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Abstract

DiE GAs OPAZITAT IN DER PLANETEN- UND STERNENENSTEHUNG Die Opazitit von Gas und
Staub spielt eine Schliisselrolle bei der Bestimmung von Struktur und Strahlenspektrum von
Staub-Gas-Wolken um Sterne (CSM), da hier Strahlentransport den Hauptiibertragungsprozess fiir
Energie darstellt. Das Vorherrschen von Staub in Kontinuumabsorbtion und die rechnerische
Komplexitit bei der Verwendung von molekularen Linienspektren hat bisher verhindert das letztere
in den meisten Studien zur Planeten und Sternenentstehung Berticksichtigung fand. Diese Arbeit
prisentiert die Berechnung von Gasopazititen im entscheidenden Parameterraum, eine Methode
um diese in Strahlungstransportberechnungen zu nutzen und erste Resultate von
Strahlungstransport- und Temperaturausgleichsberechnungen.

Die grofSte Satz an staubfreien CSM-Opazititen zeigt dank verbesserter Frequenzabtastung bis zu
10* mal gréflere mittlere Planckopazititen im Vergleich zu fritheren Arbeiten. Mittlere
Zweitemperaturplanckopazititen sind fir die Bestimmung vor allem in optisch diinnen
angestrahlten Gasen wichtig. Die mittlere Temperatur, mit tabellarisierter Opazititen bestimmt, in
solchen Gasen ist degeneriert und von der Vergangenheit des Mediums abhingig. Das vorgestellte
Verfahren zur Bestimmung von Temperaturausgleichszeiten berticksichtigt Stoffwechselwirkung, die
den Ausgleich der Temperatur in Regionen mit wenig Gas beschrinken. Eine grundsitzliche untere
Schranke der Temperaturausgleichszeiten ist durch LTE-Emissionen gegeben. Die Geschwindigkeit
des Temperaturausgleich beeinflusst wichtige hydrodynamische Instabilititen die fiir Turbulenz in

magnetisch inaktiven Zonen eine Rolle spielen.

GAS OPACITY IN PLANET AND STAR FORMATION Opacity plays a key role in determining the
structure of the heterogeneous circumstellar medium (CSM) and its observable spectrum. Planet
and star formation changes dust density on various spatial and time scales through gravity and
turbulence, radiation field and chemistry. The following thesis presents calculations of gas opacity in
the suitable parameter space, a methodology of utilising it in hybrid-type radiative transfer schemes,
as well as first results on radiative transfer and thermal relaxation calculations.

The largest set of dust-free opacity in the CSM regime is presented. Improved frequency sampling
yielded substantially larger (up to a factor of 10* in comparison to some previous works) Planck
means. The two-temperature Planck means important for determining the temperatures in the
optically thin irradiated gases were tabulated. The equilibrium temperature in such media is
degenerate and depends on the thermal history of the gas.

The suggested recipe to estimate the thermal relaxation time accounts for collisional coupling, which
limits the relaxation in low-density regions. A fundamental lower limit to the relaxation time is set
by the LTE emissivity giving Q¢ ~ 10~ # at the T Tau phase. The locations of onset of linear and the
locations of operation of subcritical hydrodynamic instabilities, reckoned as turbulence drivers in

magnetically inactive zones, are constrained by the relaxation criterion.
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The secret of getting abead is getting started.
Mark Twain

Introduction

0.1 GaAS SPECTROSCOPY

William Hyde Wollaston was the first one to publish a notice of absorption features in dispersed
light from the Sun as well as from candle fire, which he revealed during his foreshadowing
experiments with prisms [ Wollaston, 1802, p. 378]. Shortly afterwards, Joseph Fraunhofer duly
noted 574 “stirke und schwache vertikale Linien”he observed in a diffracted solar light [ Fraunhofer,
1817, p. 279]. A complementary information from later experiments held in Heidelberg by Gustav
Robert Kirchhoff and Robert Wilhelm Bunsen on candle light spectrum [Kirchhoft & Bunsen,
1860], established a new field in physics: spectroscopy. Balmer identified a series of spectral lines from
Hydrogen [Balmer, 188s]. Hydrogen and Helium absorption lines in solar spectrum [Lockyer, 1869,
pp-432-434] as well as both absorption and emission lines from other objects [Pickering et al., 1901
Pickering, 1901d,c] and other phenomena [Pickering, 1901b]. Observations of absorption lines in
binary stars [“spectroscopic binaries” Pickering, 1901a] enabled mass estimate and the radial velocity
measurements, now in heart of the main ground-based exoplanet search method. It was not until
1913, when Bohr made a genuine intuitive step that founded quantum mechanics [Bohr, 1913a,b,c]*.

