong et al. (2016¢)

arms as well. Quantitatively, GI happens when the disk satisfies the Q criterion
(Goldreich and Lynden-Bell 1965):

0= %2 < uni 9.2)
= Gy ~ unity, .

where ¢, §2, and X are the disk’s sound speed, orbital frequency, and surface
density. Figure 9.12 shows two models of gravitationally unstable disks (Dong et al.
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Fig. 9.10 The inner arms excited by a 3Mj planet in a disk in H-band polarized intensity at various
viewing angles (inclinations i, vertical, and position angles PA, horizontal). The disk’s nearside is
marked by the white asterisk on the minor axis. The white bar at the lower left corner is 0.5” long.
Each panel is 240 AU on a side. The open green circle indicates the projected location of the planet.
The panels at 60° and 70° inclinations are dimmed by a factor of 2 to fit within the color scaling.
The figure is from Dong et al. (2016a)

2015a). Disks with a total mass 25-50% of the central star can develop prominent
spiral arms that can match the observations well, while if the disk mass is below
10% of the stellar mass, GI-induced spirals are unlikely to be visible with current
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Fig. 9.11 Synthetic model image with a 3M; planet (left and middle; identical except labels) from
Dong et al. (2016a), and the VLT/SPHERE observation of AK Sco (Janson et al. 2016) (right) in
H-band total intensity. The planet is at 25 AU. The inner circle of radius r = 0.0925” is blocked
off to simulate a coronagraph. The angular resolution is 0””.04 in both images. The model image is
viewed at a position angle of —130° and an inclination of 70°; these same parameters characterize
AK Sco as constrained by CO observations (Czekala et al. 2015). The bottom (obscured) half of
the model disk is labeled, and the planet’s orbit (circular and coplanar with the disk) projected
on the sky is marked by the green dotted circle. The apparent spiral-arm-like features (“pseudo-
arms”) in the model actually arise from the outer disk ring viewed at high inclination (note their
morphologies are insensitive to the specific location of the planet in the azimuthal direction). The
pseudo-arms in the observations appear to be sharper, possibly because of the angular differential
imaging (ADI) data reduction process. This figure is from Dong et al. (2015b)

NIR capabilities. In addition, models predict these GI disks to have high accretion
rates (on the order of 107°M¢, yr™!), driven by the strong turbulence induced by
the instability. In the case of MWC 758 and SAO 206462, their low disk masses
(Mgisk ~ 0.01 x M, ; Andrews et al. 2011) and low accretion rates (10_8M@ yr_l)
strongly disfavor this possibility.*

9.4.3.2 Current Theories of Giant Companion-Induced Multi-Arms

Additional information can be derived from these spiral arms based on our
understanding of their propagation. Since they are essentially sound waves in disks,
we can use their openness (or pitch angles) to measure the disk temperature and the
companion position. However, observed spiral arms are very wide open, implying
an unrealistically high disk temperature based on linear theory (Muto et al. 2012;

“We note that in early stage protostellar disks, Gl-induced spiral arms may have been found (Liu
et al. 2016; Dong et al. 2016b); however, these arms are on the scale of hundreds of AU and are
different from the arms in disks at late stages discussed in this chapter.
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Fig. 9.12 Comparisons of GI disk model with MWC 758 (top; Benisty et al. 2015) and SAO
206462 (bottom; Garufi et al. 2013) in NIR scattered light. Mg« = 0.5 X M, for the upper left
model, and Mg« = 0.25 X M, for the lower right model. This figure is from Dong et al. (2015a)

Benisty et al. 2015). Recently, detailed numerical simulations (Zhu et al. 2015)
suggest that the openness of the spiral arms not only depends on the disk temperature
but also depends on the planet mass, possibly due to the non-linear property of the
spiral shocks (Goodman and Rafikov 2001; Rafikov 2002). This not only alleviates
the discrepancy between observations and theory, but also implies that we could use
the openness of the spiral arm to estimate the planet mass if the disk temperature is

known.



274 R. Dong et al.

It is known, based on linear calculations, that a planet excites two one-armed
spirals, one in the inner disk and one outer, consequent of the propagation of
waves excited at Lindblad resonances (Ogilvie and Lubow 2002). The appearance
of multi-arms on one side of the disk is however only found in simulations (Juhdsz
et al. 2015; Zhu et al. 2015). Despite continuing work on this phenomenon, a fully
consistent theory that explains the generation of these spiral arms remains lacking.
Some suggestions have been made regarding their possible origin. Here we briefly
summarize some of the more likely possibilities.

A common suggestion is that the secondary and subsequent spirals are products
of nonlinear wave coupling (Juhdsz et al. 2015; Fung and Dong 2015). This is
motivated by the observation that multi-armed spirals appear to be only present
when the companion is massive, i.e. when the companion’s mass is near or exceeds
the disk’s thermal mass. This possibility is recently explored (Lee 2016) by applying
the theory of ultraharmonic waves (Artymowicz and Lubow 1992), which are the
products of the nonlinear coupling between linear waves, to planet-induced spirals.
It shows that ultraharmonic waves are indeed excited by a massive planet, but it
is unclear whether they match the multi-armed spiral patterns found in numerical
simulations.

Another suggestion draws from the similarity between planet-induced spirals and
spirals around binary systems of near-unity mass ratios (Zhu et al. 2015). For these
binary systems, the gravitational potential has an enhanced component in low m
Fourier modes, and therefore commonly excites multi-armed spirals. It is possible
that what we observe in the planetary case is simply in transition to this binary
regime.

Despite our lacking of understanding in their origin, some properties of these
multi-armed spirals have been empirically derived. It is found that the azimuthal
separation between the primary and secondary arm is larger when the planet is
more massive, which suggests a potential method to estimate planet mass (Zhu
et al. 2015). Numerical simulations show that the two arms have a roughly constant
azimuthal separation that follows a simple power-law scaling (Fung and Dong
2015):

0.2
fup = 102 ( 1(;1_3) , 9.3)
where ¢, is the azimuthal separation between the primary and secondary arm, and
q is the planet-to-star mass ratio. This result is shown to be independent of the disk
temperature.

Equation (9.3) can be used to infer planet mass from observed two-armed spirals.
When applied to the SAO 206462 system, this relation suggests that the spiral-
arm-producing planet at ~85 AU is about 6M; (Fung and Dong 2015). A careful
application of this method will require calibration with other planet mass measuring
methods. It also sheds light on the possible origin of these spirals; its independence
from disk thermal properties shows that at least some aspects of these spirals are
unlike those from linear or even weakly nonlinear theories.
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9.5 Large Scale Disk Asymmetry

In this section, we discuss the observational signatures of vortices at the edges of
planet-opened gaps, and compare numerical models with observations of lopsided
disks. This section mainly summarizes the work in Zhu and Stone (2014), Zhu and
Baruteau (2016), Bae et al. (2016), and Baruteau and Zhu (2016).

9.5.1 Observations

Lopsided disks, in which mm dust continuum emissions strongly concentrate on
one side the of disk, have been observed in a few systems (see the recent review by
Andrews 2015). The best examples are HD 142527 (Casassus et al. 2013; Fukagawa
et al. 2013), IRS 48 (van der Marel et al. 2013), SR 21 (Pérez et al. 2014), SAO
206462 (Pérez et al. 2014), and LkHa330 (Isella et al. 2013) (Fig.9.13). These
large scale lopsided structures are extended and resolved in the azimuthal direction,
but narrow and often unresolved in the radial direction.
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Fig. 9.13 Large scale disk asymmetry revealed at sub-mm wavelengths for several transitional
disks: IRS 48—van der Marel et al. (2015a), HD 142527—Casassus et al. (2013); Fukagawa et al.
(2013), LkHa330— Isella et al. (2013), SR 21—Pérez et al. (2014), SAO 206462—Pérez et al.
(2014), MWC 758—Marino et al. (2015b)
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Before ALMA, earlier observations by SMA and CARMA have already implied
that some disks may exhibit large scale disk asymmetry (e.g. Isella et al. 2013). With
ALMA’s unprecedented resolution and sensitivity, this large scale disk asymmetry
has been unambiguously detected. The level of asymmetry in these systems varies,
from a factor of ~2—-100, and the mm emission “bump” on one side of the disk
can be responsible for a significant fraction of the total mm luminosity of the disk
(a few x10 to 100%). In the extreme case of Oph IRS 48, a highly asymmetric
crescent-shaped dust structure exists between 45 and 80 AU from the star, and the
peak emission from this structure is at least 130 times stronger than the upper limit
of the opposite side of the disk (van der Marel et al. 2013). On the other hand, the
contrast of disk asymmetry in SR 21 and SAO 206462 is less than a factor of 2
(Pérez et al. 2014).

9.5.2 Modeling

To explain these asymmetric dust structures, azimuthal particle trapping by vortices
has been proposed (van der Marel et al. 2013). It is known that anticyclonic vortices
are long lived in 2D simulations and can efficiently trap dust particles (Barge
and Sommeria 1995; Tanga et al. 1996). One simple way (maybe too simple) to
understand the azimuthal particle trapping is by making an analogy with particle
trapping in the radial direction. In the radial direction, particles have the tendency
to drift towards the gas pressure maximum. The same tendency of particle drift
normally holds in the azimuthal direction too. For an anticyclonic vortex, the gas
pressure is highest at the vortex center, and so particles drift to the vortex center.
Despite this simple explanation has been widely adopted in the literature, we need
to keep in mind that particle drift in disks only depends on the drag force which
is determined solely by the velocity structure of the disk, not by the pressure. In
most circumstances, the velocity structure is balanced by the pressure, leading to
the “drift to pressure maximum” correlation. But in some circumstances, e.g. with
disk self gravity, particles are not always trapped at the pressure maximum (Zhu and
Baruteau 2016).

Although particle trapping vortices are promising for explaining large scale disk
asymmetries, several questions need to be addressed: (1) how vortices are generated,
(2) are they long lived in realistic protoplanetary disks, and (3) can they fully explain
observations?

Vortices can be generated by various hydrodynamical instabilities in disks. In
the scenario of gap opening by planets, the gap edge is subject to the Rossby wave
instability (RWI) which can lead to vortex formation (Papaloizou and Pringle 1984;
Lovelace et al. 1999). Spiral shocks excited by a planet push the disk material away
from the planet, leading to gap opening. This process also piles up material at
the gap edge, leading to a density bump which has a vortensity minimum (i.e., a
location in the disk where vortensity is lower than it is in the surrounding regions)
and is subject to the RWI (Koller et al. 2003; Li et al. 2005; Lin and Papaloizou
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2010; Meheut et al. 2010; Lobo Gomes et al. 2015). However, if the disk can
transfer mass efficiently (e.g. turbulence is strong), such a density bump will be
erased during the gap opening process and vortices cannot form. Earlier 2D viscous
hydrodynamical simulations (de Val-Borro et al. 2007; Fu et al. 2014) have shown
that the viscous a coefficient needs to be smaller than 10~ for vortex generation
at the gap edge. Such « threshold has also been found in recent direct 3D MHD
turbulent simulations (Zhu and Stone 2014). In ideal-MHD simulations that have
strong turbulence induced by the magnetoroational instability (the equivalent o
parameter is 1072), vortices cannot form at the gap edge. But when non-ideal MHD
effects have been considered, e.g. ambipolar diffusion, which is expected to operate
at the outer disks, disk turbulence is reduced to @ < 1072 and vortices are generated
(Fig.9.14).

After vortices are generated in a smooth disk, they will excite density waves and
migrate in disks (Paardekooper et al. 2010). Thus, they may be quickly lost in the
disk after being generated. On the other hand, if they are produced at the gap edge,
the strong density gradient at the gap edge will trap vortices there.

Ideal MHD Non-ideal MHD
0er=0.03 0.7=0.003
Gas
mm-sized
Dust

Fig. 9.14 The gas (left panels) and dust (right panels) surface density for turbulent ideal-MHD
simulations (¢ ~ 0.03 upper panels) and MHD simulations with ambipolar diffusion (lower
panels). This figure is from Zhu and Stone (2014)
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Even if a vortex does not migrate, it is subject to various instabilities. 3D
vortices are subject to the elliptical instability (Lesur and Papaloizou 2009). When
dust is concentrated in vortices, vortices are subject to the heavy-core instability
(Chang and Oishi 2010) or parametric instability (Railton and Papaloizou 2014).
Such instabilities may or may not necessarily destroy vortices. 3D simulations have
shown that vortices can survive over hundreds of orbits under certain conditions
(Meheut et al. 2012; Zhu et al. 2014; Zhu and Stone 2014). During such time,
particles can be efficiently trapped, and the maximum dust surface density can be
many times larger than the gas surface density (Raettig et al. 2015). Sometimes this
trapping can be too efficient. When the total dust to gas mass ratio (not the peak
density ratio) within the vortex is around unity, vortices can be destroyed (Fu et al.
2014; Crnkovic-Rubsamen et al. 2015).

Both the analytical model (Lyra and Lin 2013) and numerical simulations (Zhu
and Stone 2014) have shown that dust trapping vortices could explain observed
asymmetric disk features (Fig.9.15). However, there is a modest tension on the
radial width of the asymmetric disk structure. Theoretically, a steady vortex has to be
narrower than two disk scale heights to be within the subsonic region of the vortex
center. In simulations, the wing of the vortex can extend slightly further and the total
vortex width can be four disk scale heights (Zhu et al. 2014; Fu et al. 2014). But
even so, they are narrower than the observational beam of recent asymmetric disk
observations (van der Marel et al. 2013). On the other hand, observations of IRS
48 (van der Marel et al. 2013) suggest that the asymmetric structure has marginally
been resolved radially. Such conflict will soon be resolved with higher resolution
ALMA observations. If observed disk asymmetric structures are due to vortices,
they will appear narrower with higher resolution observations (Zhu and Stone 2014).

If future observations confirm that these large scale structures are due to vortices
at gap edges, it will give us constraints on the disk turbulence level (& < 1073),
the gas mass within the structure (larger than the total observed dust mass), and has
implications on planetesimal formation.
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Fig. 9.15 Left two: Distributions of gas and dust, respectively, from global 3D MHD simulations
with a planet. Second from the right: the synthetic ALMA image from this simulation. Rightmost:
the ALMA observations of Oph IRS 48 from van der Marel et al. (2015a). Figures are from Zhu
and Stone (2014)
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9.5.3 Spiral-Vortex Interaction

In Sect.9.4, we have discussed spiral arms as the signature of young planets in
disks, while in Sect. 9.5 we have shown that young planets can also induce large
scale disk asymmetry. Thus, spiral arms and large scale disk asymmetry should not
be considered as mutually exclusive.

Both spiral arms and large scale disk asymmetry have been simultaneously
observed in several sources. For example, NWC 758 and SAO 206462, which have
two spiral arms in their near-IR scattered light images (Benisty et al. 2015; Garufi
et al. 2013), show large scale disk asymmetry in their submm images (Marino et al.
2015b; Pérez et al. 2014). To see if disk—planet interaction can explain both of these
features in SAO 206462, 2D, two-fluid hydrodynamic calculations with a young
planet embedded in the disk was carried out (Bae et al. 2016) (Fig. 9.16). The results
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Fig. 9.16 Upper panels: Polarized scattered light observed in the Ks-band by Garufi et al. (2013)
(the left panel) and the dust continuum emission obtained with ALMA at 690 GHz by Pérez et al.
(2014) (the right panel). Bottom panels: Gas density distribution in the inner 140 AU disk from
simulations (the left panel), and ALMA simulated image based on simulations with the cycle 0
extended configuration. The synthesized beam is displayed in the lower-left corner (the middle
panel). The lower right panel shows the time evolution of the bright southwestern feature in the
simulation. The blue and red contours show positions at —10 and +10 years from the black
contours, respectively.The cross symbols indicate the positions where the density peaks in the
structures. Figures are from Bae et al. (2016)
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show that a planetary-mass companion located at the outer disk could be responsible
for these observed structures. In this model, the planet excites the primary and
secondary arms interior to its orbit and also carves a gap generating a vortex at the
inner gap edge through Rossby wave instability. The vortex traps radially drifting
dust particles, forming a dust-depleted cavity in the inner disk. The vortex could be
responsible for the brightest southwestern peak seen in both infrared scattered light
and sub-millimeter dust continuum images. Based on the model, there could be a
companion with a mass of 10-15 M; orbiting SAO 26462 at 100-120 AU.

The origin of these disk features is not only constrained by detailed model fitting,
but also by their variation over time. The planet-induced spiral arms will rotate
around the central star at a frequency the same as the planet orbital frequency, while
the vortex will orbit around the central source at the local disk Keplerian frequency.
Thus, the spiral patterns and the disk asymmetry will shift azimuthally at different
speed over years, which can be potentially probed in next several years. If the vortex
center in SAO 206462 is at 0.4” = 56 AU, the peak will rotate about 1.1° per year.

9.5.4 Disk Gravity

Some transitional disks are quite massive, making disk self-gravity potentially
important for both vortex generation and particle trapping in vortices. Linear
stability analysis has shown that the m mode of the Rossby Wave Instability is
suppressed when the disk’s Toomre Q parameter is smaller than r/(mh) (Lovelace
and Hohlfeld 2013). Considering that a protoplanetary disk normally has r/h >10,
disk self-gravity starts to suppress vortex generation when Q is approaching ten.
This has been confirmed through numerical simulations in Zhu and Baruteau (2016).
Furthermore, when the disk is massive enough (Q < 3), the lopsided gas structure
orbits around the star at a speed significantly slower than the local Keplerian speed
(Zhu and Baruteau 2016), resulting in dust particles concentrating at a radius slightly
beyond the vortex center (Baruteau and Zhu 2016).

One surprising result from Baruteau and Zhu (2016) is that even in a disk which
is not massive and the disk’s self-gravity does not play any role in the gaseous
vortex structure, the gravity from the gaseous vortex could still affect the particle
distribution within the vortex. Dust particles undergo horseshoe U-turns relative to
the vortex due to the gravity from the vortex. Such an effect tries to move dust
particles away from the vortex center, while the gas drag force tries to trap particles
within the vortex. For larger particles, the horseshoe effect becomes more important
and these particles are trapped further ahead of the vortex in the azimuthal direction.
Shift angles up to 90° are reached for 10 cm-sized grains, and such large offsets can
produce a double-peaked continuum emission observable at mm/cm wavelengths
(Fig.9.17). In a less massive disk, the horseshoe effect becomes weaker since the
gravity from the vortex is weaker. On the other hand, the drag force for the same
sized (e.g. cm) particle also becomes smaller because the drag force is proportional
to the disk surface density for a given size dust particle in the Epstein regime. These
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two effects compensate each other so that cm-sized grains always shift azimuthally
off the vortex.