Spectroscopy became a revolutionary technique in astrophysics. Spectra turned to be ’biometric’

*The story tells that Bohr’s interpretation was anticipated by three years in a 1910 work by an Austrian physi-
cist Arthur Erich Haas, but the publication got rejected.
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databases of stellar properties allowing deciphering such information as effective, kinetic and
excitation temperatures, gravitational attraction in photospheres, abundances of various species,
microturbulent (non-thermal) motions, rotational velocities, magnetic field strengths, and many
more. Spectroscopic binaries not only allow testing fundamental physical assumptions (no overtake
of light by light in vacuum), but pinned down the presence of interstellar medium [Hartmann, 1904,
p-273]. Observing the ISM in different molecular lines reveals the kinematics of inherent gaseous
structures, yet scanning their morphology to different depths, probing physics at different spatial
scales. The Doppler effect erected a concept of red shift when the first optical spectrum of a quasar
was measured [Schmidt, 1963].

Yet in the context of present day star formation and planet formation gas opacity is almost invariably
neglected in favour of dust continuum opacity or at best prescribed with a stunning degree of
simplicity. However, gas opacity without a dust continuum contribution have many applications:
not only in atmospheric studies[ Freedman et al., 2008] but for dust formation itself [e.g. Helling
etal., 20005 Helling & Lucas, 2009]. It will manifest its dominance in a dust-depleted medium
resulting either from a low-metallicity environment or when the equilibrium temperature gets

higher than the local dust sublimation temperature.

0.2 CONTEXT & MOTIVATION

Gas opacity with metals contribution has to be taken into account when describing inner regions of
accretion disks [Muzerolle et al., 2004; Vaidya et al., 2009; Zhang & Tan, 2011], cooling of
non-accreting hot stellar remnants [e.g. Rohrmann et al., 2012 ], dust formation around pulsating
AGB stars [Schirrmacher et al., 2003], calculating energy balance of Type Ia supernovae [e.g. Dessart
etal., 2014], i.e. in environments depleted in dust through some, usually radiative, processes. This
research attacks the issue of gas opacity from two sides: the absorption of stellar irradiation and the
thermal relaxation of the circumstellar gas by radiative energy transport. The first is relevant
primarily in massive star formation and the radiative feedback processes. The second is important for
physics of accretion discs and particularly in planet formation. Numerical modelling of both
requires following dynamics of the fluid (gas and dust) along with evolution of the radiation field.
The computational challenge of incorporating radiative transfer into dynamical modelling as well as
the uncertainties in opacities and their secular change precluded accurate treatment of energy
evolution in modelling of accretion disc, which instead has often been parametrised. The
growth-time of the fastest-growing disturbances in accretion discs typically scales as Q™. Thus, itis
convenient to express the thermal relaxation time in terms of a dimensionless number 8 = Qr. The
estimates of the radiative cooling time from numerical modelling by Johnson & Gammie [2003];

Boley et al. [2006] show that such parametrisation is not suitable for global runs. Elaborate analytic
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calculations [Nero & Bjorkman, 2009] confirm this result. A computationally efficient reliable
recipe is required for global modelling.

Before doing 3D hydrodynamic simulations including full radiative transport, a reliable way to
obtain realistic cooling times is required in its dependence on disk mass, temperature profile,
dust-to-gas mass ratio, etc. The determination of effective thermal relaxation is needed for both the
set-up of numerical experiments as well as for their physical interpretation. In this work, I present a
recipe to calculate radiative relaxation rates of different Fourier modes and apply this to constrain
places of inception of the gravitational and the hydrodynamic instabilities from given equilibrium

structures.

0.2.1 RADIATIVE FEEDBACK FROM STAR FORMATION

Gas opacity plays a crucial role in stellar physics underlying the mass-luminosity relation (the
Hertzsprung-Russel diagram), but it is also relevant for processes of stellar feedback in the
circumstellar medium (CSM). There is evidence that the inner gaseous parts of disks around Herbig
stars are optically thick [Isella et al., 2006]; the same can be true for accretion disks around forming
stars of higher masses [Zhang & Tan, 2011; Tanaka & Nakamoto, 20115 Kuiper & Yorke, 2013].
Although on molecular-cloud scales dust opacity dominates over gas opacity, the various embedded
dust-free regions play a vital role in the stellar feedback processes that are essential for shaping and
developing the ISM and which are important for linking stellar and cosmological scales [Pelupessy &
Papadopoulos, 2009]. Last but not least, emission from molecular species in the gas phase are
important probes of the gas properties and the kinematics of star-forming regions. The high
angular-resolution observations with the Atacama Large Millimeter Array [Johnston et al., 2015] and
SPHERE/VLT are now pushing the field of numerical modelling to resolve the circumstellar gaseous
interiors and to properly treat gas opacity there.

A typical situation in a circumstellar environment is that a colder gas is irradiated by a hotter source:
Tgas < Traq. In this case, the absorption from the gas as expressed in terms of the Planck mean
opacity will depend on a) the gas temperature determining its chemical state and the level
populations and b) the radiation temperature defining the energy distribution of the ambient
radiation field via the Planck function: xp = xp ( Tias, ¢, de) , a two-temperature Planck mean
hereafter. This mean is essential for the equilibrium temperature determination in an optically thin
gas (see 2). When the radiation temperatures are much higher than those of the gas (e.g., an
irradiation of the cold molecular gas by a nearby O star), the abundant UV photons can rule
non-equilibrium photochemistry through processes occurring on times shorter than the
equilibration times. In this case, the calculations relying on simple equilibrium chemistry are
unreliable. There exist opposite cases. Shocks, for example, can lead to situations when Tga > Trag.

Such two-temperature Planck means are important in accretion discs. If Trag = Tgas, it turns into
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the common single-temperature Planck mean »p (Tgas, g). The Rosseland mean xg (Tgas, g) is
introduced to provide radiation transport in an optically thick medium, where 7i,q = T T will
use the following designations: xp (Tgas, e, de) = up (Tgas, de) for the two-temperature Planck
mean, xp (Tgas, g) = xp (Tgas) for the Planck mean, and »g (Tgas, g) = uR (Tgas) for the

Rosseland mean.

0.2.2 AccreTION Discs

Accretion discs are abundant in diverse astrophysical contexts, that is at different scales. Kinematic
probes with water maser emission suggest discs around active galactic nuclei [AGNs, Lodato &
Bertin, 2003; Kondratko et al.,, 2005] and together with thermal lines — around high-mass young
stellar objects [ Cesaroni, 2002 ]. Rotational transitions of asymmetric molecules at mm wavelengths
show complex kinematics of embedded Class o/I objects [ Tobin et al., 2011, 2012], still
near-Keplerian rotation is captured [Simon et al., 2000; Brinch & Jgrgensen, 2013]. The
spectroimaging Atacama Large Millimeter Array (ALMA) observations are expanding the kinematic
evidence for discs [e.g. Lindberg et al., 2014] to the domain of high-mass forming stars [Johnston

et al., 2015] as predicted by theoretical [Nakano, 1989] and numerical [Bate, 1998; Kuiper et al.,
20104, 2011] works. Particularly, the unprecendent-resolution imaging in dust continuum mm
emission captures axisymmetric structures in Class I objects [ALMA Partnership et al., 2015] and
variety of asymmetric patterns in transitional discs [van der Marel et al., 2013; Isella et al., 2013; Pérez
et al., 2014; Cieza, 2015, and references therein]. Interferometric imaging in near infrared is accessible
for embedded discs around forming stars of different masses [Beltrdn et al., 2004; Chini et al., 20043
Lin et al.,, 2006], the field is being currently pushed by SPHERE/VLT [Lagrange et al., 2015].
Low-resolution spectroscopy indicates accretion discs around brown dwarfs [Luhman et al., 200s;
Joergens et al., 2013]. Further, accretion powers X-ray binaries and novae, serves a trigger for
supernovae [e.g. Shapiro & Teukolsky, 1983; Callanan, 1993; Perets & Kenyon, 2013]. The major
mode of planet formation takes place in circumstellar accretion discs [Beuther et al., 2014, chapters
by Johansen et al., Raymond et al. and Chabrier et al.]. Despite this ample observational
manifestation, accretion discs still puzzle astrophysicists. Two central open questions in physics of
accretion discs — the problem of transport and the planet formation mechanism — are both related
with the ability of the matter to liberate its internal energy. An importance of this thermal relaxation
can be established through the characteristic relaxation time. Following sections show that the
thermal relaxation time is important in angular momentum transport, disc fragmentation,
planetesimal formation and migration of planets.

Radiative energy transport is the prior means of the thermal relaxation in circumstellar
environments, hence opacity determines the timescale of the process. It is universally assumed that

the dust is the main provider of low-temperature opacity in discs in spite of its minute mass fraction.
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This general statement requires two precautions. First, which opacity is being talked about: the
Rosseland opacity is indeed dominated by dust continuum under such conditions. However, the
Planck means of the dust and the gas can still compare. Second, the dust amount: local dust density
depletion can yield a relieve of the thermal energy on timescales shorter than the dust sublimation
time. Indeed, dust evolution in a turbulent disc with an ongoing planetesimal formation changes
dust density by a factor of 10 — 10” [ Birnstiel et al., 20125 Klahr & Lin, 2015]. Radiation from
luminous young planetary cores undergoing accretion [Sallum et al., 2015] further contributes to
photoevaporation of the grains. This alters thermal relaxation, which modifies the growth rates of
hydrodynamic instabilities. Proper handling of relaxation in numerical modelling is ultimately
required for synthesizing data compatible with the growing body of existing high-resolution
observations [see Pohletal., 2015, and references therein] as well as the future high-sensitivity
infrared observations with the upcoming facilities like the James Webb Space Telescope.