9.6 Summary and Discussion

The past few years have witnessed the emergence of this new field “observational
planet formation,” thanks to several key instruments that have come online recently,
including Subaru/HiCIAO, Gemini/GPI, VLT/SPHERE, ALMA, and EVLA, and
the advances in observational techniques. As of today, a few tens of nearby gaseous
disks have been resolved in NIR scattered light and/or mm/cm dust and gas
emissions, with angular resolutions as small as 0.03”. In most cases, asymmetric
structures that are possibly planet-induced have been identified. In this chapter, we
highlight some recent numerical modeling results on three types of planet-induced
structures: gaps, spiral arms, and vortices, and compare them with observations (if
available).

Many of these planet-induced structures may have already been found, while it
is still too early yet to firmly assert their planetary origin. Table 9.3 summarizes the
current status, in which we use “Y” to indicate that a type of planet-induced feature
may have been found in a corresponding type of observations (i.e., data is consistent
with numerical models), and “N” to indicate the feature has not been found yet.

Finally, we stress that observational signatures of disk—planet interaction are
signposts of planets. With only disk features, the existence of planets is after all
speculative. To advance our understanding of planet formation, planet detection is
crucial.

Several campaigns are underway to look for giant planets in young gaseous disk
systems using direct imaging. Currently only a handful of companions (candidates)
have been discovered (e.g., Huélamo et al. 2011; Biller et al. 2012; Kraus and Ireland
2012; Quanz et al. 2013a; Brittain et al. 2014; Close et al. 2014; Reggiani et al. 2014;
Sallum et al. 2015). Directly imaging planets is difficult due to the high contrast
ratio between the brightness of planets and their host stars, and the proximity of
the planets to the stars (i.e., a planet at 30 AU is only ~0.2” away from its star
at 140 pc). So far the strongest direct evidence between structures in disks and the
planet sculpting scenario is the detection of three companions inside the wide gap in
LkCa 15 (Sallum et al. 2015) (two of them are accreting). Future missions, such as
JWST and the planned 30 m class telescopes, are needed to discover more planets

Table 9.3 Current status of observational planet formation

Scattered light Dust continuum emissions Gas emissions
Gaps and cavities Y Y Y
Spiral arms Y ? ?

Vortices N Y N



9 Observational Signatures of Planet Formation 283

in young disk systems, which is crucial to establishing planet-induced features as a
new, reliable way for planet detections.
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Chapter 10
Super-Earths: Atmospheric Accretion, Thermal
Evolution and Envelope Loss

Sivan Ginzburg, Niraj K. Inamdar, and Hilke E. Schlichting

Abstract Combined mass and radius observations have recently revealed many
short-period planets a few times the size of Earth but with significantly lower
densities. A natural explanation for the low density of these super Earths is
a voluminous gas atmosphere that engulfs more compact rocky cores. Planets
with such substantial gas atmospheres may be a missing link between smaller
planets, that did not manage to obtain or keep an atmosphere, and larger planets,
that accreted gas too quickly and became gas giants. In this chapter we review
recent advancements in the understanding of low-density super-Earth formation
and evolution. Specifically, we present a consistent picture of the various stages
in the lives of these planets: gas accretion from the protoplanetary disk, possible
atmosphere heating and evaporation mechanisms, collisions between planets, and
finally, evolution up to the age at which the planets are observed.

10.1 Introduction

The Kepler mission discovered a large population of transiting planets a few times
the radius of Earth, Rg, in orbits of a few to a few dozen days. For a subset
of these close-in super Earths we also have a mass measurement from radial velocity
or transit timing variation (TTV) observations. Using these combined mass and
radius measurements, we find that many of the short-period super Earths have
low densities that rule out a purely rocky composition. The low density indicates
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either a water-rich composition or a rocky (or icy) core covered with a voluminous
gas atmosphere, which is the only option for many extremely low-density planets
(Lopez et al. 2012; Lissauer et al. 2013). Here we adopt the latter interpretation and
study the atmospheric accretion onto planetary cores and their evolution. It seems,
according to this interpretation, that super Earths with atmospheres of a few % in
mass are among the most abundant planets found by Kepler (Wolfgang and Lopez
2015).

Rocky cores can gravitationally accrete gas from the gas-rich protoplanetary disk
that surrounds young stars for their first few Myr (Mamajek 2009; Williams and
Cieza 2011; Alexander et al. 2014). However, explaining the observed low-density
super Earths by gas accretion from the surrounding nebula is not trivial. If the gas
accretion rate is too fast, a rocky core can acquire an atmosphere comparable to its
own mass (Lee et al. 2014). At this stage, the gas accretion rate increases, and the
planet quickly evolves into a gas giant (instead of a super Earth) via runaway growth
(Bodenheimer and Pollack 1986; Pollack et al. 1996; Piso and Youdin 2014; Piso
et al. 2015). If, on the other hand, the accretion is too slow, planets may not obtain
substantial atmospheres before the gas disk disperses Moreover, gas atmospheres
can be lost due to evaporation (Rogers et al. 2011; Lopez et al. 2012; Owen and
Jackson 2012; Lopez and Fortney 2013; Owen and Wu 2013, 2016) or collisions
(Inamdar and Schlichting 2015), leaving a bare rocky core behind.

In the following sections we review these various aspects of gas accretion and
loss and study the conditions required to form a low-density super Earth. We focus
on highlighting the key physical processes that dictate gas accretion and loss and
quantify our results in intuitive order of magnitude estimates. Specifically, Sect. 10.2
studies gas accretion from the nebula and Sect. 10.3 discusses mechanisms that can
hamper the accretion. Section 10.4 is devoted to the evaporation of atmospheres
once the gas nebula disperses. Section 10.5 focuses on the late evolution of low-
density super Earths, which is relevant for interpreting the observations of ~ Gyr
old planets. Section 10.6 discusses atmosphere loss due to giant impacts and the
review is summarized in Sect. 10.7.

10.2 Gas Accretion

We assume a rocky core, of mass M, and radius R., embedded inside a gas disk
with ambient temperature 7; and density p;. The outer edge, separating the planet’s
atmosphere from the surrounding nebula, is given by R, = min(Ry, Rg), with
Ry and Ry denoting the Hill and Bondi radii, respectively. We assume that the
atmosphere’s mass is My < M.

The gas accretion can be divided into two stages, as depicted schematically
in Fig.10.1. Initially, gas adiabatically contracts onto the core in a dynamical
timescale. By integrating the adiabatic power-law density profile (Ginzburg et al.
2016), we find that the atmosphere reaches a mass f = My,/M, x pg, which
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Fig. 10.1 Schematic
temperature vs. density
profiles (log. scale) of a
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super-Earth atmosphere
during the nebular accretion
phase. The initial adiabatic
atmosphere (solid black line)
is isentropic, while at later
stages (two successive
profiles are plotted) the
cooling (and accreting)
envelope is characterized by a
nearly isothermal radiative
outer layer, and a convective
interior (dashed blue lines). T
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Figure after Ginzburg et al.
(2016)
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amounts to f ~ 1073, assuming that p, is given by a minimum mass solar nebula
(MMSN) model (Hayashi 1981), much lighter than observed envelopes.

Next, the atmosphere cools down and lowers its entropy. During this cooling
process, the atmosphere develops an outer radiative, almost isothermal, envelope
which is connected to a convective interior at the radiative—convective boundary
(RCB), located at Ry, < Roue (Rafikov 2006). R, is a good approximation for
the planet’s actual radius, because beyond it the density drops exponentially with
a small scale height. As long as R., > R, the temperature profile remains
roughly constant, so cooling is equivalent to an increase in density (see Fig. 10.1),
and therefore in mass (the radius does not change significantly Ry, ~ Rout, Se€
Ginzburg et al. 2016). Thus, the planet’s accretion rate is determined by the cooling
timescale of the atmosphere (Lee et al. 2014; Piso and Youdin 2014). Quantitatively,
we find the cooling time by dividing the atmosphere’s energy Eaym < GM My,
with G denoting the gravitation constant, by the internal luminosity (calculated by
combining the hydrostatic equilibrium and radiative diffusion equations)

_ y— 164w 0T} Ry
2 3 K Prcb '

L (10.1)

with o denoting the Stephan-Boltzmann constant, T;., ~ Ty and pyc, denoting the
temperature and density at the RCB, and « the opacity there. y is the adiabatic
index. Notice that the core does not contribute to the energy balance because the
temperature on its surface is fixed at a constant kg7T(R.) ~ GM_ /R, as long
as R, > R., with kg marking Boltzmann’s constant and px the molecular mass.
Intuitively, the luminosity can be understood as L ~ o T4, R%, /7, with T marking the

optical depth at the RCB. The opacity increases mildly with the density (Freedman
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et al. 2008, 2014), implying, due to Eq.(10.1), that L pr_cé [ M;é1 (only the
convective part of the atmosphere contributes significantly to the mass). Finally, we
obtain the growth of the atmosphere with time ¢ = Eym/L o« M2 (t) (Piso and
Youdin 2014). Specifically, Ginzburg et al. (2016) find that by the time the disk
disperses t = t4isk, the atmosphere’s mass fraction is given by

002 M (T Yt 0'5, (10.2)
Mg 103K 1 Myr

with Mg marking Earth’s mass (see Lee and Chiang 2015, for a similar result).

We notice that while the mass of the initial adiabatic atmosphere is proportional
to the nebula’s density, Eq.(10.2) does not depend on p,;. More precisely, the
dependence on py is logarithmic, and is therefore omitted (see Ginzburg et al. 2016).
Intuitively, the radiative envelope decouples the density of the atmosphere o< pycp
from the outer boundary condition p; (see Fig. 10.1). Thus, the bottleneck that
typically determines the accretion rate is not the amount of available gas, but rather
the rate at which this gas can radiate away its gravitational energy and settle onto the
core. The logarithmic dependence on p; implies that significant atmospheres can
be accreted even in highly depleted disks (Inamdar and Schlichting 2015; Lee and
Chiang 2016). Such depleted (and short lived, so f o tclh/i is smaller) disks are
relevant if atmosphere accretion is delayed until the assembly of the rocky core by
collisions is over (see Sect. 10.6).

10.3 Atmosphere Heating

In Sect. 10.2 we demonstrated that atmosphere accretion is equivalent to cooling.
Therefore, mechanisms that heat the atmosphere can hamper gas accretion. Such
mechanisms have the potential to explain why super Earths did not continue to
grow into gas giants, if accretion is somewhat more efficient than in Eq. (10.2), as
suggested by Lee et al. (2014). In this section we focus on two examples: heating
by planetesimals and by tides.

10.3.1 Heating by Planetesimals

The formation of the rocky cores of super-Earths and of gas giants can be divided
into two phases (see, e.g., Goldreich et al. 2004). In the first phase, the cores grow
by gravitationally attracting small building blocks (planetesimals) into their Hill
sphere. The final mass in this phase is referred to as the “isolation mass”. In the next
phase, these isolation masses collide with each other due to orbital instability. This
phase is referred to as the “giant impacts” phase.
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The loss of gravitational energy of the impacting planetesimals dissipates heat
inside the growing planet. The timescale for the core growth of giant planets in the
outer disk is comparable to the gas disk lifetime, a few Myr (Pollack et al. 1996).
Therefore, the accretion of solids and gas is simultaneous, and heating by planetesi-
mals plays a crucial role in the cooling (equivalent to growth) of the gas atmosphere
(Rafikov 2006, 2011). In the inner disk, however, the solid accretion time is shorter,
implying that the core formation may be decoupled from the atmosphere growth
(Lee et al. 2014). For this reason, many studies ignore planetesimal heating in
the context of the close-in Kepler super Earths. However, a steady stream of new
planetesimals may be supplied from larger semi-major axes as the planetesimal
orbits decay due to their interaction with the gas disk. Even if the bulk of the
planetesimals is consumed at an early stage (on a timescale much shorter than #4;g),
residual impacting debris can still interfere with the growth of the atmosphere.

How does the accretion of a solid mass AM, during the disk’s lifetime #4i5x
affect the gas accretion? We assume that the planetesimals impact at a constant
rate and deposit their energy at the surface of the rocky core. In this case,
the accretion luminosity is given by L, = GM.AM./(Rt4s). The internal
luminosity at the end of accretion (when ¢ = f#g4ix), on the other hand, is given
by L = GM:Muymo/ (R taisk), assuming that the atmosphere’s energy and mass
are concentrated near R.. This is relevant for the low values of y, found by Lee
et al. (2014) and Piso et al. (2015), due to hydrogen dissociation. My, o marks
the final atmosphere mass, if planetesimal impacts are ignored, which is calculated
in Sect. 10.2. Since, according to Eq.(10.1), L M;IL(Z), the internal luminosity
reaches its minimum at the end of accretion (¢ = f4;sx). Therefore, if AM, < Mym.o
then L,.. < L during the accretion phase, and the heat generated by planetesimal
impacts is evicted from the planet without affecting gas accretion.

For AM, > My, the internal luminosity L drops below the planetesimal-
generated heat L,.. before the atmosphere reaches its final mass. Quantitatively,
using L o« M ;! (#), the luminosities are equal when My (f) = M2, ,/ AM.. At this

atm,0
stage gas accretion stops and the final atmosphere mass is therefore given by

Matm — Malm,O/AMc AMC > Malm,O (10 3)
Mo |1 AM. < Mymo

Equation (10.3) shows that a mass in planetesimals comparable to the final
atmospheric mass, Mym 0, can stop the gas accretion. This is interesting since the
mass-radius relation for many close-in exoplanets suggests that they are enshrouded
in gaseous envelopes containing a few percent of the planet’s mass such that the
accretion of planetesimals containing a few percent of an Earth’s mass could lead
to an early termination of the gas accretion. This is particularly interesting since
the Earth is believed to have accreted about 1% of its total mass after the Moon-
forming impact, suggesting that a planetesimal population containing a few % of an
Earth mass did survive over time scales of 10’—10% years in the inner solar system
(Walker 2009; Schlichting et al. 2012). Equation (10.3), however, also demonstrates
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that heating by planetesimals cannot stop super Earths from evolving into gas giants
by runaway gas accretion (see Sect. 10.1). The reason is that runaway accretion
initiates when My, ~ M, and the accreted gas significantly increases the planet’s
mass (and therefore its ability to attract more gas). In order to intervene with the
accretion of such heavy atmospheres, Eq. (10.3) requires AM, ~ M., leading to
faster gas accretion and runaway growth. Lee and Chiang (2015) reach the same
conclusion by considering the non-linear relation between the atmosphere’s mass
and the planet’s luminosity, which is more accurate for heavy, self-gravitating,
atmospheres My, ~ M,.

We note that, in addition to their accretion heat, planetesimal impacts may also
affect atmosphere growth by enhancing the atmosphere’s heavy-element abundance,
and therefore the opacity k. We do not discuss this effect here.

In Sect. 10.6 we discuss the effects of the second phase of the core’s assembly—
giant impacts between the isolation masses.

10.3.2 Tidal Heating

Tidal heating has been proposed as a mechanism to inhibit the cooling of close-
in gas giants (hot Jupiters), thus halting their contraction and explaining their
puzzlingly large radii (Bodenheimer et al. 2001, 2003; Gu et al. 2003; Winn and
Holman 2005; Jackson et al. 2008; Liu et al. 2008; Ibgui and Burrows 2009; Miller
et al. 2009; Ibgui et al. 2010, 2011; Leconte et al. 2010). Can the same mechanism
interfere with the cooling (and thereby accretion) of super-Earth atmospheres?

Ginzburg and Sari (2017) find the heat dissipation in the atmosphere due to
circularizing tides

_ 631, & GM% (chb

6
Leire = & MymR>,,, 10.4
27 QP R ) e (109

a

with e denoting the orbital eccentricity, Q ~ 10° the tidal dissipation parameter
of the atmosphere, M the stellar mass, a the semi-major axis, and P the orbital
period. During accretion, Ryp, & 0.5Roy = 0.5 min(Ry, Rp) (Ginzburg et al. 2016)
is larger than the radius of Jupiter, leading to strong tidal heating, due to Eq. (10.4).
The tidal power increases as Lejre o< Mym(f), while the cooling luminosity decreases
as L o« Ml (#), according to Eq. (10.1). Therefore, atmosphere accretion will stop
when L = L. and the tidal heat can no longer be evicted from the planet. If the
tidal heating is strong enough (i.e., the planet is close to the star), then this condition
is reached when ¢ < t4i5x and the atmosphere does not reach its full mass potential

M ym 0, similar to Sect. 10.3.1. Quantitatively, from Ginzburg and Sari (2017):

Mum ) (P/Pei)® P < Pus

, (10.5)
Malm,O 1 P > P
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with P marking the critical period, beyond which tides do not affect atmosphere
accretion, given by

Pcrit 1/2 Pcrit 1/3 Pcrit 5/6
e~ |0 ~ 0.2 , (10.6)
Ldisk Tdyn 10 day

for tgisc = 3 Myr and with the core’s dynamical time given by #4y, = (Gpc)_l/ 2 x
0.5h (p. &~ 5gcm™ is the rocky core’s mean density). By combining Egs. (10.2),
(10.5), and (10.6) we obtain (see Ginzburg and Sari 2017, for details) the maximum
gas mass fraction a rocky core may accrete when tides are taken into account, so
that f = min(fy = Maumo0/Me, fnax) With

2% ( M. \° P 19/21
nax A ‘ . 10.7
) e (SM@ ) ( 10 day) ( )

Equation (10.7) demonstrates that large eccentricities e 2 0.2 are necessary
for tides to play a role in shaping super-Earth atmospheres. Due to the gas
damping, such eccentricities are usually considered unlikely during the nebular
phase. However, some studies suggest that planet—disk interactions may, under some
circumstances, excite, rather than damp, the eccentricity (Goldreich and Sari 2003;
Duffell and Chiang 2015; Teyssandier and Ogilvie 2016). Ginzburg and Sari (2017)
find circularization timescales fee ~ 108 yr < Gyr (after the gas disk disperses).
These relatively short timescales allow planets to cool, contract, and reach their
observed radii after the tidal heating has ceased (see Sect. 10.5). In addition, the
short timescales are consistent with the small observed eccentricities in Gyr-old
systems.