In the following sections we discuss three aspects of PPD physics, in which radiative relaxation is
important: (i) disc evolution and fragmentation driven by self-gravitation, (ii) particles
accumulation by hydrodynamic instabilities, and (iii) planet-disc interactions and migration of

protoplanetary cores.

0.2.21 TRANSPORT IN ACCRETION Discs

The operation of the dissipative mechanism redistributing the angular momentum and allowing
accretion remains uncertain [ Turner et al., 2014]. Various numerical studies on accretion discs
identified possible sources of motions driving an effective, “turbulent” stress (see below). Central to
all those are dynamical instabilities developing in rotating shear flows. The magneto-rotational
instability [MRI, Balbus & Hawley, 1991, 1998] is driven by a weak yet well coupled magnetic field in
a shearing flow and is not sensitive to thermal relaxation. Considerable part of the parameter space
fitting protoplanetary discs (PPDs) inhibits the start of the MRI due to low ionization rates
[Gammie, 1996]. It is where hydrodynamic or gravitational disturbances can produce the turbulent
stress. Both the induced small-scale motions [Brauer et al., 2008; Zsom et al., 2010] and the gas drag
in local density enhancements [Haghighipour & Boss, 2003b,a] can affect the dust grain growth and
influence the orbital migration of protoplanets [Nelson & Papaloizou, 2004]. The onset and linear
growth of non-magnetic perturbations depend crucially on thermal relaxation. This is quantifiable

in terms of thermal relaxation time (Ch. 4).

0.2.2.2 GRAVITATIONAL INSTABILITY

IN PLANET FORMATION  Self-fragmentation of a proto-planetary disc was historically the first

suggestion for a mechanism of the solar planetary system formation, dating back to 18th century.

10
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Lines of evidence from both observations and early theoretical work on turbulence drawn together
by Kuiper [1951] established an admissible ground for this framework [Urey, 1966; Cameron, 1978].
Advance in radial velocity measurements yielded discoveries of giant extrasolar planets [Mayor &
Queloz, 1995; Marcy & Butler, 1996; Butler & Marcy, 1996; Butler et al., 1997; Cochran et al., 1997]
revitalising the theoretical interest in gravitational instability (GI) as a fast channel for gas giants
formation Boss [1997, 1998, 2000, 2001, 2003, 2004 ]; Mayer et al. [2002, 2004 ]. High-sensitivity
optical and infrared imaging [Kalas et al., 2008; Marois et al., 2008; Rameau et al., 2013] start to
populate the parameter domain, shaded by radial velocity bias, with Jovian planets at large orbital
separations. This parameter domain is the one favouring the GI to the core accretion. Next studies
by Haghighipour & Boss [2003b,a]; Rice et al. [2004]; Pickett & Lim [2004]; Durisen et al. [2005,

2007] found that the GI can aid planetesimal formation through concentrating solids by the gas drag.

GI & TRANSPORT  In magnetically inactive regions of accretion discs [Gammie, 1996; Armitage

et al., 2001], non-axisymmetric gravitational disturbances can be predominant source of angular
momentum and mass transport as pointed out by many [Lynden-Bell & Kalnajs, 1972; Larson, 1984;
Boss, 1984; Durisen et al., 1986; Lin & Pringle, 1987; Papaloizou & Savonije, 1991; Laughlin &
Bodenheimer, 1994]. This gravitoturbulence is especially expected at early stages of disc assemble,
when the disc-to-stellar mass ratio is larger [see Lodato & Rice, 2004, 2005]; or at the quasi-static first

core phase during a molecular cloud collapse [Bate, 1998], provided sufficiently fast rotation.

THERMAL RELAXATION IN GI  Analytic studies by Goldreich & Lynden-Bell [1965]; Cassen &
Woolum [1996]; Rafikov [2005, 2009], though restricted to estimating spatially averaged radiative
losses, emphasized the decisive role of thermal dynamics for both the inception and the non-linear
phase of the GI. Still, reliable treatment of radiative relaxation in simulations is currently not
implemented. Pioneering numerical works assumed infinitely fast relaxation, #lax = 0, to some
predefined thermal states [Larson, 1969; Tohline et al., 1985; Ruden & Pollack, 1991; Adams & Benz,
1992; Nakamoto & Nakagawa, 1994; Pickett et al., 1996, 1998]. Later studies included the energy
evolution but with simplistic opacities and/or a simplistic cooling law [Nelson et al., 2000; Pickett
et al., 2000, 2003; Rice et al., 2003; Mejia et al,, 2003, 2005; Boley et al., 2006]. In N-body
simulations for stellar discs, Tomley et al. [1991, 1994] introduced the now widely used cooling

formalism: a specified fraction of the thermal energy escapes per orbital period:

Leool = BQ_I <I)

II
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By a local shear analytic argument, Gammie [2001] showed that a steady, saturated state of the GI is

equivalent to having a local cooling time

Qr=[a(9/4)y(y—1)] " = B = const (2)

Here, a is a dimensionless measure of an effective local stress [Shakura & Sunyaev, 1973], o the ratio
of specific heats, and Q) the local angular frequency. Equation (2) promotes interpreting the critical
cooling time as the maximum local gravitational stress sustainable by the disc [Rice et al., 2005]. In
this way, the cooling time is one of the parameters globally managing the evolution of
gravitoturbulent accretion discs [Rafikov, 2015]. The locality of the GI has been numerically
confirmed for low-mass, g = My /M, < o0.25, compact (aspect ratio < 1) discs with cooling being
parametrised by Eq. 1 [Lodato & Rice, 2004; Cossins et al., 2009]. In Lodato & Rice [2005],
intermediate mass discs with 4 = o.5 endured fast (one outer rotational period) episode of accretion
due to a transient, large-scale spiral structure disappearing before the disc’s settling into an
equilibrium state [Forgan et al., 2011]. Massive discs with g > 1 have been observed to undergo
recurrent bursts of accretion driven by low azimuthal wavenumber (global wave transport) without
settling into a steady-state [ Lodato & Rice, 2005; Forgan et al., 2011] in line with Balbus &

Papaloizou [1999].

CriticaL CooLING TIME PROBLEM  Local, shearing-sheet numerical experiments on
fragmentation of a turbulent PPD by Gammie [2001]; Johnson & Gammie [2003] revealed a critical
lower value for the relaxation time parametrised with 2 as a complementary fragmentation requisite
to the Toomre Q-criterion [ Toomre, 1964] for a column density X with the in-plane velocity
dispersion ¢

K

<O =
s & 7GX

Here the epicyclic frequency x = Q 4+ O (dIn Q/dln R + 3/2) is the frequency of linear radial

R LS (3)

oscillations. Two consequences follow from this result. First: a Toomre-unstable disc endures
runaway fragmentation if the relaxation time is shorter than several dynamical times. Second: given

sufficiently long relaxation time Q¢ > B_. = 3, the represented local patch of the disc is able to

crit
maintain a steady-state Q > 1 at least for the time the simulation was run (up to 10’ x Q™" with

B = 10). The first statement is robust: global 3D modelling with smoothed particle hydrodynamics
(SPH) by Rice et al. [2003] captured the local instability for Qzcoo1 = 3. The second statement has
been refined in subsequent studies by widening the parameter space (disc masses, higher resolutions,
longer runs) and using different numerical schemes (grid-based, SPH) in both local and global
modelling [Rice et al., 2005; Meru & Bate, 2011b,a, 20125 Paardekooper et al., 2011]. The global runs

with higher disc masses (with stronger non-local effects, see above) prompted an increase of the

12
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critical relaxation time still furnished by local prescription (2). Additionally to this consistency issue,
the role of artificial viscosity was not entirely settled. Meru & Bate [2012] reported evidence of
convergence of the critical cooling time with increasing resolution in SPH and FARGO (fast rotating
gaseous objects) viscosity schemes. However, a recent high-resolution numerical study by Baehr &
Klahr [2015] with high-order finite difference scheme! shows no such evidence. The apparent
non-convergence of the “critical cooling time” can be a ramification of stochastic nature of
turbulence [Paardekooper, 2012; Hopkins & Christiansen, 2013, see Sect. 3.6.3 for more details].
Progressively smaller spatial scales resolved (yet being far from the Kolmogorov scale) pick up more
of the turbulent cascade increasing the probability of the “in-phase” random fluctuation yielding
bound condensation. Still, it is justified to speak of the critical relaxation time in the context of finite

duration of gravitoturbulence.

0.2.2.3 CORE ACCRETION

A chief paradigm in current planet formation theory is core accretion [CA, Perri & Cameron, 1974;
Mizuno, 19805 Lissauer, 1993; Papaloizou & Terquem, 2006]. For a comprehensive review, we refer
the reader to the books by Klahr & Brandner [2006] and Beuther et al. [2014] (see chapter by
Johansen et al.). The CA implies persistent dust particles growth in PPDs after an initial
sedimentation-driven coagulation [Safronov, 1969; Beckwith et al., 2000]. Follow-up accretion of
solids and gas onto sufficiently massive cores [Mizuno et al., 1978; Pollack et al., 1996; Inaba et al.,
2003] can yield gaseous giants. The physical picture faced three main challenges making a
planetesimal formation highly unlikely a process operating on time scales longer than the lifetime of
the disc. The bouncing and the shattering barriers [Blum & Miinch, 1993; Zsom et al., 2010] as well
as the radial drift barrier [ Weidenschilling, 1977] all hinder the particle growth into planetesimals
(held by self-gravity). An advance over the past decade in both numerical [Johansen et al., 2008] and
laboratory [Wurm et al., 200s; Giittler et al., 2010] experiments on grain collisions along with
numerical studies on the impact of porosity [Wada et al., 2008, 2009; Seizinger & Kley, 2013; Meru
et al., 2013] has paved a track to circumventing these barriers in grain growth astrophysics [see,
however, Krijt et al., 2015]. The solution to the problem can lie in the turbulent dynamics of the
hosting environment — the gas. Retainment of the dust grains with suitable for growth relative
velocities can be facilitated by turbulent eddies [Cuzzi et al., 1993; Klahr & Henning, 1997],
streaming instabilities [Goodman & Pindor, 2000; Youdin & Goodman, 200s; Johansen et al., 2011],
or pressure bumps stemming, e.g., from anticyclonic vortices [Barge & Sommeria, 1995; Johansen