Tidal heating has the potential to explain why super-Earths did not reach f ~ 1
and grow into Jupiters via runaway accretion. In addition, the dependence of f,,x on
the orbital period, as demonstrated in Eq. (10.7), might explain the scarcity of low-
density super Earths in close proximity to the star (e.g. Youdin 2011). Nevertheless,
in the following sections we ignore tides and focus on an alternative mechanism that
may sculpt the observed super-Earth population—atmosphere evaporation.

10.4 Evaporation

After the gas disk disperses atmospheres can no longer grow in mass. At this stage,
super-Earth evolution is governed by two processes: evaporation and cooling, which
is now equivalent to contraction, rather than accretion (since the density increases
with a constant Mym,, see Ginzburg et al. 2016, for details).

Atmosphere evaporation can result from various mechanisms, with photoevap-
oration by high-energy stellar radiation commonly considered (Rogers et al. 2011;
Lopez et al. 2012; Owen and Jackson 2012; Lopez and Fortney 2013; Owen and



302 S. Ginzburg et al.

Wu 2013; Lundkvist et al. 2016). The basic picture is that ionizing photons release
energetic electrons which in turn heat the gas to high temperatures above the
escape velocity. If the cooling of the gas is slow enough, the high-temperature gas
escapes the planet’s potential well. The widely used energy-limited model for
photoevaporation linearly relates the gravitational energy of the escaping mass to
the incident ionizing flux, so that the evaporation timescale of the atmosphere
is given by feyap X Mam/ (eTé‘q). Teq marks the equilibrium temperature on the
planet’s surface and € accounts for both the evaporation efficiency and the fraction
of the ionizing radiation out of the total bolometric flux. € is considered to be
approximately constant for fyy ~ 100 Myr, while the star is UV active, and then it
decreases with time as € oc 12> (Jackson et al. 2012; Lopez et al. 2012; Owen and
Jackson 2012, and references therein). For ¢ > tyy the ratio of evaporation timescale
to age increases as fevap/t o 1. Therefore, if an atmosphere survived until fyy, it
will keep most of its mass in later times.

In addition to evaporation by external irradiation, mass from the loosely bound
outer layers of the atmosphere can also be lost spontaneously, due to heat from
the contracting inner layers of the atmosphere or from the underlying rocky core,
combined with loss of pressure support from the vanishing gas-disk (Ikoma and
Hori 2012; Owen and Wu 2016; Ginzburg et al. 2016). In fact, since the cooling
luminosity of the planet is the energy source unbinding the outer atmosphere, the
ratio between the cooling and evaporation timescales is simply the ratio between
the atmosphere’s energy (concentrated in its inner layers) and the binding energy of
the outer layers

Tevap _ Tevap _ Eevap — (chb)_(3—2)/)/()’—l) ’ (10.8)

Tdisk Tcool Eatm Rc

where the last equality is derived for atmospheres that have their energy con-
centrated in the inner layers, while mass in the outside (as for the diatomic
y = 7/5. See Ginzburg et al. 2016, for derivation and other cases). Equation (10.8)
shows that evaporation dominates super-Earth evolution (after disk dispersal) as
long as R., > R.. Therefore, super Earths spontaneously shed their outer layers
(dozens of percents in mass) and shrink to a radius comparable to R.. Moreover,
since f.oo1 = tgisk by definition when the disk disperses and it can be shown that #.o01
remains constant during the evaporation, the mass shedding occurs on a timescale
comparable to Zgigk-

10.4.1 Thin Atmosphere

After a time ~t4;sx (a few Myr) atmospheres shrink from their initial size ~Ry to a
radius comparable to the size of the rocky core R, as explained above. To study this
regime, we redefine R,., = R — R, where R is the radius of the RCB (essentially,
the planet’s radius). This definition coincides with the previous one for the thick
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atmosphere regime (R, > R.). As in the thick regime, the thin regime is also
characterized by a competition between cooling (i.e. contraction) and evaporation.
While photoevaporation does not change conceptually in this phase, spontaneous
evaporation may differ dramatically in the thin regime.

During the thick phase, the temperature at the base of the atmosphere, and
therefore the temperature on the surface of the adjacent core remains constant
ksT(R:) ~ GM_.uu/R.. Therefore, assuming the core is convective (a plausible
assumption for high temperatures for which the core is molten), it does not cool and
its temperature profile remains constant. In the thin regime, however, an adiabatic
atmosphere dictates the following temperature at its base:

GMCM chb -~ GMc,u« chb

ks T(R.) = kgT, ~
TR =keTat —p " g R. R

, (10.9)

where the last approximation assumes that the atmosphere is not ultra-thin
Rib/R. > R./Rp (see Ginzburg et al. 2016). Equation (10.9) shows that once
Risv < R, the temperature on the surface of the rocky core becomes dependent on
the thickness of the atmosphere R;.,. Consequently, as the atmosphere cools (and
contracts), T(R.) Ry, decreases, so the rocky core cools as well. Thus, while for
Risb > R, the rocky core does not play a role in the planet’s cooling, for Ry < R,
we have to take into account its heat capacity. Quantitatively, the available energy
for cooling in the thin regime is

1y—1
E= gchb( Y My + Y # MC) , (10.10)
2y —1 Y Ve—1 e

with ¢ = GM,/R?* denoting the surface gravity and p. and y. marking the
rocky core’s molecular weight and adiabatic index, respectively. The first term
in Eq.(10.10) represents the (gravitational and thermal) energy of the gaseous
atmosphere and the second term accounts for the heat capacity of the rocky core
(which is approximately incompressible).

In summary, during the thin phase we distinguish, following Eq. (10.10), between
heavy atmospheres (f = u/uc), that regulate their own cooling, and light
atmospheres (f < /i), that are dominated by the heat capacity of the underlying
rocky core. Assuming that the atmosphere is composed of hydrogen and helium
and the core has an Earth-like composition, the above distinction is at a mass
fraction of a few percent. The binding energy of the thin atmosphere is Eey,p =
GM My /R, = gMynR.. Therefore, heavy atmospheres cool and contract without
spontaneous evaporation (since Ry, < R. and E < Eg,p). Light atmospheres,
on the other hand, are lost completely because when they enter the thin regime
Ry = Rc and E > E.,,. Consequently, the atmosphere cannot cool and contract,
and therefore R,¢, o E remains constant while My, evaporates (see Ginzburg et al.
2016, for details). One consideration that can save light atmospheres from complete
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loss is the loss timescale which can exceed the age of the system, in which case light
atmospheres can survive to the present day not because there is insufficient energy
to complete the loss but simply because their loss timescales exceed several Gyrs.

10.4.2 The Goldilocks Region

As explained in Sect. 10.1, acquiring and preserving atmospheres of a few percent
from the protoplanetary disk is not trivial. If a rocky core is too massive or too cold
(i.e. far away from the star), it will acquire an atmosphere which is too massive,
according to Eq. (10.2), reaching f ~ 1 and then evolving via runaway accretion
into a gas giant instead of a super-Earth. On the other hand, if the rocky core is too
light or too close to the star, it will obtain a light atmosphere which is susceptible
to evaporation, since feyap € Mym/ (eTéq) for photoevaporation, as explained above
(spontaneous evaporation acts qualitatively similar).

In Fig. 10.2 we present the Goldilocks region in which rocky cores can accrete
H/He envelopes at their current location, becoming low-density super Earths.
Planets above the “Jupiter” line explode into Jupiters, while planets below the
“UV” line lose their atmospheres due to UV photoevaporation. In the shaded area
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Fig. 10.2 Observed super-Earth population from Weiss and Marcy (2014). The planets are
grouped according to their gas mass fraction f, estimated by Eq. (10.12), with low-density planets
marked by triangles (5% < f < 10%) or squares (f > 10%). The planet markers are
also colour-coded according to f. The fop solid line (“Jupiter”) is according to Eq. (10.2) with
tsisk = 10 Myr and f = 0.5, while the bottom dashed line (“UV”) represents the condition to
survive photoevaporation fevay X Myum/ (ET:q) > tyy. The other lines (“Core” and “Bondi”) are
relevant for spontaneous evaporation (see Ginzburg et al. 2016, for details). Inside the shaded area,
planets manage to accrete and maintain gas envelopes without exploding into gas giants due to
runaway accretion. Figure after Ginzburg et al. (2016)
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between these lines we expect to find low-density super Earths. As seen in the
figure, the observed low-density super-Earth population is indeed concentrated in
the Goldilocks region, with mainly bare rocky cores outside it.

Migration can extend the Goldilocks region by separating the gas accretion from
the UV evaporation, allowing planets to grow their atmospheres in more favourable
conditions (see Ginzburg et al. 2016, for details).

10.5 Late Evolution

In Sect.10.2 we discussed gas accretion from the protoplanetary disk, which
vanishes after t4ix ~ 3 Myr. In Sect. 10.4 we studied the evolution following
disk dispersal. This consists of spontaneous evaporation for ~#4isk, in which the
atmosphere shrinks to a thickness R, ~ R, followed by photoevaporation for
tuv ~ 100 Myr, which evaporates the atmospheres of light or hot (i.e. close to the
star) rocky cores. However, the planets that we observe are ~Gyrs old. In this section
we focus on the late evolution of low-density super Earths, after photoevaporation
has ceased to play a role.

At an age t > tyy, heavy envelopes (f Z /M., see Sect.10.4.1) cool and
contract with a constant mass M,y,. Quantitatively, the atmosphere’s mean density
is determined by the adiabatic relation p/prp ~ (T(R.)/Ty)"/ "D o erc/b(y_l) , with
the last relation from Eq. (10.9). Since the atmosphere’s mass is given by My, ~
PR2Rep, we find that prp R777Y We combine this result with Egs. (10.1)

rcb
and (10.10) and derive the contraction of the atmosphere with time t = E/L
—1/(r=1
chb .
For the diatomic y = 7/5, gas envelopes contract as Ry, 1~2/5 However,

gas envelopes do not compress indefinitely, and at some stage they reach the
T,y temperature floor, or the maximal gas density ceiling ppmax, becoming liquid.
Ginzburg et al. (2016) use the scaling relation above to show that super-Earth atmo-
spheres reach ppax in a few Gyrs. Numerical evolution models (e.g. D’ Angelo and
Bodenheimer 2016) confirm that gas atmospheres stop contracting after ~10 Gyr,
somewhat longer than the approximate estimate in Ginzburg et al. (2016). For
simplicity, we assume here that atmospheres of observed planets are close to Pmax.,
approximately consistent with the analytical and numerical estimates above. We
evaluate this density using the equation of state of Nettelmann et al. (2008) as

0.4
Pmax ~ 0.5 gcm™ (M’;ar) , (10.11)

with p ~ Mymg/(47R?) denoting the typical atmospheric pressure.
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With the above estimate for the atmosphere’s density, we can infer an observed
planet’s atmosphere mass fraction f = My, /M, from its mass M ~ M, and radius
R by

Pmax R 3
f= ; o) 1l (10.12)

with the rocky core’s density and radius given by p, & R, & Mcl./ 4, taking into

account the mild gravitational compression (e.g. Valencia et al. 2006). Our estimate
for the observed f is displayed in Fig. 10.3. This crude estimate is in agreement
(approximately) with more elaborate numerical time-dependent estimates, e.g.,
Lopez et al. (2012).

It is important to mention that heating mechanisms can change our interpretation
of the density, and therefore of f. Because cooling is equivalent to contraction
in these late evolutionary stages, heating mechanisms can slow down or stop the
contraction, in a similar manner to their effect on accretion in earlier stages (see
Sect. 10.3). While tidal heating cannot stop contraction for long (% <K Guyr,
see Sect. 10.3.2), Ohmic heating due to interaction of atmospheric winds with the
planet’s magnetic field might play an important role (see Valencia and Pu 2015).
Heating mechanisms that delay contraction imply that the values of f given in
Fig. 10.3 and in Lopez et al. (2012) might be overestimated, due to an overestimate
of the density at a given age.
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Fig. 10.3 Observed super-Earth population from Weiss and Marcy (2014). The planets are
grouped according to their gas mass fraction f, estimated by Eq. (10.12), with low-density planets
marked by triangles (5% < f < 10%) or squares (f > 10%). The planet markers are also colour-
coded according to f. The two dashed black lines mark the radius of the rocky core R.(M,) and
2R.(M.). Planets with substantial atmospheres are expected to be found roughly between the two
lines. Figure after Ginzburg et al. (2016)
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10.6 Diversity of the Super-Earth Population
and Giant Impacts

In the previous sections we showed that with simple physical arguments we can
define a relatively narrow mass/temperature range in which planets are massive and
cold enough to acquire and retain a significant atmosphere, while not too massive
and cold to undergo runaway gas accretion and turn into Jupiters. Figure 10.2
shows that observed low-density super-Earths indeed reside in the predicted range
of our model. However, the diversity among these super-Earths in terms of the total
amount of gas they accreted is not well explained by our model, since, as we show
in Eq.(10.2), the amount of accreted gas is primarily a function of core mass,
temperature and disk lifetime. In addition, many observed exoplanetary systems that
are in tightly packed orbital configurations also show significant diversity in their
gas-mass fractions and bulk densities (see Fig. 10.4). Both of these observations
are challenging to explain by gas accretion and subsequent sculpting by photo-
evaporation alone. We suggest that the large observed range in exoplanet bulk
densities maybe due to one or two giant impacts that occurred late in their evolution
once the gas disk dissipated. We show below that giant impacts can modify the bulk
composition of a super-Earth by factors of a few and in some cases lead to complete
atmospheric loss (Inamdar and Schlichting 2016; Liu et al. 2015). Such late giant
impacts are likely to be common because super-Earths must have formed in the
presence of the gas disk and their dynamical interaction with the disk is expected
to have resulted in migration and efficient eccentricity damping leading to densely
packed planetary systems. As the gas disk dissipated mutual excitations lead to
eccentricity growth culminating in one or two giant impacts ultimately resulting
in planetary systems with long-term stability (Cossou et al. 2014).

10.6.1 Giant Impacts and Atmospheric Mass Loss

We use one-dimensional hydrodynamic simulations to calculate the envelope mass
loss resulting from a giant impact. As the giant impact occurs it launches a strong
shock that transverses the entire planet and that results in a global ground motion
that in turn launches a shock into the atmosphere (see Fig. 10.5). We only model
the adiabatic part of the atmosphere since the isothermal outer layer contains
negligible mass. The propagation of the shock in the atmosphere is tracked by
solving the hydrodynamic equations with a finite-difference Lagrangian scheme.
If a fluid parcel is accelerated to velocities above its initial escape velocity from
the planet, it is considered lost. The global mass loss is determined by integrating
the local mass loss over the entire surface of the planet accounting for the global
distribution of the different ground velocities (see Inamdar and Schlichting 2016,
for details).
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Fig. 10.4 Densities of exoplanets with R < 4Rg. The surface area of each data point is inversely
proportional to the 1o error of the density estimate, such that the most secure density measurements
correspond to the largest points. The normalization of the error bars is shown at the bottom. The
colours of the points represent the amount of flux received from the host star. (Panel a) shows
mean density as a function of flux, F, in units of the Earth flux, Fg. (Panel b) displays exoplanet
densities as a function of planet mass in units of Earth masses, Mg . Most data are taken from
Weiss and Marcy (2014) and the references therein. Additional data taken from Jontof-Hutter et al.
(2015) and Barros et al. (2015). For reference, a mean density curve assuming a purely rocky planet
(Seager et al. 2007) is shown with a dotted red line. Figure after Inamdar and Schlichting (2016)



10 Low-Density Super Earths 309

@r' = ‘(\e('\c
"Closs)  Aemos®

Fig. 10.5 The geometry of a giant impact. On the left, an impactor of mass m; and impact velocity
Vimp ™~ s 205 approaches a target of mass M, and escape velocity ve. After the collision, a shock
is generated through the target core. The shock—which propagates so as to conserve the linear
momentum of the impactor—results in ground motion on the target body. This ground motion
launches a shock into the overlying gas envelope, leading to hydrodynamic mass loss. For further
details, see Inamdar and Schlichting (2015)

Figure 10.6 displays the global atmospheric loss as a function of the momentum
of the impact. The results are displayed for atmospheric mass fraction of f = 1%
and f = 5% spanning typical values for the mass fraction of super-Earth envelopes.
By conservation of energy, the speed at which the two bodies collide with one
another, vimp, is given by v, = vZ +v5,, where vesc = V2G(M, + m)/ (R + 1)
is the mutual escape velocity of the two bodies and v the (relative) velocity
dispersion of the two bodies. Here, M, and m; are the mass of the target and
impactor, respectively and R, and r; are their corresponding radii. The largest
protoplanets/planets will gravitationally stir the other bodies around them, exciting
the velocity dispersion to roughly vegc, so that vy, ~ V' 2Vese. Such that for equal
mass impactors, the normalized impactor momentum is ~0.7 implying that roughly
half of the total envelope will be lost. This in turn will modify the bulk density of
super-Earths by a factor of a few as shown in Inamdar and Schlichting (2016).

This atmospheric mass loss calculated in Fig. 10.6 is likely an underestimate of
the total envelope loss because even the part of the envelope that was not immedi-
ately lost in the impact is susceptible to subsequent loss by photo-evaporation and
Parker winds (Liu et al. 2015) because of its large inflated radius after the collision.
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Fig. 10.6 Mass loss curve for late stage giant impacts. On the vertical axis, we show the envelope
mass loss fraction due to a giant impact. On the horizontal axis, we show impactor linear
momentum normalized to M ve. After the dissipation of the gas disk, the radial extent and
structure of the envelope depends on the planet’s cooling history. Here we assume 4Mgqy core
and envelope mass fractions of f = 1% (red line) and f = 5% (blue line). The total planet radii
correspond to results from thermal evolution models after 50 Myr of cooling at 0.1 AU. A typical
late stage merger between equal mass impactors (such that the normalized impactor momentum
on the horizontal axis is v/2 /2 = 0.7) results in roughly half of the envelope mass being stripped
away. Figure after Inamdar and Schlichting (2016)

10.7 Summary

In this chapter we studied the formation and evolution of voluminous gas atmo-
spheres of short-period super Earths. Such gas envelopes, which constitute a few
percent of the planet’s mass, are a possible explanation to the low densities of many
observed planets.