et al., 2004; Klahr, 2003; Klahr & Bodenheimer, 2006; Lyra et al., 2008, 2009], or zonal flows [the

magnetorotational turbulence, Johansen et al., 2006, 2009; Dittrich et al., 2013]. There are three

TPENCIL, http://pencil-code.nordita.org/
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identified sources of turbulent motions of purely hydrodynamic nature that can operate in
magnetically inactive regions of a disc: the convective overstability [COV, Klahr & Hubbard, 2014;
Lyra, 2014], the vertical shear instatbility:E [VSI Urpin & Brandenburg, 1998; Urpin, 2003; Nelson
etal., 2013; Barker & Latter, 2015; Lin & Youdin, 2015] and the zombie vortex instability [ZVI,
Marcus et al., 2013, 2015]. Each of those has the fastest growth rate for a specific relaxation regime: the
VSI develops in isothermal environments (instant relaxation), the ZVI — in adiabatic (very slow
relaxation) yet stably stratified discs, while the growth rate of the COV peaks at intermediate
relaxation rates [Klahr & Hubbard, 2014]. The finite-amplitude noise seeded by the COV can trigger
the subcritical baroclinic instability [SBI, Klahr & Bodenheimer, 2003; Lyra & Klahr, 20115 Lyra,
2014]. The evolution time scale of the resulting vortex is a non-monotonic function of thermal
relaxation rate [Raettig et al., 2013, 20155 Lobo Gomes & Klahr, 2013; Lobo Gomes et al., 2015].

Thermal relaxation time constrains the onset locations of different modes of these instabilities (see

Ch. 4).

0.2.2.4 CORE MIGRATION

Migration of protoplanetary cores — a secular change of their semi-major axis as due to the torques
exerted from the ambient disc material — is another important process in planet formation. As an
ingredient of the planet population synthesis [Mordasini et al., 2015], migration is important for
linking the planet formation theory to the observables. The migration process is crucially dependent
on the ability of the ambient disc material to liberate the excess thermal energy [Lyra et al., 20105
Dittkrist et al., 2014]. The so-called type I migration of low-mass embedded cores in locally
isothermal discs leads to their fast [on a time scale shorter than the disc lifetime, Korycansky &
Pollack, 1993] depletion, but finite relaxation rates can lead to reversal of the net torque
[Paardekooper & Mellema, 2006; Kley & Crida, 2008; Kley et al., 2009] by enhancing the corotation
torque [Baruteau & Masset, 2008]. The relaxation rate (fast or slow) in this context is a comparison
between the radiative relaxation time and the libration time of the gas being on the horseshoe orbit,

the gas exerting the corotation torque.

0.3 RADIATIVE ENERGY TRANSFER

0.3.1 RADIATIVE TRANSFER AND ENERGY EVOLUTION EQUATIONS

Radiative transfer equation reads:

— - = — —

o+ 7] B(E) = 1,8 ~ (BB B(E). (4)

talso known as the Goldreich-Schubert-Fricke (GSF) instability in the context of differentially rotating stars
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where Iy is the intensity of the radiation field, j, is the emissivity of the medium, § = {#n,7 t},

\I/ ={e,P, T}, xy(\ﬁ(g)) is the cross-section per unit mass of the matter and is usually called
opacity. Thus, in general, specific intensity has 7 degrees of freedom: § = {#,7,t}. Itis clear,
however, that the symmetries of a problem can make the radiation field well described by
less-dimensional quantities. That’s why it is useful to consider the angular moments of (4), not least
of all because they enlighten the underlying physics. In the focus of our interest is the zero-order

moment integrated over frequencies:

atErad + 6'ﬁrad = /dV fdﬂ (il/ - %ngV)’ (5)

where
47 1 o
Epg=— |dv], = - /dv y{dﬂ L&) (6)
c c
is the radiation energy density,