We showed that with simple physical arguments we can define a relatively narrow
mass/temperature range in which planets are massive and cold enough to acquire
and retain a significant atmosphere, while not too massive and cold to undergo
runaway gas accretion and turn into Jupiters. Figure 10.2 shows that observed low-
density super-Earths indeed reside in the predicted range of our model. However,
the diversity among these super-Earths in terms of the total amount of gas they
accreted is not well explained by gas accretion and subsequent sculpting by photo-
evaporation alone.
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We show that giant impacts can modify the bulk composition of a super-Earth by
factors of a few and in some cases lead to complete atmospheric loss (Inamdar and
Schlichting 2016; Liu et al. 2015) and suggest that giant impacts maybe responsible
for the large observed range in exoplanet bulk densities, especially in tightly packed
multiple planet systems.

In summary, explaining the low densities of close-in super Earths by gas
accretion from the surrounding nebula has been the focus of intensive study for the
last few years. While the different studies converge to a consistent understanding of
the accretion itself, the importance of other mechanisms, such as heating (during
or after gas accretion), migration (see D’Angelo and Bodenheimer 2016), and
collisions are subject of active research.

Acknowledgements We thank Re’em Sari for discussions.
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Chapter 11
Constraints from Planets in Binaries

Kaitlin M. Kratter

Abstract In this chapter I will discuss how planets place powerful constraints on
the formation and early evolution of binary star systems. In addition, these systems
demonstrate extreme modes of planet formation that can inform models of our own
Solar System. I begin with a very brief overview of the theoretical mechanisms
for forming binaries and their planets. I will present as case studies two triple-star
systems comprising at least one planet orbiting one of the stars. Combining the
information from these studies reveals that (1) many binaries with periods of 10—
100 s of days form in their current orbital configurations as part of the star formation
process (2) the frequency of tertiary companions in close binary systems may be
indicative of three body instabilities other than the Kozai-Lidov mechanism (3)
planet formation can proceed in highly perturbed, truncated disks, (4) a reservoir
of material beyond the ice line may not be required to instigate planet formation.

11.1 Introduction

Heppenheimer (1974) considered models of planet formation in binaries many
decades before their first discovery. Since the first detection of exoplanets in the
1990s, the diversity of known systems has increased tremendously. This increase
is primarily due to the Kepler space mission, which has discovered over 3000
planet candidates to date (Coughlin et al. 2016). Planets in multi-star systems
are now known to be relatively common, though much less frequent than around
single stars (Wang et al. 2014, 2015; Kraus et al. 2016). Depending on the relative
separations, planets can be found orbiting a single star in a multi-system (often
referred to as S-type) or both stars in a close binary, so-called P-type orbits. The “S”
refers to satellite and the “P” to planetary. In this review we use circumstellar and
circumbinary for the two types, respectively, see Fig. 11.1. The frequency of planets
in binaries as compared to single star systems is (unsurprisingly) a function of binary

K.M. Kratter (0<)

Department of Astronomy, University of Arizona, 933 N Cherry Avenue, Tucson, AZ 85721,
USA

e-mail: kkratter @email.arizona.edu

© Springer International Publishing AG 2017 315
M. Pessah, O. Gressel (eds.), Formation, Evolution, and Dynamics of Young

Solar Systems, Astrophysics and Space Science Library 445,

DOI 10.1007/978-3-319-60609-5_11


mailto:kkratter@email.arizona.edu

316 K.M. Kratter

''''' Circumbinary (P-type)
Circumstellar (S-type) P

Fig. 11.1 Schematic of Satellite or S-type orbits as compared to Planetary, or P-type orbits. The
latter are often referred to as circumbinary planets or even “Tatooines”

separation. At binary separations beyond 1000 AU, planet frequency is unaffected
(Wang et al. 2014). At smaller separations of <100 AU, the planet occurrence rate
is depressed by a factor of ~3 (Kraus et al. 2016). These statistics apply only
to circumstellar systems, whereas circumbinary occurrence rates are more poorly
constrained (Martin et al. 2015; Li et al. 2016). In this chapter, we focus on planets
in “dynamically interacting” binaries—those with relative separations that suggest
present-day or formation-epoch interaction. Note that we use the term binary even
though some of the systems are hierarchical triples or even quadruples. As of this
writing, no planets are known to orbit more than two stars in any given system,
however we shall see that the triples still play a crucial role.

The first planet discovered in a dynamically interacting binary was y Cephei-b
(Hatzes et al. 2003). This ~ 2Mj,, planet has a semi-major axis of only 2 AU in
a binary with semi-major axis of 20 AU, and remains among the tightest binaries
with a planet in a circumstellar orbit. Since this discovery, a handful of other
systems have been revealed with RV measurements (Eggenberger 2010), Kepler
follow-up (Kraus et al. 2016; Dupuy et al. 2016), and direct imaging (Wagner et al.
2016). Additionally, Kepler revealed the first circumbinary planets (Doyle et al.
2011; Welsh et al. 2014). All of the circumbinary systems should be classified as
dynamically interacting; not only are 11 of 12 known circumbinary planets within
a factor of 2 of the instability limit due to proximity to the binary (see Sect. 11.4
below), but all are thought to have formed in the disk that surrounded and was
shaped by the binary itself.

In Fig. 11.2, we illustrate the distribution of known planets in binaries. We show
the planetary semi-major axis, a,, versus the ratio of planet to stellar semi-major
axis, a,/ax. In some cases, the stellar or planetary separation is simply the projected
separation, as true orbits are unknown. We demarcate the rough stability boundaries
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Fig. 11.2 Binary planet semi-major axis versus planet-star semi-major axis ratio for well-
characterized S and P type systems. The data was complied from Wagner et al. (2016), Kostov
et al. (2016) and the references therein. In some cases where orbits are poorly characterized, the
semi-major axes are merely projected separations. Masses are approximate in some cases. The
dashed and dash-dotted lines represent the approximate location of the instability boundary of
each system type for a circular equal mass pair

for both systems. A few trends are immediately identifiable in this figure. First,
the circumbinary systems are much more closely clustered towards the instability
boundary. There remains debate about the cause of this apparent pile-up; it is
possible that the observed distribution is consistent with a log-uniform semi-major
axis distribution similar to single stars (Li et al. 2016). For the circumstellar systems,
we see the clear outlier of HD131399 (Wagner et al. 2016) at the far right end of the
plot. We discuss this system in detail in Sect. 11.5. This plot excludes many of the
Kepler systems whose circumstellar status has only recently been discovered, but
for which individual orbits are not yet available (Kraus et al. 2016).

What makes these systems so compelling is their ability to not only provide
stringent constraints on the formation of the binaries that host the planets, but
also inform our models of planet formation around single and binary stars alike.
In order to better gauge the utility of these systems from a theoretical perspective,
we begin with a brief overview of common binary formation models in Sect. 11.2.
In Sect. 11.3 we describe how planet formation models are interwoven with binary
formation. Next, in Sect. 11.4 we summarize the literature on planet stability in
multi-star systems. In Sect. 11.5, we take two case studies of planetary systems that
illuminate a key aspect of either binary formation or planet formation. We conclude
in Sect. 11.6.
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11.2 Binary Formation Models

It is not possible to provide an adequate review of all of binary formation in a short
subsection. Here we endeavor to qualitatively describe the important aspects of the
theories only. For more complete reviews, see Tohline (2002), Kratter (2011), and
Duchéne and Kraus (2013).

11.2.1 Primordial Formation Models

We begin with primordial formation models: ones in which the binary forms and
arrives in its final configuration by the end of the lifetime of the protoplanetary disk.
We choose this special definition as we are concerned with planets that might form
in such a disk—this is by no means a common distinction in the binary literature,
although perhaps it should be. The two best supported theories for primordial binary
formation are turbulent core fragmentation (Fisher 2004; Offner et al. 2010; Bate
2012) and disk fragmentation (Adams et al. 1989; Bonnell and Bate 1994; Kratter
and Matzner 2006; Kratter et al. 2010).

11.2.1.1 Turbulent Core Fragmentation

The turbulent core fragmentation model of binary formation is consistent with the
modern picture of star formation occurring in turbulent, filamentary structures in
molecular clouds (Li et al. 2014). In this model, binaries appear in two ways; some
cores or filaments develop multiple overdensities that are initially gravitationally
bound, and remain so throughout the collapse process. In other cases, independent,
initially unbound overdensities collapse, but become gravitationally bound either
due to the background gravitationally potential of the cluster, or due to dissipation
as the cores or protostars move through the gas. Note that while this process has been
observed in a variety of numerical models cited above, there is not yet a predictive
theory for how multiple star systems arise in this fashion.

There is also strong observational evidence for this mode of star formation at
multiple evolutionary stages. At the very earliest stages, widely separated binaries
have been observed in a variety of molecular lines and dust continuum (Tobin et al.
2015; Chen et al. 2013; Pineda et al. 2015). In addition, slightly evolved binaries
(Class I-IT) with protostellar disks have been resolved by ALMA. These systems
show a misalignment between the inclinations of the two disks, indicating that
at least one of the disks is misaligned with the binary orbital plane (Akeson and
Jensen 2014; Williams et al. 2014). This misalignment indicates that the angular
momentum reservoirs, and thus mass reservoirs, of the disks are likely distinct.
With separations of order a few hundred AU, they are consistent with formation
via turbulent fragmentation (Offner et al. 2016).
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11.2.1.2 Disk Fragmentation

Binary formation via disk fragmentation occurs when protostellar disks grow
sufficiently massive to become strongly self-gravitating. Disks respond to increasing
self-gravity by first driving strong angular momentum transport via spiral arms. If
this transport is insufficient to process the material infalling from the background
core, the disk mass will rise and lead to runaway fragmentation (Kratter and Lodato
2016). This process is most likely to occur for more massive cores > a few Mg
(Krumholz et al. 2007; Kratter et al. 2008). The first compelling detection of this
process in the act was recently presented by Tobin et al. (2016a), which revealed a
young triple star system forming in a massive disk with spiral arms.

11.2.2 Secondary Formation Models

After the initial stage of cloud collapse, binary and multiple star systems may form
via dynamical interaction, especially in dense clusters. One of the strongest indica-
tions that dynamical evolution plays a role in at least reshaping multi-system orbits,
if not creating them entirely, is the preponderance of wide tertiary companions
in close binaries (Tokovinin 2014; Moe and Di Stefano 2017). These extremely
hierarchical orbits are consistent with either violent dynamical encounters shortly
after birth (Bate 2012), or long timescale secular evolution via Kozai-Lidov cycles,
followed by tidal circularization of the inner binary (Lidov 1962; Kozai 1962;
Mazeh and Shaham 1979; Fabrycky and Tremaine 2007). Kozai-Lidov (hereafter
KL) oscillations can arise in hierarchical triple systems under a relatively wide range
of conditions, depending on the relative orbit inclinations, initial eccentricities, mass
ratios, and separations of the three components (Naoz 2016). However in most
cases, large relative inclination between the two orbits is required (Anderson et al.
2016). This secular oscillation exchanges eccentricity in the orbit of the inner pair
for inclination between the two orbits. KL oscillations are a promising mechanism
for generating close binaries because the inner pair is driven to high eccentricity, at
which point the pericenter of the orbit can be sufficiently close for tidal forces to
drive orbit circularization at small separations.

In the simplest quadrupole approximation, KL oscillations will occur when the
relative orbit inclination i, > 39.2°. In this limit, the perturbed bodies orbital
angular momentum vector is conserved, which leads to a relation between the initial
inclination and maximum eccentricity:

emax = V1 — (5/3)cos?i, (11.1)
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where e,y is the eccentricity of the inner orbit. The timescale for KL oscillations
scales with the orbital periods and mass ratios as:
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(Innanen et al. 1997; Kiseleva et al. 1998).

KL oscillations are suppressed if other forces cause the inner pair’s pericenter
to precess faster than the oscillation timescale above, because precession averages
out the net effect of the inner pair’s eccentricity. General Relativistic effects, stellar
rotation, tides, and an extra body in the system can all act to shut off the oscillations.
In the standard model for forming tight triple systems (and also misaligned Hot
Jupiters), tidal forces dominate (Fabrycky and Tremaine 2007; Anderson et al.
2016). When tidal forces ultimately shut off the oscillations, the resultant system
contains a very short period binary with a wide, inclined tertiary. The distribution
of relative inclinations is likely somewhat bimodal, though this is a mass dependent
statement (Anderson et al. 2016). KL oscillations are likely an important channel
for binaries with orbital periods less than 10 days (Fabrycky and Tremaine 2007).
Primordial formation mechanisms struggle to produce binaries with such short
periods, as the radii of protostars on the Hayashi track exceed these separations
(see, e.g., Krumholz and Thompson 2007). As we discuss below, these channels
have important implications for circumbinary planets.

11.3 Constraints on Planets in Binaries
from Formation Models

We have highlighted above the generic mechanisms for forming binaries. How does
the planet formation process fit in to these theories? We break the process of planet
formation into two critical stages. First, we discuss the constraints, both theoretical
and observational, on the formation and evolution of the protoplanetary disks out of
which planets form. Subsequently we describe how the onset of planet formation is
modified in binary systems, and provide some speculation on possible solutions.

11.3.1 Disk Formation and Evolution

The presence of a binary companion can strongly impact the formation and
evolution of protoplanetary disks. In the case of circumstellar disks in close binaries,
tidal truncation is likely responsible for setting the outer edge of the disk, rather
than cloud angular momentum as in single stars (Artymowicz and Lubow 1994;
Goodman et al. 1993). Disks are also truncated in the circumbinary case near the
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inner Lindblad resonance. A key issue in understanding the origin of the planets is
a careful accounting of when a disk will form, how it survives the star formation
process, and how it persists to produce planets.

Surveys of young star forming regions like Taurus have discovered both circum-
stellar and circumbinary disks that might form planets (Harris et al. 2012). However,
the sub-mm flux, which is a proxy for mass at fixed age and distance, is substantially
smaller in disks within and surrounding binary stars systems. In addition, there is
a deficit of disks around the closest binaries, which would be the progenitors of
circumbinary systems (Harris et al. 2012). There is evidence that some of these disks
may by escaping detection at young ages due to either short lifetimes or failure to
identify all spectroscopic binaries in young clusters; debris disks do not seem to
show as extreme a deficit (Trilling et al. 2007; Rodriguez et al. 2015). On-going
RV planet searches in young clusters should help resolve this uncertainty (L. Prato,
private communication).

From a theoretical perspective there are several threats to the survival of
circumbinary and circumstellar disks. For the former case, the formation timescale
of the binary is the most substantial problem. As noted above, one of the most
promising mechanisms for creating closer binaries are the so-called secondary
formation channels which rely on dynamical or secular evolution to rearrange
higher order multiples into a close binary and a distant (sometimes ejected) tertiary
(Reipurth and Clarke 2001). Both mechanisms are likely destructive to a pre-
existing protoplanetary disk (see also Clarke and Pringle 1991).

The rearrangement of orbits in an unstable triple system usually proceeds over
10?-10* orbital periods, and involves multiple close encounters between any of
the three components before the orbits stabilize in a new configuration (Eggleton
and Kiseleva 1995; Perets and Kratter 2012). Any disks present at the onset of the
instability would likely be disrupted by the interaction. However, large scale star
formation simulations suggest that if these interactions occur early enough in the star
formation process, while there is still ample gas in the star-forming environment,
a new disk of material might re-accumulate surrounding the newly formed tight
binary (Throop and Bally 2008; Bate 2012; Muifioz et al. 2015). This model implies
that circumbinary planet hosts underwent rapid orbit evolution in order to retain a
substantial disk.

Circumbinary disks might also arise around close binaries that have undergone
circumbinary disk-driven migration. This process has been studied extensively in
the context of binary black-hole accretion disks (Lodato et al. 2009; Nixon et al.
2011; Lubow et al. 2015). In the protostellar case, it remains unclear over how many
decades in radius disk-driven migration can take place for plausible disk parameters
(Armitage and Bonnell 2002), and even outward migration can occur under some
circumstances (Kratter et al. 2010). The major limitation on disk-driven migration
derives from the inefficiency with which angular momentum is extracted from the
orbit via Lindlblad resonances. As first discussed by Syer and Clarke (1995) (see
also Lodato et al. 2009; Kocsis et al. 2012), once the disk mass becomes small
compared to the binary mass, migration will be slow. The mass of the disk is limited
by gravitational instability. Misalignment of the binary with the disk might aid in
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this process (Nixon et al. 2011), though such a configuration seems unlikely in the
protostellar case.

As noted above, KL oscillations could in principle be responsible for generating
circumbinary hosts at the centers of disks. But such disks would then be subject to
strong perturbations from the eccentricity cycles of the inner pair; for disks with
typical standoff radii from the binary (a factor of a few), the binary itself would
drastically re-sculpt the inner edge of the disk as its eccentricity grows to e > 0.9.
Thus it is difficult to imagine planet formation following this process, unless it
occurs early when a disk can restabilize. The relative formation times suggests
that instabilities arising for planets in binaries undergoing KL oscillations may not
be relevant. This argument is consistent with the absence of circumbinary planets
around binaries close enough to have undergone tidal circularization following KL
cycles, although other arguments exist to destroy these planets (Mufioz and Lai
2015; Hamers et al. 2016; Martin et al. 2015). Note that KL during the pre-main
sequence phase might result in wider tidally circularized orbits due to inflated stellar
radii (Moe and Kratter 2017).

KL cycles may also be inhibited by the presence of a massive circumbinary disk
required to form planets. Precession of the inner binary induced by the disk can
overwhelm the KL oscillations. The precession timescale of the binary driven by
the disk self-gravity is:
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(see the appendix of Silsbee and Rafikov 2015a), where ¢ is a function that attains
values of order unity, a; and aj, are the binary and inner disk semi-major axes
respectively, ag is a reference distance of 1 AU, and X is the disk surface density at
that location. M, is the total stellar mass, n;, is the binary mean motion, and p is the
slope of the surface density profile. For typical disk parameters and binaries akin to
the Kepler systems, this corresponds to a precession timescales of order a few 103
years (Silsbee and Rafikov 2015a).

For circumstellar disks, the formation issues for the binary itself are less
restrictive. Both core and disk fragmentation (with some orbital evolution) can
plausibly produce circumstellar planet progenitor systems. Since the orbits can
arise without dynamical or secular instabilities between multiple stars, the disk
survival is not threatened in the same manner. Nevertheless, binarity may reduce
the typical size of the disk and thus the reservoir of material available for planet
formation. For the typical binary separation, 50-100 AU (Raghavan et al. 2010;
Moe and Di Stefano 2017), tidal truncation will shrink disks to 15-30 AU. Whether
truncation impacts planet formation at much smaller radii (independent of the binary
perturbations, which we discuss below) is an open question. Najita and Kenyon
(2014) have pointed out that the typical dust mass reservoir in single-star disks is low
compared to the typical masses of Kepler exoplanetary systems. The implications
of such a finding are that (a) grain growth to beyond mm sizes begins early, hiding
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substantial amounts of dust, and (b) radial drift may resupply solids to the inner
regions of disks from a reservoir of material at larger radii (Youdin and Chiang
2004). Clearly, truncation in binaries would limit the available reservoir of material.
If such material is important, one would expect circumstellar planets to skew lower
in mass as compared to single star planets. y-cephei provides at least one massive
counterexample. At present the statistics on circumstellar planets are sufficiently
limited that such a trend is not yet identifiable (Wang et al. 2014). The circumstellar
systems have a median mass above that of circumbinary systems, but selection
effects due to detection via the RV method could be responsible.