Frag = / dy 75 40 187 )

is the flux of radiative energy. Equation (s) taken with minus sign gives a radiative heating-cooling

source term in the fluid’s energy equation:
8tEint + 6 (Eint'lz) = —Pﬁﬁ - thrad (8)

Non-MC numerical schemes for radiative transfer, which are coupled with hydrodynamic
simulations, often split the radiation field into two parts [e.g. Kuiper et al., 2010b]. Namely, the one
coming from a local irradiation source (e.g. a star, usually inside an unresolved cell or a sink particle)
and the thermal diffusive radiation field emerging from the warmed-up fluid itself. Such a splitting is
justified numerically because the first part can be evaluated with more accurate ray tracing technique
and the second one can be readily approximated with flux-limited diffusion [Levermore &

Pomraning, 1981]. Thus, we write Erq = Ex + Egifr, Ead =F + ﬁdjff and assume:

0. +9-F = [a [ (e (©)
oQ
O, Fs + V- Eyir = / dv f 4Q [ j, - uygz;ﬁﬂ (10)

The first term accounts for the irradiation from an ‘outer’ with respect to the point under
consideration source, the second one - for the thermal diffusive radiation field at this point. 9Q is a
solid angle, subtended by the irradiation source. If we add (9) and (10) up, we get (s). It is clear that

in the optically thin regions in the vicinity of the irradiation source £, dominates over Egjgr and vice
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versa. The flux-limited diffusion imposes

S oS Ac
V- Faiee = ———V Egigr, (1)
%Rg

where A is a flux limiter Levermore & Pomraning [1981],

acT?/

B | 'O Bydy )

%R
is called Rosseland mean opacity.

03.2 LTE

In case of gas, j, is defined by the levels populations, which, in general, have to be found from solving
the statistical equilibrium with radiative transfer alone. In case of local thermodynamic equilibrium

(LTE), any process (being it £-f, b-f or £-b transitions, or chemical reaction, etc.)
A+B+C+--=142+3+
is in detailed balance:
nangne - R(ABC -+ — 123+ ) = mmnyny - - - R(123- -+ — ABC - - - ). (13)

Here 7 designates number densities and R — the reaction rates. Then the energy-level populations are

related by the Saha equation

Mooy UL UE3U,L3 - - ¢ (EctEs+Ey)/kT »
nangne - UpL UL’ Ucly’ - e—(EA+Ep+Ec--)/kT
~Ej/kT and thermal de

with the local gas temperature 7" = Ty, , partition functions U = > ge
Broglie wavelengths £ = 4/ Va2mmkT. Fora gas of density ¢ in such an equilibrium Kirchhoff’s law
is valid:

8 = eDBUT). (15
It is important to mention here that LTE assumption alone does not put similar constrain on the
intensity of the radiation field, which can still differ from its local equilibrium value By(7") and has
to be determined from (4).
As soon as we would like to conclude on basic properties of radiative source term (8) introduced by

gas opacity, let us consider the clearest case. Namely, let us assume LTE approximation is valid.
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Further, according to our splitting of the radiation field, let us approximate the irradiation flux with
that from a black-body source in an optically-thin medium, and assume the diffusive part to be
isotropic. Integrating the rhs of (6) over solid angles and frequencies while making use of (9)

and (10), we get for d;Ep,q at point X

thrad(J?) = —Xxp (Tgam Trad) fF* (E) — Xp (Tgas) €5Ediff(£)+

(16)
+ xp (Tgas) 6561747
where T'= T(%) is a local temperature, T’ characterizes the flux of the irradiation source,
J1y(T)By(Ts)dy
T as) Trad) =
2 (Tigas: Trad) T (17)
is a two-temperature (2-T) Planck averaged opacity,
#p (Tgas) = w0 (T =T, T) (18)
is a single-temperature (1-T) Planck mean opacity or, simply, Planck average.
F@=ort [ —| ™) (19
7
is the irradiation flux at point X, which is at distance » = |7| from the source,
7p(7) = Jexnp ( Tgas, Trad) dris the Planck mean optical depth along that direction.
If the gas is in the hydrostatic equilibrium (# = o), equation 8 turns:
drEint = _thrad = Ap (Tgas) ec [Ediff - ﬂT4] + ( )
20

+ xp (Tga57 Trad) eF

Plugging in Joule’s law for the internal energy of a perfect gas Ej,; = ¢C, T and considering "instant’

equilibrium chemistry (0,C,(r, T') = o), we get:

(TOrCy + C(T)) d: T = np (Tgas) ¢ [Eaigr — aT*] +
+ xp (Tgem Trad) F,
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0.3.3 OptIicAaLLY THIN LiMIT

If in addition the volume under consideration remains optically thin at all frequencies, equation 20

simplifies further to:

xp (Tgas, de) caT* (Ri/27r)* — up (Tgas) caT*
(TOrC, + Cy)

a, T = (22)
The equilibrium temperature is defined to satisfy 4; T,; = o. This equation lets us compute the
equilibrium temperature directly without solving the radiative transfer as soon as the ratio of 2-T to
1-T Planck average opacity is known as a function of temperature and density:

1/2 1/4
R, np (Tgas’ Trad)

) e

=o (23)

Equations (22) and (23) are of a prime focus of the present study. From (23) one can immediately see
that non-monotonic behaviour of the ratio »p (Tgas, Trad) / %p (Tgas) with the gas temperature can

introduce multiple solutions to the equilibrium gas temperature.