Two other characteristics unique to disks in binaries are warping and tilt
oscillations due to misalignment between the disk(s) and the binary orbit plane.
Wide binary systems (~200 AU) have been identified by ALMA (Akeson and
Jensen 2014; Williams et al. 2014) where one if not both of the disks are misaligned
with the orbital plane. Relative inclination between the binary orbit and the disks
can induce tilt oscillations, damped KL oscillations, disk warping, and in extreme
circumstances disk breaking (Larwood et al. 1996; Bate 2000; Lubow and Ogilvie
2000; Batygin 2012; Martin et al. 2013; Fu et al. 2015; Lubow and Martin 2016). For
the dynamically interacting systems on which we focus in the review, misalignment
should damp relatively quickly. The precession rate relative to the disk’s outer
orbital frequency £2; is:

M (R’
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where K is an order unity factor depending on the surface density distribution in the
disk, D is the binary separation, § the inclination, and M, M, the secondary and
primary stellar masses. The simplest estimate of the alignment timescale is:
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where (R?/v) is the viscous timescale at radius, R for effective viscosity v, and
(H/R) is the disk aspect ratio (Bate 2000). However, parametric instabilities are
likely to arise when § exceeds the disk opening angle, set by H/R (Gammie et al.
2000). This drops the alignment timescale dramatically, to of order:

Laign ~ @, ' /siné. (11.6)

Thus modestly misaligned systems (a few 10s of degrees) have their inclinations
damped on timescales comparable to the precession time, or of order 100—1000s of
orbital periods. Moreover, this extra source of dissipation may contribute to faster
accretion rates, and potentially shorter disk lifetimes (Bate 2000).

In the case of even more extreme misalignment, disks undergo damped KL oscil-
lations (Martin et al. 2014; Fu et al. 2015). These oscillations lead to eccentricity
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growth in the disk in addition to inclination variations. Over timescales of 10s of
orbits, the oscillations decay, leaving the disk at inclinations below the critical value
for KL oscillations, but still eccentric (Martin et al. 2014). These likely revert to
the case discussed above, where dissipation damps the inclination over somewhat
longer timescales. Taken together, these studies suggest that planet formation in
misaligned circumstellar disks where the binary dynamics are important may be
rare. Nevertheless in the following section, we discuss how remnant misalignments
might impact growth.

11.3.2 From Dust to Planets

Instigating the growth of planetesimals from microscopic dust grains remains one
of the most challenging phases of planet formation for theorists, even around
single stars (Youdin and Kenyon 2013). Micron and sub-micron-sized dust grains
present in the ISM must clump together in the disk over many orders of magnitude
to generate 1-500km planetesimals. At the upper end of this size distribution,
gravitational focusing takes over and allows planetary core growth to proceed
somewhat efficiently. Early growth is hampered by several effects. First, once dust
grains reach a cm in size, growth into pebbles 1-10cm, and boulders 10-100m
is slow or impossible. Pebbles and boulders are too small to gravitationally attract
each other, but electrostatic forces are insufficient to cause coagulation at speeds
characteristic of particles in protoplanetary disks. Secondly, grains between 1 cm
and 1 m are strongly affected by imperfect coupling with the gas in protoplanetary
disks. Because the particles are a pressureless fluid, they orbit at the Keplerian speed,
while the gas orbits at slightly sub-Keplerian speeds due to the outwardly decreasing
pressure gradient. The resultant headwind felt by the particles causes an inward
drift on timescales of 100-1000s of orbits. Finally, the relative velocities of these
size particles tend to increase, which contributes to more destructive rather than
constructive, collisions. This threatens to remove intermediate size material from
the disk before it can successfully accumulate into planets. See Armitage (2011) for
a detailed review.

In binaries, the problem of growth up to the stage where gravitational focusing
takes over is exacerbated by the potential for higher relative velocities between
particles due to the forced eccentricity in the disk, or high mutual inclinations driven
by a misaligned companion (Moriwaki and Nakagawa 2004; Marzari et al. 2009;
Marzari and Nelson 2009; Batygin et al. 2011; Fragner et al. 2011). In a series of
recent papers (Rafikov 2013a,b; Rafikov and Silsbee 2015a,b; Silsbee and Rafikov
2015a,b; Vartanyan et al. 2016), these authors review the mechanisms for excitation
of planetesimal eccentricity in circumstellar and circumbinary orbits, pointing
out that both the binary and the (typically) eccentric protoplanetary disk modify
planetesimal orbits. They highlight conditions under which relative planetesimal
velocities are suppressed to allow growth up to >100km sizes, at which point even
relatively high collisional velocities in eccentric disks are insufficient to result in
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destructive rather than constructive collisions. Previous work has shown that gas
drag can aid in reducing collisional velocities between equal size bodies by forcing
apsidal alignment (Marzari and Scholl 2000). However, this only reduces collisional
velocities for equal sized bodies. They also find that disks which are sufficiently
massive and thus self-gravitating are conducive to planetesimal formation, because
the disks apsidal precession rate is dominated by disk self-gravity. The rapid apsidal
precession of planetesimals driven by the disk reduces the maximum eccentricity
to which they are excited, resulting in substantially lower collisional velocities. A
careful accounting of the eccentricity evolution of planetesimals in binary systems
suggests that only special regions of the disk will be conducive to planetesimal
growth. Nevertheless, these constraints are not strong enough to rule out planet
formation from relatively small planetesimals in the bulk of the disk.

A promising solution to the radial drift and fragmentation problem around single
and binary stars is the particle-gas Streaming Instability (Youdin and Goodman
2005), which allows small pebbles to spontaneously collect into local overdensities
as they undergo radial drift. These overdensities are large enough to become self-
gravitating, and spontaneously collapse to form planetesimals ranging in size from
10s to 100s of km (Simon et al. 2016). Such large bodies maintain low enough
collisional velocities across much of the parameter space to avoid destruction. It
remains to be demonstrated that the streaming instability will operate successfully
in eccentric disks, or even axisymmetric disks in the presence of a binary. There
is no obvious reason, however, why the mechanism should break down under such
circumstances. Ogilvie and Barker (2014) have developed a formalism for eccentric
disks in the shearing box approximation, which offers a promising approach for
validating the instability in the new regime.

For circumbinary planets, another substantial difference in formation may arise
from the unique structure of circumbinary disks. As noted in Sect. 11.3.1, the inner
boundary of such disks experiences a net outward torque. 1D viscous disk models
suggest that this inner torque might produce an extended deadzone at a few times
the binary semi-major axis (Martin et al. 2013). A large deadzone might provide a
particularly favorable location for planetesimal agglomeration due to the decreased
turbulence.

Subsequent to formation, planetary cores may of course undergo migration in
their natal disk (Kley and Nelson 2012). For circumstellar systems, migration would
likely proceed as around a single star, perhaps modified by disk eccentricity. For
circumbinary systems, simulations suggest that inward migration remains the norm,
and that the details of the disk structure impact the location at which migration
stalls (Kley and Haghighipour 2014). The detailed outcome of planetary migration
even in single star systems remains hotly debated. Though migration models will
be required to fully understand binary planet origins and architecture, we can
independently consider how their architecture is shaped by dynamical stability.
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11.4 Binary Planet Dynamics

One of the most striking distinctions between planets around single stars as
compared to binaries is the stringent limits on their orbital properties based on (a)
stability in the presence of the stars in their current orbital configuration and (b)
survival through the evolution that might be concurrent or subsequent to the process
of planet formation. We first discuss the basic constraints on stability ignoring stellar
orbit evolution, then review the more complicated issues of intertwined evolution.

11.4.1 Single Planet Stability

The simplest constraint to place on the existence of planets in binaries is based on
long-term orbital stability. In P and circumstellar orbits, there are certain regions
of phase space that planets are prohibited from occupying. This parameter space
was broadly explored by Holman and Wiegert (1999), who carried out a series of
numerical integrations of test particles in both classes of systems for a range of
mass ratios and eccentricities. They find that in circumstellar systems, the binary
companion semi-major axis must be ~4 times the planet’s semi-major axis for
equal mass binaries. This factor increases for more disparate masses and high
eccentricities. For circumbinary systems, the planet must have a semi-major axis
more than twice that of the binary stars. For smaller mass ratios, the relative planet-
star distances decrease, while at higher binary eccentricities they increase. This
work, building on that of Rabl and Dvorak (1988) focused on co-planar, test particle
orbits, and single planet systems.

The empirical result was followed up analytically by Mudryk and Wu (2006),
who found that they could explain both the overall trend in the Holman and Wiegert
(1999) results, and the deviations from it, via the destabilizing forces of overlapping
mean-motion resonances. This work also revealed that the previously ignored free
eccentricity of the planets had a minimal effect on the stability boundary.

11.4.2 Multi-Planet Systems

More recently, the dynamics of multi-planet circumbinary systems has been
explored (Kratter and Shannon 2014; Smullen et al. 2016). These works have
examined the required spacing between multi-planet systems around binaries for
orbital stability as compared to that around single stars (Chambers et al. 1996;
Smith and Lissauer 2009; Morrison and Kratter 2016). Kratter and Shannon (2014)
found that the required spacing for stability is similar to that of > 5 planet systems
around single stars, or > 7Ry n,, where the mutual hill radius is defined as:

1/3
a; + a mp1 + My
Ruym = , 11.7
= (5 (™) D



11 Constraints from Planets in Binaries 327

where a; and a, are the semi-major axes of the planets. While the aforementioned
study focused on well-spaced, circular planets, Smullen et al. (2016) and Sutherland
and Fabrycky (2016) investigated the fates of more eccentric, scattering planets in
binary systems. These works found that planet—planet and planet—star collisions
were substantially reduced as compared to single star systems in favor of ejection
from the planetary system. In initially overpacked systems, the binary has little
observable influence on the surviving planetary system architecture when compared
to single planet systems. This finding suggests that scattering is not responsible for
differences in the observed mass or semi-major axis distribution of circumbinary
planets, aside from removal from within the inner dynamically unstable region.

11.4.3 Secular Interactions in Systems with Mutual Inclination

Thus far we have discussed the KL mechanism in the context of the formation of the
binary or the evolution of the disk. We have argued that typical disk alignment
timescales are short for dynamically interacting circumstellar systems that might
undergo KL oscillations (Bate 2000). For large enough binary separations, the disk
alignment timescales become comparable to the dissipation timescales of a few Myr
(Williams and Cieza 2011).

In circumbinary systems, it is possible that a wide tertiary might excite KL
oscillations in a binary after the formation of planets. If KL oscillations in the
binary were suppressed by the circumbinary disk at early times [see Eq. (11.3)], it
is possible that the dissipation of the disk and formation of the planet would render
the system susceptible to the oscillations. How might these late-time KL oscillations
impact a circumbinary binary system?

The Kepler mission has only found CBPs around binaries with periods larger
than 7 days. Such binaries are marginally too wide to have undergone efficient
tidal circularization following eccentricity excitation, at least on the main sequence.
Muiioz et al. (2015) first noted that these oscillations would be very destructive
to circumbinary planets already in existence around the wider binaries prior to
undergoing KL cycles. As summarized by Hamers et al. (2016), there are three
regimes for CBPs in triple systems that are susceptible to KL cycles. If the mass of
the planet is too high, then the precession induced in the binary orbit will shut off
KL cycles entirely, just like the massive disk. When the mass of the planet is lower,
two outcomes are possible. First, the planet may be destabilized by the excitation of
eccentricity in the binary. Alternatively, the planet itself will participate in KL cycles
and become strongly misaligned with the binary, and thus evade detection in transit
surveys. Although Martin et al. (2015) have noted that even highly inclined planets
will ultimately transit due to the precession of the planets longitude of ascending
node, they are much more difficult to detect as the timing between subsequent
transits can be much longer than the planets orbital period.

These dynamical arguments provide a compelling explanation for the lack of
observed planets around close binaries, but it remains unclear whether dynamical
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instability removes them, or binary formation channels prevent them from existing.
The proximity of the observed CBPs to the instability boundary of the binary
provides somewhat compelling evidence that the stars did not undergo radical orbital
evolution subsequent to the formation of the planet.

11.5 Triple System Case Studies

We have focused on the joint theory of binary formation and planet formation, but in
many cases we have found that a third star is a crucial part of the picture. Although
a theory of planets in triples remains undeveloped, we now consider two planetary
systems as case studies. We highlight the theoretical implications of the existence
of each system.

11.5.1 Kepler 444

Characteristics The star Kepler 444a hosts five, sub-Earth size planets in short
period orbits ranging from 5-11 days. The primary is orbited by a pair of M-dwarfs
at a projected separation of 66 AU. By combining astrometric constraints and RV
monitoring, Dupuy et al. (2016) concluded that the M-dwarf’s center of mass is
most likely on a highly eccentric orbit around the primary with a pericenter approach
of 5AU, and e = 0.86. The orbital properties of the M-dwarf pair itself remain
unconstrained, though the semi-major axis must be <0.3 AU. Like the transiting
planets, which are by definition edge-on with respect to the observer, the M-dwarf
pair also orbits in the plane of the sky. Dynamical modeling suggests that the planets
and outer binary are likely co-planar as well. Misalignments of more than a few
degrees between the two result in precession of the five planets so that concurrent
transits of all five are rare. If the triple system arose prior to dispersal of the
primary’s protoplanetary disk, it would have been truncated at ~2 AU (Lubow and
Artymowicz 1996).

Implications The present day system is dynamically stable (both the triple system
and the planets). Interpretation of this system from a theoretical perspective depends
on whether or not the triple orbit is primordial with respect to the planet. In other
words, did planet formation occur in the presence of the eccentric M-dwarf pair, or
did the orbit evolve subsequently? Dupuy et al. (2016) argue that the orbits are most
likely primordial due to the coplanarity of the planets and the stars. One possible
origin for the hierarchical triple is either turbulent core fragmentation followed
by orbit migration or rapid dynamical instability. Although such fragmentation
would not provide initially co-planar orbits, the primary’s disk would align with
the M-dwarf pair rapidly (Bate 2000), or might have reaccumulated following
disruption during close dynamical encounters. Alternatively, the system could
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have all formed in a co-planar configuration via disk fragmentation, not unlike
the forming hierarchical triple identified by Tobin et al. (2016a). Non-primordial
mechanisms are harder to reconcile with the aligned, stable orbits. Late time arrival
into this configuration either via dynamical instability of the triple or via KL
oscillations would have likely disrupted a pre-existing planetary system. Moreover,
the coincidence of co-planarity begs explanation. Without the dissipative gas disk,
any misalignment should remain, causing persistent tilt oscillations.

A final argument for the disk fragmentation scenario stems from the need for a
high mass disk within the truncation radius of ~2 AU to provide ample material for
the planetary systems. This mass requirement is exacerbated by the fact that Kepler
444A is metal poor, and thus one might suspect the disk to have had an unusually
low dust-gas ratio, requiring a higher than average gas mass. For planet formation
to proceed with ~10% efficiency in the truncated disk, the initial surface density
implies a disk that was gravitational unstable at 50-100 AU, consistent with the
current location of the M-dwarf pair.

Independent of the formation method of the triple, the orbits suggest that the
planet forming disk was truncated within the ice line. The lack of icy material
suggests that planetesimal formation should commence even without a large
population of sticky ice grains. The truncated disk scenario might favor inside-out
planet formation models (Chatterjee and Tan 2015) where pebbles accumulate at the
inner deadzone boundary, and form subsequent generations of planets, all tightly
packed. The semi-major axes of the Kepler 444 planets are all within a factor of
several of the predicted inner boundary of the deadzone (Mohanty et al. 2013).

11.5.2 HDI131399

Characteristics The second triple star system we discuss highlights the opposite
regime of planet formation and hierarchical triples. Wagner et al. (2016) discovered
that HD131399A, a roughly 15 Myr old, 2M, star, hosts a massive, > 4Mj,,, planet
at a projected separation of ~80AU. In many ways, the closest analogs to the
planet are the HR 8799 companions in terms of the mass and separation (Marois
et al. 2010). The orbital architecture is otherwise quite different. In HD131399, the
primary and planet are orbited by a tight binary (HD131399B and C), at a projected
separation of 315-320 AU. If both the planet and the BC pair are on coplanar,
circular orbits with semi-major axis equivalent to their projected separation, the
system is marginally dynamically stable. Thus unlike other multi-star, or star+planet
systems, the orbits are not hierarchical. Substantial eccentricity in the BC pair can
easily destabilize the planetary orbit, though due to the large planet-star mass ratio
(the combined mass of the BC pair is 1.5M¢), the planet’s orbit has little impact
on the stability of the triple. Because the planet and stellar orbits are so widely
spaced, the astrometric orbit constraints are not nearly as powerful as for Kepler 444,
and thus it is not possible to place meaningful constraints on the orbit parameters.
Follow-up observations will be crucial for distinguishing the formation mechanisms,
as detailed below.
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Implications HD131399 holds the distinction of being the circumstellar system
closest to the boundary of long-term dynamical instability based on the projected
separations. This proximity is much more common amongst the circumbinary
system (see Fig. 11.2). Because the system is also quite young, it is possible that
the orbits are not long-term stable as noted by Wagner et al. (2016) and Veras et al.
(2017). See Nielsen et al. (2017) for a non-planetary interpretation of HD131399b.

Consider first the formation of the hierarchical triple. As with Kepler 444,
primordial formation via turbulent core or disk fragmentation seems likely. If
HDI131399A hosted a protoplanetary disk, it would have been truncated at the
present day location of the giant planet. Following the models of Rafikov and
Silsbee (2015b), formation in-situ via core accretion would be difficult due to the
strong perturbations from the BC pair. An alternative in-situ formation scenario
is the direct triggering of gravitational instability in the outer disk (Meru 2015).
Previous work has suggested that the close passage of an external perturber to a disk
typically heats the disk, suppressing fragmentation, but modern simulations with
more sophisticated cooling models sometimes find that if GI is initially triggered
in the outer regions of the disk, the interior may become susceptible as well.
Recently, Fu et al. (2017) have argued that KL oscillations can potentially induce
fragmentation via gravitational instability in disks otherwise stable to GI. This is an
intriguing possibility for this system, although there is not yet an indication that the
orbits are sufficiently inclined. Moreover, depending on the as yet unknown orbit of
the BC component, KL oscillations might be suppressed entirely.

11.6 Discussion

In this chapter we have provided a qualitative overview of theoretical constraints
related to the formation and survival of planets in dynamically interacting binaries.
We argue that the existence of planets in binaries can place meaningful constraints
on binary formation models. The existence of circumbinary planets around short
period binaries argues for rapid formation of short period orbits. This is also
consistent with the lack of planets around the shortest period systems (Mufioz
and Lai 2015; Hamers et al. 2016; Martin et al. 2015), which might undergo KL.
oscillations on longer timescales. Close binary formation via fragmentation of the
protostellar disks or cores with rapid dynamical orbit re-arrangement is plausible
(Tobin et al. 2016b; Offner et al. 2016). The preponderance of circumstellar systems
reveals that planet formation is likely efficient, and may occur even when the
binary companions excites substantial eccentricity in the disk and planetesimals
(Rafikov and Silsbee 2015b). This may indicate that planetesimal formation via
the streaming instability is a robust mechanism to avoid the fragmentation barrier.
Systems like Kepler 444 further reveal that planet formation does not rely on the
existence of a reservoir of material beyond the iceline, because the disk was likely
truncated interior to this region prior to the formation of the planets (Dupuy et al.
2016). Formation in a truncated disk lends credence to models of planet formation
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such as Chatterjee and Tan (2015), which favor episodic formation of planets at
deadzone inner boundaries. Finally, HD 131399 provides an example of the opposite
regime of multi-star planet formation (Wagner et al. 2016). HD131399 poses a
unique challenge to formation models as it resembles neither a hierarchical, extreme
mass ratio multi-star system, nor a typical planetary system.
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Chapter 12
Planet Population Synthesis via Pebble Accretion

Bertram Bitsch and Anders Johansen

Abstract The aim of planet population synthesis is to incorporate all physical
processes from planet formation theories to arrive at a synthetic population of
planets that can be compared to observations. In this way, shortcomings in the
theories can be shown. In particular, planet population synthesis has to incorporate
theories and models regarding (1) core accretion, (2) gas accretion, (3) planet
migration and (4) disk evolution. A general problem of the core accretion scenario
is that the building time of a planetary core of a few Earth masses with just the
accretion of planetesimals takes longer than the lifetime of the protoplanetary disk.
This time-scale problem can be overcome when taking the accretion of pebbles into
account. We will review here the differences of planetesimal and pebble accretion
on the formation of planets that migrate through evolving protoplanetary disks.

12.1 Introduction

Since the discovery of the first exoplanet a bit more than 20 years ago (Mayor
and Queloz 1995), the number of exoplanetary discoveries has risen dramatically.
Today, more than 2000 exoplanets are discovered, by various detection methods.
These findings included two classes of planets which are not harboured in our own
solar system: hot Jupiters and super-Earths (Fig. 12.1). Hot Jupiters are Jupiter sized
planets that orbit their host star in just up to a few days, while super-Earths are
planets of above two Earth masses, presumably rocky, hence the name. Theories
about planet formation have to explain the abundances and frequencies of these
discovered planets. Of particular interest is here the population of cold gas giants
(r > 1 AU) and of super-Earth systems, which are very abundant (Fressin et al.
2013). One way to test the theories is population synthesis, where the available
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Fig. 12.1 Mass-orbital distance diagram of detected exoplanets either through transits or RV. The
colour coding gives the metallicity of the planet’s host star. Data taken from exoplanets.org

theories of planetary growth and migration as well as disk evolution are combined
to synthesise a population of planets. This synthesised population should match the
observations in order to confirm the theories of planet formation. If any aspects of
the synthesised population does not match observations, theories have to be revised
and improved.

The earliest population synthesis simulations pointed out the problem of plane-
tary migration (Alibert et al. 2004; Ida and Lin 2004), namely that type-I migration
of low mass planets is way too fast compared to the building time of planetary
cores through the accretion of planetesimals. As the planetary core grows in the
protoplanetary disk, it interacts with it and moves through it (Ward 1997), where
the migration time-scale is much shorter than the lifetime of the protoplanetary disk
(Tanaka et al. 2002). This means that planetary cores migrate into the central star
before reaching runaway gas accretion, which is when they can potentially open up
a gap in the disk that allows the transition into the slower type-II migration regime,
potentially saving them from migrating inwards all the way to the star (Baruteau
et al. 2014). In order to generate planetary cores that can grow to giant planets at a
few AU via gas accretion, planetary type-I migration had to be slowed down by a
factor of 100 (Ida and Lin 2004).

Another main problem in the core accretion scenario was the formation of
the core itself. In order to form Jupiter’s core at 5 AU, the surface density of
planetesimals in the protoplanetary disk had to be increased by a factor of ~6 in



12 Planet Population Synthesis via Pebble Accretion 341

order to build big enough cores' (Pollack et al. 1996). However, the growth time-
scale increases with orbital distance, so forming the cores of Saturn or of the ice
giants requires an even larger increase of the solid component of the protoplanetary
disk, which is unrealistic.

Here we will show that pebble accretion can help to solve both problems at
the same time. Pebble accretion does not only accelerate the growth time-scales
of protoplanetary cores, but also allows an efficient formation far away from the
central star (Ormel and Klahr 2010; Lambrechts and Johansen 2012). Combining
the shorter growth time-scales of pebble accretion-with unreduced planet migration
rates, Bitsch et al. (2015b) showed that the formation of giant planets at large orbits
is possible in evolving protoplanetary disks. We build on this model and show here
the direct comparison with observational data.

This chapter is structured as follows. We first shortly summarise the disk
evolution (Sect. 12.2), the planetary growth mechanism via pebble and planetesimal
accretion (Sect. 12.3) as well as planet migration (Sect. 12.4). We then combine
these things into our population synthesis approach involving pebble accretion and
compare these results to core accretion solely by planetesimals (Sect. 12.5). Finally
we give a summary in Sect. 12.6.

12.2 Disc Evolution

Inside the disk, dust grains collide and form pebbles (Zsom et al. 2010; Birnstiel
et al. 2012; Ros and Johansen 2013) that migrate through the disk due to gas drag
(Weidenschilling 1977; Brauer et al. 2008). Clouds of these pebbles can collapse
under their own gravity and form planetesimals, aided by the streaming instability
(Youdin and Goodman 2005; Johansen and Youdin 2007). These planetesimals can
then accrete leftover pebbles and finally form the cores of giant planets (Lambrechts
and Johansen 2012), which migrate through the disk (Ward 1997; Paardekooper
and Mellema 2006; Kley and Crida 2008; Kley et al. 2009). Even though all these
processes happen on different time and length scales, they all strongly depend on
the underlying disk structure (temperature T, gas surface density X, aspect ratio
H/r, viscosity v), making the protoplanetary disk structure a key parameter for
understanding planet formation. Every planet formation model is dependent on the
underlying disk structure and the results apply only for the assumed disk structure.
One of the most used disk models is the Minimum Mass Solar Nebula (MMSN),
which is essentially a power law in surface density and temperature (Weiden-

'The main problem here is the planetesimal isolation mass, at which the planet stops growing. It
increases with the available amount of planetesimals, Eq. (12.8).
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schilling 1977; Hayashi 1981), where the surface density profile is given by

—3/2
Se(r) = B (ArU) . (12.1)

The aspect ratio of the disk follows

IZ = 0.033 (ArU)w , (12.2)

which indicates that there are no planet traps due to the entropy driven corotation
torque, because those traps exist only when H/r decreases with orbital distance
(Bitsch et al. 2014). The time evolution of the surface density can be parameterised
through

Bs = Xo eXp( - ) , (12.3)

Tdisk

where g5k is the disk’s lifetime and ¥y = 1700 g/ cm’.

However, the temperature structure of a protoplanetary disk is much more
complex than a simple power law. The temperature structure is given by a
balance between viscous and stellar heating with radiative cooling. Viscous heating
dominates in the dense inner parts of the protoplanetary disk, while stellar heating
dominates the structure of the outer disk. As the disk evolves in time, it loses mass
and thus viscous heating becomes less important in the later stages of the disk
evolution.

The opacity of the disk kg is of great importance, as it sets the cooling rates
of the disk, D o 1/«g. The opacity is determined mainly by small dust grains,
where the exact value of the opacity depends on the grain size and composition as
well as on the dust-to-gas ratio (or metallicity Zg,s). At the water ice line, water
ice grains evaporate and can thus not contribute to the opacity any more, resulting
in a jump in opacity. This then dramatically changes the disk structure and with
it the radial gradients of surface density and temperature in the disk (Bitsch et al.
2014, 2015a; Baillié et al. 2015). These changes of the disk structure have important
consequences for the formation of planetesimals and planets as well as on their
migration properties, which also scales with the dust-to-gas ratio (Paardekooper
et al. 2011; Bitsch et al. 2015b).

In this work, we will also relate on the disk structure model presented by Bitsch
et al. (2015a), where also the change of the luminosity of the central star as it
evolves is included. This leads to a decrease in stellar heating, resulting a colder
disk in the outer regions of the protoplanetary disk as time evolves. We will show
the differences in planet population synthesis studies between this disk model and
the MMSN. For both disk models we use an ¢ viscosity of 0.0054.
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12.3 Planet Growth Mechanisms

After the formation of the planetary core, the planetary envelope can slowly contract
until Mepy ~ Mcore When runaway gas accretion sets in and the planet becomes a
gas giant (Mizuno 1980). Contraction of the envelope and runaway gas accretion
requires a solid core of at least a few Earth masses. However, the formation of a
planetary core just by planetesimals or planetary embryos can take longer than the
lifetime of the protoplanetary disk, if the metallicity is solar (Levison et al. 2010).
In recent years new studies of pebble accretion showed that this time-scale problem
can be evaded (Ormel and Klahr 2010; Lambrechts and Johansen 2012) and that the
formation of planetary cores well within the lifetime of the protoplanetary disk is
possible.

The reason why pebble accretion is much more efficient than planetesimal
accretion is caused by the fact that pebbles feel gas drag in contrast to planetesimals.
Inside the disk a radial gradient in pressure mimics a force that decreases gravity and
causes the gas to orbit at a sub-Keplerian speed. The pebbles, on the other hand, do
not feel the pressure gradient and want to orbit on a Keplerian speed, where the
velocity difference between gas and pebbles acts as a headwind, causing inward
drift of the pebbles, known as radial drift.

When planetesimals enter the Hill sphere of the growing planet, they are only
accreted to a tiny fraction, while the rest of the planetesimals are scattered away.
Pebbles, on the other hand, feel gas drag and lose angular momentum as they
drift through the disk. When the pebbles then enter into the Hill sphere and their
friction time is shorter than the time to cross the Hill radius, they can be accreted
onto the planet. The planet can therefore accrete pebbles from within its entire Hill
sphere, enhancing the planetary growth rate by a factor of 100—1000 (Lambrechts
and Johansen 2012). Additionally this growth mechanism allows the formation of
planetary cores very efficiently at large orbital distances, explaining the growth of
the ice giants in our solar system (Lambrechts and Johansen 2014; Lambrechts et al.
2014).

The starting mass of the planetary seeds in our synthesis simulations is the pebble
transition mass M, where the bodies start to accrete in the efficient Hill accretion
regime [Eq. (12.6)], which is given by

1 (nug)?
M, = 12.4
t \/3 G.QK ’ ( )

where G is the gravitational constant, vx = §£2xr, and

1 (H\*>3InP
=— , 12.5
" Z(r) dlnr (12.3)

which determines the subkeplerianity of the gas. Here, H/r is the disk’s aspect
ratio and d1n P/dInr is the radial pressure gradient in the disk. We use this mass
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[Eq. (12.4)] as starting mass also for simulations where the planetary core grows due
to the accretion of planetesimals.

We would like to stress here that the pebble transition mass is larger than the
typical mass of planetesimals inferred from the streaming instability, which is
roughly 100 km (Johansen et al. 2015). These planetesimals can then grow to reach
the pebble transition mass via the accretion of pebbles in the inefficient Bondi
accretion regime (Lambrechts and Johansen 2012) or by accreting other leftover
planetesimals. This growth phase can take up to 1-1.5 Myr, depending on the
local disk properties and how many planetesimals formed inside the disk that can
accelerate the initial growth process.

Planets at pebble transition mass accrete from the entire Hill sphere at a rate
given by (Lambrechts et al. 2014)

. T¢ 2/3
Moo =2 ()" riuvn Syen (12.6)

where 7t is the Stokesnumber of the pebbles, 7y is the Hill radius, vy is the Hill speed
ruf2k, and X, the surface density of pebbles. However, if the planets are small,
their Hill radius can be smaller than the pebble scale height of the disk (Hper, =
Hgy+/a/ ), which only allows accretion in the slower 3D regime (Morbidelli et al.
2015). Pebble accretion self-terminates when the planet reaches the so-called pebble
isolation mass (Lambrechts et al. 2014)

Mo ~ 20 (/7 3M (12.7)
iso ~ 0.05 Earth - .

At M, the planet is massive enough to carve a partial gap in the protoplanetary
disk, which is caused by an exchange of angular momentum between the planet and
the disk. The disk’s material outside of the planetary orbit is accelerated and orbits
at a super-Keplerian speed. This means that pebbles entering this region of the disk
do not feel a headwind any more, but are accelerated and thus stop drifting inwards.
The planet therefore shields itself from pebble accretion. More details on this can
be found in Lambrechts et al. (2014) and Bitsch et al. (2015b).

Alternatively, planetary cores can grow via the accretion of planetesimals, which
can form in the protoplanetary disk either by the streaming instability (Youdin and
Goodman 2005; Johansen and Youdin 2007) or in vortices (Raettig et al. 2015).

In classical models, planets grow through the accretion of planetesimals, where
the isolation mass is different compared to pebble accretion. It is given by (Kokubo
and Ida 2002; Raymond et al. 2014)

b 3/2 Soa 3/2 ro\LSC=sp0) (M, —0.5
Miso,pla =0.16 ( ) ME s
10Ry 10 1AU Mg
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where b is the orbital separation of the growing embryos, which we set to 10Ry.
Here, X, is the surface density in planetesimals, and spi, the negative gradient
of the surface density of planetesimals, which we set equal to the gradient in gas
surface density.

The accretion rate of planetesimals onto a planetary embryo is set by two
different regimes given by planetesimal dynamics: (1) dispersion-dominated growth
(Safronov 1969) and (2) shear-dominated growth (Greenberg et al. 1991). In the
dispersion dominated regime the scale height of the planetesimal swarm and the
approach speed onto the planetary embryo are determined by random velocities
Uran that are much larger than the hill speed, vy = 2xRy. In the shear dominated
case, the approach speed vy, is set directly by the Hill speed. These two limits can
be combined in the limit of strong gravitational focusing (where v,,, = vy and
Uyp = vp) in the following way
6p~!
&

where { = v, /vy determines the accretion regime and p = R/Ry is the size of the
core relative to its Hill radius. We can rewrite this as

R 4]TG,0-
= = , 12.10
P Ry ( 9022 ) ( )

Mc,plan = ﬂRzEplaQK (129)

where p. is the density of the planetary core. As a conservative case we set { = 2.
We assume that all planetesimals form at the time when the disk forms, so that
the initial planetesimal distribution in the disk does not change in time as the
disk evolves and is therefore solely determined by the initial surface density of
planetesimals and thus by the metallicity, where we use X, = ZX,.

As the planet stops accreting solids (either planetesimals or pebbles), the
planetary envelope can start to cool and contract on a time-scale of several 100
kyrs, as described in Piso and Youdin (2014) and outlined in Bitsch et al. (2015b).
As soon as Meyy ~ Mo, the envelope contracts rapidly and the planet undergoes
runaway gas accretion to form gas giants, where our gas accretion rate is following
the simulations of Machida et al. (2010), where the gas accretion rate is directly
proportional to the disk’s local surface density at the planet’s location.

12.4 Planet Migration

Growing protoplanets interact with the surrounding gas and migrate through it. The
migration rates are different for low mass planets that are still fully embedded in
the disk (type-I migration) and giant planets that open gaps in the disk (type-II
migration). The migration rates are obtained in high resolution hydro-simulations
including radiation transport for planets in the type-I migration regime (Kley and
Crida 2008; Kley et al. 2009; Bitsch and Kley 2011b; Lega et al. 2014, 2015).
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However, these simulations are computationally very expensive, especially when
long-term evolution of planet(s) are taken into account. Instead the migration rates
for low-mass planets in N-body simulations or population synthesis studies are
mimicked by fits to hydrodynamical simulations which give the torque acting on
embedded planets (Paardekooper et al. 2011). Our simulations contain only single
planets, where we assume that their orbit is circular and in mid-plane of the disk.
This approach is justified as the disk damps eccentricity and inclination on time-
scales much shorter than the migration time-scale for small planets (Bitsch and Kley
2010, 2011a).

The total torque [, acting on low mass planets consists of two parts. The
Lindblad torque /1. and the corotation torque /¢, which arises from the corotation
region around the planetary orbit. The total torque is the sum of the two

Low=11+Tc. (12.11)

The Lindblad torque is caused by spiral waves that are launched by the planet
itself. These waves carry away angular momentum from the planet and scale with
the radial gradients of surface density, X, o< ¥, and temperature 7" & r~P. The
Lindblad torque is given in Paardekooper et al. (2011) by

_ _ {9V 402
YI/To=-25-17+01s and Ty= () Zer;2;. (12.12)

where ¢q is the mass ratio between planet and star, XY'p the gas surface density of
the disk at the planet’s location, and rp the distance of the planet to the host star.
Clearly for normal disk structures, the Lindblad torque is negative and can cause
rapid inward migration of planets above one Earth mass, where the migration time-
scale is much shorter than the disk’s lifetime (Ward 1997; Tanaka et al. 2002).

The corotation torque arises when material that is inside the planetary orbit is
deflected by the planet to an exterior orbit, which results in a transfer of angular
momentum from the planet to the disk material. Similarly material that is on an
exterior orbit of the planet gets deflected inwards and gives angular momentum
to the planet. This is the barotropic part of the corotation torque, which strongly
depends on the radial gradients in gas surface density.

If there is a radial gradient in entropy, § = 8 — (y — 1.0)s, where y = 1.4 is
the adiabatic index in the disk, additional effects come into play. If the disk is hotter
interior to the planet and material is deflected outwards by the planet, the material
adiabatically expands when embedded in the lower temperature region outside of the
planet’s orbit. This expansion creates an under-density outside of the planetary orbit.
Reciprocally, when material is deflected from the cold outer parts to the inner hot
parts of the disk, it adiabatically compresses and generates an over density interior to
the planet. The over- and under-density create an additional torque onto the planet,
which is the entropy related corotation torque, given by

VFC,enI/FO = 79)%; . (12.13)
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Outward migration can thus arise in those regions of the disk, where the radial
gradients of temperature, surface density, and entropy are steep enough to cause
large corotation torques that can overpower the negative Lindblad torque. This
normally happens in regions of the disk, where H/r drops radially. In stellar
irradiated disks this corresponds to the shadowed regions, which are caused by
opacity transitions, for example at the water ice line (Bitsch et al. 2013, 2014;
Baillié et al. 2015). Note here that the exact shape of the region of outward migration
depends on the jump in opacity, which can change with the total metallicity in dust
grains (Bitsch et al. 2015a) and with the chemical composition of the disk (Bitsch
and Johansen 2016).

However, the corotation torque is prone to saturation. As the corotation region
gives angular momentum to the planet, its own angular momentum decreases and
has to be replenished to allow continuous outward migration. This replenishment of
angular momentum happens through viscous diffusion of material. We can therefore
identify three time-scales that are responsible for outward migration:

¢ the libration time, which is the time the material needs to make the whole
horseshoe turn, given by ty, = 87rp/(382px;), with x; = 1.16rp \/ (g/h) being
the width of the horseshoe/corotation region

¢ the U-turn time, which is the time the material needs to make a U-turn close to
the planet, given by ty.m = # X Tiip

* the viscous time, which is the time the material needs to be replenished in the
corotation region, given by 7, = x2/v, where v is the viscosity inside the disc

In order to achieve outward migration, the U-turn time has to be smaller than the
viscous time, because otherwise the effects of the material transport during the U-
turn movement would be washed away. The viscous time also has to be shorter than
the libration time, so that the material that is deflected at one side of the planet has
replenished its angular momentum when it arrives on the other side of the planet.
We can write this as

T-um < Ty < Tib - (12.14)

This comparison of time-scales also implies a dependence on planetary mass, which
is illustrated in Fig. 12.2.

As the planet grows, it shoves away more and more material from its orbit and
carves a gap in the disk, where the planet sits in the middle of it. When the gap
becomes deep enough, the corotation region is depleted and the migration rate
changes. As the planet feels the torque from both sides of the disk, it stays in the
middle of the gap and cannot move with respect to the disk, but only with the disk
as it accretes onto the central star. The migration therefore happens on the viscous
time-scale of the disk’s accretion onto the central star. However, if the planet is much
more massive than the gas outside the gap, it will slow down the viscous accretion.
This happens if Mp > 4712gr%, which leads to the migration time scale of

M
T = 7, X max (1, P 2) , (12.15)
dnXgrp
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Fig. 12.2 Torque acting on planets as function of planetary mass and orbital distance in the disk
model of Bitsch et al. (2015a). Black contour lines mark the transition between negative and
positive torque, where a positive torque indicates outward migration. This is also indicated by
the thick black arrows. The radial dependence of the region of outward migration is set by the local
gradients in the disk, where the vertical red line marks the opacity transition at the water ice line.
The upper and lower boundaries are set by torque saturation. Figure from Bitsch et al. (2015a),
A&A, 575, A28, 2015, reproduced with permission © ESO

resulting in slower inward migration for massive planets (Baruteau et al. 2014). This
is the classical type-II migration regime. However, in recent years this time-scale has
been debated and new simulations suggest that type-II migration is not linked to the
viscous evolution of the disk (Diirmann and Kley 2015). Additionally, the accretion
of material during the migration phase of the planet influences the migration rate
itself (Diirmann and Kley 2016; Crida and Bitsch 2016), but here we related back to
the classical viscous migration rates for type-II migration [Eq. (12.15)].

12.5 Population Synthesis

All found exoplanets orbit around different types of stars, where not only the
spectral type of the stars can be different, but also the metallicity of the host star.
Additionally, the exact lifetime of the protoplanetary disk in which planets form and
the exact birth time of the planetary seed are unknown. On top of that, the initial
distribution of the planetary seeds is also not known. In order to get a homogeneous
outcome of the simulations one has to assume a randomisation of certain parameters.
In particular we will investigate the change of the following parameters on the
evolution and growth of planets:

* The lifetime of the disk and the starting time of the planetary seeds, where we
assume a median disk lifetime of 3 Myr, with a Gaussian distribution (¢ = 0.5
Myr), where we fix the minimal and maximal lifetime of the disk to 1 and 5 Myr,
respectively.
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» The metallicity of the disk is also following a Gaussian distribution, where we put
the median at [Fe/H] =—0.0625 (o = 0.23), which corresponds to the metallicity
of stars in the RV survey of Mayor et al. (2011) to which we compare our
simulations.

* For the initial distribution of the planetary seed we assume a linear and a
logarithmic distribution in semi-major axis in the regime of [0.1:50] AU.

In the following, we will discuss the influence of the disk’s lifetime and of the disk’s
metallicity on planet growth. We will then put the results together and discuss the
differences between the pebble accretion scenario and the growth via planetesimals.

12.5.1 Disc Lifetime

The lifetime of the protoplanetary disk is roughly a few Myr (Mamajek 2009),
in which the evolution from planetary seeds to gas giants has to be completed.
However, the exact lifetime of a protoplanetary disk is not exactly known and can
vary due to external evaporation, cluster environments, and different viscosities
inside the disk. Our mean lifetime of the protoplanetary disk is 3 Myr, with a o
of 0.5 Myr, where we limit the maximal lifetime to 5 Myr. Note that the evolution
of the accretion rate in time is fixed and does not vary with the disk lifetime. This
means that disks with shorter lifetime dissipate at higher accretion rates than disks
with longer lifetime. A planetary seeds that forms in the disk, grows and migrates
through it. The growth and migration rates are functions of the local disk properties
[Egs. (12.6) and (12.12)], indicating that the exact time when a planetary seed forms
in the disk becomes very important.

In Fig. 12.3 we show the evolution of planetary seeds in so-called growth tracks,
which show the planetary evolution in mass (via accretion of pebbles and gas) and
semi-major axis. Here we have used Zys = 0.15% and Z,ep, = 1.35%, which
corresponds to Zyy = 1.5%, corresponding to [Fe/H]= 0 and solar value. In
Fig. 12.3 the planetary seeds start in a disk that is already 2 Myr old. If the disk’s
lifetime were only 3 Myr, their final position in the planetary mass-orbital distance
diagram is indicated by the black circles, while their final position in a disk that
were to live 5 Myr is indicated by the black square. Clearly a longer disk lifetime
allows for further growth and migration of already formed cores in the disk. For
example, the planetary seed forming at 5 AU only grows to become a super-Earth
sized planet if the disk were to live 3 Myr, but can fully contract its envelope and go
into runaway gas accretion if the disk lives for a longer time. A longer disk lifetime
is also of crucial importance for planetary seeds forming in the outer parts of the
protoplanetary disk, as the growth time-scales there are longer.

When comparing Fig. 3 to Fig.2 of Bitsch et al. (2015b) some clear differences
are visible. In particular, in Bitsch et al. (2015b) only one planet migrates all the
way to the inner disk before the end of the disk’s lifetime at 3 Myr and it is also
a giant planet. This difference is due to the change in the disk structure due to the
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Fig. 12.3 Growth tracks for planets growing via pebble and gas accretion that migrate through
the disk, where the planetary seeds start at a disk lifetime of 2 Myr. The dots mark the end of the
disk’s lifetime at 3 Myr, while the squares mark the end of the evolution if the disk were to live 5
Myr. Growth tracks that do not feature a circle or a dot reach the inner edge of the disk before the
end of the disk’s lifetime at 3 or 5 Myr even without being in the gas runaway phase. Note that the
planets starting at 10 and 15 AU migrate inwards above the region of outward migration. Clearly
a longer lifetime results in an enhanced growth and migration of the planet. Adapted from Bitsch
et al. (2015b)

lower metallicity of micro metre sized dust grains, which results in a cooler disk
with lower aspect ratio H/r. We assume here a low Zg, as this gives a low opacity,
resembling a more realistic grain size distribution, where most of the grains are
large and thus have a small opacity. This results in a lower pebble isolation mass
in Fig. 12.3 compared to Bitsch et al. (2015b), so the planetary core needs a longer
time to accrete a gaseous envelope. Additionally, the lower metallicity in dust grains
reduces the region of outward migration (Bitsch et al. 2015a), which allows planets
to move inwards close to the central star even before they have reached the runaway
gas accretion phase. Note here that the planet starting at 10 AU in Fig. 12.3 is just
slightly too massive to be contained in the region of outward migration and therefore
moves in slower compared to the planet starting at 15 AU, which reaches the inner
edge of the disk even before the disk dissipates at 3 Myr.

Additionally, the amount of pebbles is higher here (1.35%) compared to Bitsch
et al. (2015b), where Z,., = 1% was used, which allows here a faster growth of
the planetary seeds. In particular, the planetary seeds starting in the outer part of the
protoplanetary disk (r > 40 AU) can form gas giants well within the lifetime of the
protoplanetary disk. This is also aided by the smaller aspect ratio (smaller amount of
dust grains result in colder disks), which concentrates the pebbles in the mid-plane
of the disk and thus accelerates growth.
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This clearly shows that the final planetary mass and orbital position is not only
a function of the initial position of the planet, but also of the lifetime of the
protoplanetary disk itself. Additionally this shows that the initial time when the
planetary seed is formed in the disk is important, see also Fig.4 in Bitsch et al.
(2015b).

12.5.2 Metallicity

The metallicity in the protoplanetary disk gives the ratio of dust to gas, where a
value of Zios = Zgust + Zpe = 1.5% corresponds to the solar value, [Fe/H]=0. As
the planetary growth rate via pebble accretion rate scales directly with the surface
density in pebbles, a change in metallicity has a direct influence on the growth rates
of planets. In Fig. 12.4 the mass evolution of planetary cores that form in the same
disk structure environment, but with different amounts of pebbles is shown. We
keep the planets on fixed orbits for this simulations in order to show the effects of
different Zp, clearly, without any influence of planet migration, where the planet
might migrate into regions where the accretion rates are different.

A larger metallicity results in a faster growth of the planet [Eq. (12.6)]. The planet
therefore reaches pebble isolation mass faster (horizontal line in Fig. 12.4), when
Zpeb is larger. As the disk evolves in time, H/r drops (Bitsch et al. 2015a) and with it
the pebble isolation mass, which determines the final core mass. If the planet grows
faster (due to high Z,,), it can therefore reach a larger pebble isolation mass. This
also means that the formation of gas giants is easier in disks with high metallicity, as
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Fig. 12.4 Growth of the planetary core as a function of time for different metallicities in pebbles.
Planetary seeds are started at 25 AU and in a disk that is already 2 Myr old. The amount of pebbles
Zpey used in Fig. 12.3 is between the black and blue curves. As the disk evolves in time, the growth
rates are not directly proportional to Z any more, as the pebble flux changes in time
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larger planetary cores are formed, which can contract their envelope on shorter time-
scales and reach runaway gas accretion well within the lifetime of the protoplanetary
disk. This is in agreement with observations (Fischer and Valenti 2005).

This comparison and the results of the previous section show that the metallicity
is not only important for the growth of the planetary core, but also for the orbital
evolution of the planet, indicating that the metallicity is a key parameter for the
formation of planets.

12.5.3 Accretion via Pebbles

When using the (Bitsch et al. 2015a) disk model, we divide the metallicity into a
metallicities for the dust grains Zgy (for the disk structure, see Bitsch et al. 2015a)
and for the pebbles Z, for planet growth (Bitsch et al. 2015b). We use in all the
following simulations 10% of the total metallicity for the dust grains and 90% for
the pebbles. This results in a cold inner disk, because the cooling rates are very high.
This low aspect ratio in the inner disk results in a low pebble isolation mass and in
a very small region of outward migration, where planetary cores can outgrow the
region of outward migration before they reach runaway gas accretion (Bitsch et al.
2015b; Bitsch and Johansen 2016). The value of Zy,; is lower than in Bitsch et al.
(2015b), because simulations regarding grain growth and fragmentation predict a
size distribution where most of the mass of the dust is in larger particles (Birnstiel
etal. 2011), which have a lower opacity than micro metre sized grains. When we use
the MMSN disk model, we follow the H/r ratio as outlined above and use 90% of
the metallicity in pebbles for planet growth and 10% for the dust. Note that the dust
grains are also responsible for the cooling rates needed to calculate the migration of
planets.

By varying the initial location of the planetary seed, the disk’s lifetime and the
metallicity as outlined above, we can provide the final mass and orbital distance
of the grown planets and compare them to observations. As the planetary mass is
crucial to compare, we rely on observational data that were obtained with the radial
velocity method, as this method can constrain the planetary mass. In the RV survey
of Mayor et al. (2011) 822 stars are observed, which show a planetary rate of 14%
for planets with M sin(i) > 50Mg and for orbital periods smaller than 10 years
(corresponding to 4.64 AU). We therefore simulate 822 growth tracks for each set
of simulations to allow a direct comparison with observations. Each growth track is
stopped when either the disk dissipates at the end of its lifetime, or when the planet
reaches the inner edge of the disk at riyer = 0.04 AU or grows to 10,000 Earth
masses.

In Fig. 12.5 we show our synthesised planet population in the MMSN disk, while
Fig. 12.6 shows our synthesised planet population in the (Bitsch et al. 2015a) disk
model. In the MMSN, the synthesised planets match very poorly with the RV data.
Especially, the population of the hot giant planets is roughly a factor of 10 too
massive and only a small amount of cold gas giants is produced. Additionally,
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Fig. 12.5 Planet population via pebble accretion in the MMSN disk. The black crosses correspond
to observations determined through RV measurements, while the blue box shows where the RV
measurements are complete in the (Mayor et al. 2011) RV survey. The colour scale defines the
total metallicity in units of [Fe/H], where 10% of the heavy elements are in micro metre sized dust
particles and 90% in pebbles that can be accreted onto the planet
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Fig. 12.6 Planet population via pebble accretion in the disk model of Bitsch et al. (2015a). The
symbols are the same as in Fig. 12.5
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basically no super Earth planets outside of 0.1 AU is formed. Additionally there are
230 planets in the RV box of completeness in the MMSN disk, which corresponds
to 26.1%, about a factor of 2 higher than predicted by Mayor et al. (2011). On
top of that, the final orbital positions and masses of those planets do not represent
the observations at all. In contrast, the synthesis model using the (Bitsch et al.
2015a) disk model shows a better mass distribution for the giant planets and also
the formation of super Earths is possible. However, the RV box of completeness
shows 271 planets, corresponding to 30.7% which is also a factor of about 2 too
high compared to the observations of Mayor et al. (2011).

The reason for the differences of both simulations is the underlying disk model,
which significantly differs in the inner regions of the protoplanetary disk (Bitsch
et al. 2015a). The MMSN power law disk follows a very steep gradient in surface
density towards the inner disk (X, o 7~3/2), while the (Bitsch et al. 2015a) model
is much shallower (X, r~1/2), which leads to completely different migration
behaviour. In the MMSN disk, only inward migration is possible, while the planets
in the (Bitsch et al. 2015a) model can stop their inward migration at the planet trap
at the outer edge of the shadowed region caused by the water ice line. As the torque
acting on planets also scales directly with the absolute value of the surface density
[Eq. (12.12)], the MMSN model features much faster inward migration in the inner
regions of the disk. This leads to the increased number of planets of a few to a few
10s of Earth masses at the inner edge of the disk.

As the MMSN disk model features no outward migration, basically no small
planets for 1-10 AU are found in Fig. 12.5. The population of super-Earths sitting at
a few AU in the (Bitsch et al. 2015a) model is caused by the planet trap at the water
ice line. This stops the inward migration of small mass planets and the planets can
stay there until the gas disk disappears, if the formation time of the planetary seed
is late compared to the lifetime of the protoplanetary disk (see Fig. 12.3).

The gas accretion onto the planetary core is modelled following Machida et al.
(2010), where the accretion rate is directly proportional to the gas surface density.
This then leads to a much larger accretion rate in the inner disk in the MMSN model,
allowing the giant planets to grow to much larger masses as they migrate in the inner
disk (within a few AU). However, the masses of the hot gas giants in the inner disk
are still larger than the masses of the observed hot Jupiters in the (Bitsch et al.
2015a) disk model.

In the very outer regions of the disk (r > 10AU), the differences in the
synthesised planet populations are quite small. This is caused by the fact that the
initial growth time-scales via pebble accretion are quite similar in both disks even
though the disk models differ in the outer disk. Additionally, all effects mentioned
above multiply as the planet growth to become a gas giant, while the growth to an
object of just a few Earth masses in the outer disk happens quite locally with only
small amounts of planet migration (see Fig. 12.3).

Clearly the structure of the protoplanetary disk is of crucial importance for
the outcome of planetary growth simulations, especially in the inner parts of the
protoplanetary disk. The MMSN disk totally fails to reproduce either hot Jupiters
(with the correct masses) or the super-Earth systems. The (Bitsch et al. 2015a) disk
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Fig. 12.7 Planet population via pebble accretion in the disk model of Bitsch et al. (2015a), but
planetary seeds start only in disks that are already older than 1.5 Myr, otherwise the setup of the
simulations is the same as in Fig. 12.6

model allows for a better match regarding giant planets than the MMSN, but even
there the population of hot Jupiters is slightly too massive.

The planetary seeds in our simulations start at the pebble transition mass
[Eq. (12.4)], which is actually a bit larger than the sizes of planetesimals formed by
the streaming instability (Johansen et al. 2015). When these planetesimals are born,
they can grow towards the pebble transition mass by accretion of other planetesimals
or pebbles in the inefficient Bondi accretion branch (Lambrechts and Johansen
2012), which can take 1-1.5 Myr. In Fig. 12.7 we show the mass-orbital distance
diagram, where planetary seeds start in disks that are at least 1.5 Myr old, with a
minimal lifetime of 2 Myr. Otherwise the simulations have the same conditions as
in Fig. 12.6.

The synthesised hot Jupiter planets match much better with the observations, as
the final masses are reproduced very well. In general the final mass of the gas giants
is lower, because the planets have less time to accrete a gaseous envelope in the disk.
The late formation scenario also populates the parameter space that harbours hot
super-Earths better, but inside the RV box of completeness the planetary rate is still
about a factor of 1.5 too high (20.2%) compared to Mayor et al. (2011). However,
our planets are in single systems (one-planet-per-disk) and we do not take scattering
of planets into account, which can easily reduce this number. Also, scattering is an
important process to explain the eccentricity distribution of giant planets.

As can be seen in Fig. 12.3, the initial starting position determines the final
planetary mass and orbital distance. Therefore, the initial distribution of the
planetary seeds in our population synthesis study determines the outcome of our
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Fig. 12.8 Planet population via pebble accretion in the disk model of Bitsch et al. (2015a),
but planetary seeds start only in disks that are older than 1.5 Myr with a logarithmic starting
configuration

simulations. The linear starting distribution of planetary seeds as invoked above
favours the formation of cold gas giants, as the many planetary seeds start at orbital
distances of riyi > 15 AU. If one were to invoke a logarithmic distribution of the
starting location, many more planets form in the inner parts of the disk, where they
do not have the chance to grow to become gas giants at wide orbits. We show in
Fig. 12.8 the final planetary masses and orbital distances of planetary seeds that
formed in a logarithmic starting configuration.

The logarithmic starting configuration of planetary seeds shows less giant planets
compared to the linear starting configuration, because planets forming in the inner
regions of the protoplanetary disk have a smaller pebble isolation mass and thus a
smaller core mass, which makes it harder for those planets to reach the runaway gas
accretion phase (Bitsch et al. 2015b). These failed gas giants are left as small rock-
dominated planets of orbits of up to a few AU and are much more frequent compared
to the results of the linear starting distribution of planetary seeds (Fig. 12.7), where
more giant planets form, as giant planets form preferably in the outer disk. In this
case, 11.0% of all planets end up in the RV box of completeness defined by Mayor
et al. (2011). However, fitting the exact number of Mayor et al. (2011) is only
meaningful if multiplicity and scattering are taken into account, which is lacking
in our model.

The synthesised planets in Figs. 12.6, 12.7, and 12.8 all share a similar pattern,
which is a lack of Neptune mass planets in the inner parts of the disk, which is
actually where most of the observed planets in the (Mayor et al. 2011) survey are.
The formation of gas giants in our model relies on the planetary seeds reaching
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pebble isolation mass so that they can contract their envelope and eventually go
into runaway gas accretion. This is limited in the inner disk by the small pebble
isolation mass. Small planetary cores therefore stay at the zero-torque position in
the inner disk (Fig. 12.3) until they start to undergo runaway gas accretion. This set
them all on a very specific type of growth track, as can be seen nicely in Fig. 12.8.
This leaves a region of parameter space in planetary mass and orbital distance very
void of synthesised planets (10-100 Mg between 0.1 and 1.0 AU). It is very hard
to populate this mass bin with planets in simulations, because large planetary cores
undergo rapid runaway gas accretion, allowing them to become even larger than 100
Mg within a very short timeframe. This was already noticed in the earliest planet
population synthesis studies (Ida and Lin 2004) and identified as a planetary desert.

The formation of these super-Earths and Neptune planets is not entirely under-
stood. In the literature many different ways have been proposed to form these planets
(in-situ formation, migration, etc.), but none of the proposed mechanisms seems to
satisfy the observational constraints (Ogihara et al. 2015). Additionally, multiplicity
is probably a key ingredient needed to form those systems, which is beyond our
one-planet-per-disk approach.

12.5.4 Accretion of Planetesimals

We investigate here the growth of planets, where the core builds up by accreting
planetesimals. As planets migrate through he disk, they stir up the planetesimals
and only a tiny fraction of those are actually accreted onto the planet (Tanaka and
Ida 1999). Therefore our planetary seeds grow only until they reach the planetesimal
isolation mass, in contrast to previous population synthesis simulations where the
planetary seed can additionally accrete up to 100% of the planetesimals that it
encounters during its migration (Dittkrist et al. 2014). As soon as the planets reach
planetesimal isolation mass, gas accretion can start, which is modelled in the same
way as for the pebble accretion simulations.

In Fig.12.9 we show the orbital distance vs. planetary mass diagram of the
growth simulations via planetesimals. Clearly, reaching final masses of above 10
Mgarn 1s very difficult and impossible at orbital distances larger than 1 AU. The
reason why planet growth via planetesimals is not successful is twofold. First, the
planetary growth rates are slow [Eq.(12.9)] compared to pebble accretion, giving
less time to accrete gaseous envelopes after reaching isolation mass. In fact we
also integrate 822 growth tracks as in the previous simulations featuring pebble
accretion, but out of all these seeds, only ~250 reach a mass larger than 0.1Mg.

Secondly, the planetary cores that are forming suffer from inward type-I migra-
tion. As the growth rate is slow, they undergo strong inward type-I migration while
still accreting some planetesimals at a low rate and thus cannot accrete a gaseous
envelope. They reach the inner regions of the disk before they can start efficient
runaway gas accretion and open a gap in the protoplanetary disk, where type-II
migration could potentially save them from migrating all the way towards the inner
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Fig. 12.9 Mass-orbital distance diagram of 822 planetary seeds growing by planetesimal accre-
tion, where only 250 of these seeds grow above Mg. The colour coding shows the metallicity for
each planet growth simulation. Forming gas giants outside of 0.1 AU is basically not possible

edge. This is consistent with the findings of Ida and Lin (2004) and Alibert et al.
(2004) who suggested that planet migration is too fast to form giant planet cores
in the planetesimal accretion scenario. The reason why recent population synthesis
simulations are successful in producing giant planets is then caused by the different
accretion scheme of solids, where the migrating planetary seeds can accrete up to
100% of all leftover planetesimals allowing faster growth (Dittkrist et al. 2014) and
by using largely super-solar metallicities.

To overcome the problem of strong inward migration in the type-I migration
regime, Coleman and Nelson (2016) invoked the formation of planetary seeds in
zonal flows at distances of up to 30 AU from the central star, where the planets
can grow without migrating and are then just released when they become massive
enough to open up gaps in the disk. In this way the observed giant planet population
can be matched. Another approach in overcoming the strong inward migration is to
accelerate the growth rates of planets by increasing the amount of planetesimals in
the disk, which is taken in recent population synthesis simulations.

We show the results of both approaches in Fig. 12.10, where the left panel shows
the mass-orbital distance diagram of planetary seeds growing via planetesimal
accretion, but with suppressing all planetary migration, while the right panel shows
the mass-orbital distance diagram of planetary seeds growing via planetesimal
accretion, where the planetesimal surface density X, has been increased by a factor
of 10 and planetary migration is taken into account.

When suppressing planetary migration, the final mass of the planet is solely
determined by the planetesimal isolation mass and by the time the planet has to
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Fig. 12.10 Mass—orbital distance diagram of planetary seeds growing by planetesimal accretion,
where planetary migration is completely suppressed (left) and in a disk where the metallicity
of planetesimals is increased by a factor of 10 compared to the simulations before, but where
migration is taken into account. This results in both cases in the growth of some cold gas giants
compared to Fig. 12.9. Note here the different colour scales for the metallicities

grow. In the very inner regions of the disk the planetesimal isolation mass is very
small, so that the planets stay below a few Earth masses. Outside of a few AU and
inside of 10 AU, the planetesimal isolation mass is large enough to form cores of
a few Earth masses than can accrete a gaseous envelope. However, at even larger
orbital distances, the accretion rate becomes way too slow due to the low X, 50
that the planets do not grow big enough to attract a gaseous envelope.

When increasing the planetesimal surface density by a factor of 10, the growth
time-scales of the planetary cores become short enough that the formation of
planetary cores that can attract gaseous envelopes is possible at distances of up
to a few AU. Additionally the planetesimal isolation mass increases [Eq. (12.8)],
allowing the formation of larger planetary cores. Nevertheless, the formation of
cold gas giants is only possible when [Fe/H]>1, which is not in agreement with
observations (see Fig. 12.11 and the following section). In order to form cold gas
giants in the planetesimal scenario, either planetary migration has to be ignored or
the metallicity has to be increased to at least ten times the solar value, which does
not reflect the giant planet occurrence rate in observations (Johnson et al. 2010;
Buchhave et al. 2012). We therefore find both options to form giant planets in the
planetesimal accretion scenario no realistic.

This is clearly different in the pebble accretion scenario, which allows fast
growth of planetary cores even at large orbital distances at solar metallicity. The
formation of planetary cores at these large orbital distances of 10-20 AU allows for
a population of cold gas giants, which is impossible to form in the planetesimal
accretion scenario at solar metallicity. The strength of the pebble accretion scenario
therefore is that growth at large orbital distances is possible, so that forming planets
do not move all the way into the central star before disk dissipation.
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Fig. 12.11 Fraction of stars that harbour giant planets as a function of metallicity. The black line
corresponds to Eq. (12.16) and reflects observations. The data of the simulations corresponds to
the data shown in the mass-orbital distance diagrams of Figs. 12.7 and 12.8, so to planets formed
in the late formation scenario. As in Johnson et al. (2010) we only take planets into account that
are within 2.5 AU from the central star

12.5.5 Comparison to Observations

The strongest constraint for planet formation models is the comparison with
observations. In this section we will discuss the influence of metallicity on the
occurrence rate of giant planets, where we focus on the statistics obtained through
RV surveys. Based on their RV measurements, Johnson et al. (2010) predict a giant
planet occurrence rate around solar mass stars as a function of metallicity in the
following form

£ =0.07 x 10"2[Fe/H (12.16)

indicating that 7% of stars with solar metallicity ([Fe/H]=0) feature giant planets
and an increasing giant planet occurrence rate with metallicity. Due to observational
biases, Eq.(12.16) is only valid up to » < 2.5 AU, which is a different level of
completeness compared to Mayor et al. (2011). We will therefore only compare
our results up to this orbital distance. In Fig. 12.11 we show the fractions of stars
that harbour giant planets for our simulations and compare this fraction to the
observations of Johnson et al. (2010).

Our simulations follow the simplistic one-planet-per-disk approach, which only
allows us to calculate the giant planet fraction by dividing the number of growth
tracks that form giant planets within 2.5 AU by the total amount of planets within
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the same orbital distance. This approach has several biases, because we do not take
scattering of bodies into account. This is not only important at the late stages of the
disk where the final system architecture is determined, but also at the early stages,
where small amounts of eccentricity can significantly reduce pebble accretion
(Johansen et al. 2015) and might thus hinder planetary seeds to reach pebble
isolation mass and become gas giants. Therefore the results of our simulations
represent a maximum giant planet fraction per planetary seed per disk. So if a disk
forms e.g. 10 planetary seeds at random initial positions 7y in a disk with [Fe/H]=0,
we predict a maximum of 5 giants.

Clearly, the formation of giant planets in the pebble accretion scenario scales
with increasing metallicity. An increase of metallicity allows for faster accretion
rates [Eq.(12.6)], which allows to reach the pebble isolation mass at an earlier
stage (Fig. 12.4), giving more time to contract the envelope around the planet and
therefore results in an earlier transition to runaway gas accretion. This results in
a more efficient pathway to form giant planets. In fact, it seems that the planet
formation frequency is too efficient in the pebble accretion scenario.

In addition to that, the starting position of the planetary seeds plays a crucial role,
because the pebble isolation mass depends on the position in the disk, where larger
pebble isolation masses can be reached in the outer parts of the protoplanetary disk.
In the inner parts of the disk, the pebble isolation mass is low and the formation of
giant planets is not possible. This explains why the fraction of giant planets for the
logarithmic starting distribution is smaller than for the linear starting distribution.

In counting the fraction of planets for r < 2.5 AU, we also counted the planets
that reached the inner edge of the simulation at 0.04 AU. When a planet reaches this
distance we stop the simulation and do not take further evolution of the planet into
account. Recent simulations have shown that the atmospheres of giant planets so
close to the host star can be eroded away in time (Lanza 2013), leaving only the bare
planetary core behind. These giant planets would then appear as small planets in
observations. The light blue and orange line in Fig. 12.11 represent the same sample
of simulations, but here we counted the giant planets that reached the inner edge
of the disk at 0.04 AU as small planets due to the evaporation of their atmospheres.
The logarithmic starting distribution now shows only a slightly larger giant planet
fraction compared to the observations of Johnson et al. (2010), where this small
excess can be additionally reduced due to scattering events, which we do not take
into account in our simulations.

However, we want to note here that a comparison of a one-planet-per-disk
approach in our simulations to observations is not necessarily correct, but we have
to choose this approach due to our model. In reality, planetary growth most likely
happens within a sea of planetesimals, where the planetesimals stir each other while
accreting pebbles, so that only a few, but more than one, become dominant and form
planetary systems (Levison et al. 2015). Additionally, observed planetary systems
are also not systems with single planets, but contain multiple planets. Therefore,
future planet population synthesis models have to take the effects of multiplicity
into account, in order to achieve a better comparison with observations.
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12.6 Summary

In this chapter we have combined results of planet growth via pebble and gas accre-
tion with planetary migration and disk evolution to synthesise planet populations
that we compared with observations of exoplanets. We have discussed the influence
of the disk’s lifetime and metallicity on the growth and migration of embedded
planets and compared the pebble growth mechanism with growth of planetary cores
via the accretion of only planetesimals in different disk models. We especially
highlighted the interplay between planet growth and migration, which is the key
to form long period gas giants.

A longer disk lifetime gives more time for the planet to grow in the disk, but also
allows for more efficient planetary migration. In the inner disk, where the pebble
isolation mass is low, a longer disk lifetime can trigger runaway gas accretion
of cores (Fig.12.3) and allow planets of a few Earth masses to accrete gaseous
envelopes to become gas giants, if the cores are trapped in the region of outward
migration. However, these planets then slowly migrate inwards in type-II migration
and end up as hot Jupiters. Additionally planets that are slightly too massive to
be contained in the region of outward migration migrate inwards as super-Earths.
Planets that form in the outer parts of the disk, on the other hand, can then eventually
reach their pebble isolation mass and become gas giants on wide orbits (Fig. 12.3).

The metallicity of the protoplanetary disk influences the growth of the planetary
core by two factors. First, the growth speed accelerates with metallicity resulting in
faster planetary growth, which is especially important at large orbital separations,
where the growth rates might be too slow to reach pebble isolation mass for low
pebble metallicities. Additionally a higher metallicity allows that the planetary core
can reach a higher pebble isolation mass because the time evolving disk reduces its
temperature in time. Nevertheless, pebble accretion is very robust and still allows
growth at larger orbital distances, so that the formation of some cold gas giants in
disks with sub solar metallicity is possible.

The final orbital position of the planets is determined by the migration rates in the
disk. Low mass planets migrate generally inwards, except in regions where strong
negative radial gradients of entropy are present. These strong gradients exist in the
inner parts of the protoplanetary disk close to the water ice line in the disk model of
Bitsch et al. (2015a), while they are absent in the MMSN disk. These local gradients
are also dependent on the metallicity in dust grains in the disk, which determines
the cooling rates, resulting in smaller regions of outward migration in disks with
low metallicity (Bitsch et al. 2015a). Additionally, the migration speed in type-I
migration scales with the surface density of the protoplanetary disk. As the MMSN
disk has a much higher surface density in the inner regions of the disk, planets
migrate faster in that disk. The result is that all the small mass planets migrate
towards the inner edge of the disk in the MMSN disk (Fig. 12.5), in contrast the
planets synthesised with the (Bitsch et al. 2015a) disk, where small mass planets
can stay at a distance of a few AU.
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The gas accretion rate is also a function of the local surface density, resulting
in the fact that gas giants in the inner parts of the disk become more massive in
the MMSN disk. In fact the planets become a factor of 10 or more too massive
to resemble the observed mass distribution of hot Jupiters (Fig. 12.5). For planets
formed in the (Bitsch et al. 2015a) disk model, the synthesised hot Jupiters are still
too massive, but much less so compared to the MMSN disk model (Fig. 12.6). This
is caused when the planetary seeds form early in the disk and can thus accrete for a
longer time.

As the planetesimals born from the streaming instability are a significantly
smaller than the pebble transition mass [Eq. (12.4)], the planetesimals first accrete
in the inefficient Bondi accretion branch to reach pebble isolation mass within
about 1-1.5 Myr (Lambrechts and Johansen 2012), which we do not take into
account here. We therefore invoke that the planetary seeds (at pebble transition
mass) start in disks that are at least 1.5 Myr old. As a consequence, the final mass
of the giant planets is smaller than for planetary seeds that start early in the disk’s
lifetime (Fig. 12.7), which gives a much better match to the population of hot and
cold Jupiters. Additionally slightly higher masses for the synthesised super-Earth
population can be achieved, matching the observations quite well.

Planetesimal accretion, on the other hand, fails completely to produce gas giants
at orbits outside of 1 AU. This is caused by the long growth time-scales of the
planetary cores combined with the fast migration rates. Giant planets can only
emerge in those disks, when migration is unrealistically turned off or when the
metallicity is increased by a factor of 10 compared to solar value (Fig. 12.10). Both
options seem unrealistic.

The pebble accretion scenario confirms the metallicities trend found in obser-
vations, where the fraction of giant planets increases with stellar metallicity
(Fig. 12.11). In fact, the pebble accretion scenario is very efficient in the production
of giant planets and overestimates the observations by Johnson et al. (2010). This
can be due to several reasons: (1) we do not take multiplicity into account which
can lead to competition between the different cores for the building blocks of
the planet and scattering events that will then prevent planetary growth and (2)
photoevaporation of planetary atmospheres close to the central star, which can
transform hot Jupiters into planetary cores due to the complete loss of the planetary
envelope (Lanza 2013).

In summary, pebble accretion can explain the formation of hot and cold gas
giants, as well as of super-Earths in contrast to planetesimal accretion. However,
in most of the simulations the final mass of the super-Earths is a bit too small
compared to the RV data. Also considering the amount of super Earths planets
found by the Kepler mission, the reproduction of super-Earths in our simulations can
still be improved. This may be caused by the fact that we just evolve single planet
systems, while hot super-Earth systems normally feature several planets, where
mutual interactions play important roles. Future population synthesis simulations
therefore have to combine pebble accretion with N-body dynamics in evolving
protoplanetary disks in order to constrain planet formation theories even further.
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