0.4 DISSERTATION OUTLINE

In Chapter 2 we describe our calculations of the mean opacity of molecular gas. Results presented in
Chapters 2 and 3 were published in Malygin et al. [2014]. Chapter 4 presents our calculations of
thermal relaxation time for T Tau and Toomre Q = 1discs. The results obtained for this chapter are
submitted to publication in Astronomy &5 Astrophysics. Chapter 5 contains preliminary results on
frequency-binned gas opacity calculations — a new technique that allows accurate yet
computationally affordable treatment of frequency dependent gas opacity in hydrodynamic and
radiative transfer numerical modelling (in preparation). A short summary and outline of future

work is in the closing Chapter 6.
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If you don’t know the answer, assume zero

humans’ wisdom

Mean Gas Opacity

RESULTS presented in this chapter have gone through a peer review process and were published in

Malygin et al. [2014].

1.1 MOTIVATION & DISCLAIMER

There are two motivations for calculating a new gas opacity. First, the gas opacity tables available
[Seaton et al., 1994; Bell & Lin, 1994; Helling et al., 2000; Semenov et al., 2003; Ferguson et al., 200s;
Freedman et al., 2008; Helling & Lucas, 2009] do not include two-temperature Planck means, which
we argue to be essential for our application cases. Second, Ferguson et al. [2005] compared
single-temperature Planck means obtained by different groups and found a disagreement at gas
temperatures log Tgas > 3.12: only data from Ferguson et al. [2005] and Seaton et al. [1994] agree at
atomic temperatures log Tgas > 3.48 [see Fig. 12 in Ferguson et al., 2005s]. The discrepancy at lower
gas temperatures originates from insufficient frequency sampling in earlier studies, although some
contributions might have come from utilising different molecular line lists and/or equations of state.
The two factors suggest that an independent computation of gas opacity is justified. My calculations

of mean gas opacities are based on three major simplifying assumptions: equilibrium chemistry, local

9



r.2. CALCULATIONS Page 20 of 111

thermodynamic equilibrium, and an ideal gas equation of state. The data presented in this chapter is
for zero value of the microturbulence parameter. Not all of these conditions may be fulfilled in a
circumstellar environment. Regions that are optically thin to stellar radiation could be affected by
the change in abundances due to photochemistry. Whereas turbulent broadening can be easily taken
into account via its parametrisation, giving up any of the three simplifications mentioned above
could have entailed a noticeable increase in computational time. Equilibrium chemistry assumption
should also be viewed as a first-order approximation from the perspective of utilising the advanced
gas opacities in massive numerical hydrodynamic (HD) + radiative transfer (RT) simulations.
Moreover, current studies disagree in Planck mean gas opacities even though they employ a similar
simplified approach. Thus, the framework outlined above is suitable for an initial step further
enabling direct comparison with Ferguson et al. [2005]. Connection to low-temperature
atmospheric opacity from Freedman et al. [2008] revealed unexpected correspondence, which we
will utilise in Chapter 4. Our Planck means disagree with Helling et al. [2000] because of their

insufhicient frequency sampling (see Sect. 1.5.5).

1.2 CALCULATIONS

For the calculations I adopted the open-source code DFSYNTHE* by Kurucz and Castelli
[described in Castelli, 2005]. Originally, the code was intended to calculate opacity probability
distribution functions [Kurucz, 1970; Kurucz et al., 1974], which means the opacity spectrum xy is
determined during the computation. So, I implemented the calculation of the Rosseland, the Planck
and two-temperature Planck means. A detailed description of all the computational methods and
opacity sources can be found in Kurucz & Avrett [1981] and I will not repeat it here. Except for some
major points of line opacity calculations and minor modifications in opacity sources.

There is a list of input parameters the user should supply: atomic abundances, abundance scaling
factors (metallicities), gas pressures, gas temperatures, and radiation temperatures. I created the

input files for a range of gas densities (10~ *°

— 10~ ? gcm?), gas temperatures (700 — 10° K), and for
three different metallicities (—o0.3, 0.0, 0.3 dex). For the two-temperature Planck means I considered
3000 K < Ti,q < 30000 K. If needed, a wider parameter range can be considered. The code at first
calculates equilibrium abundances of compounds and equilibrium level populations. Using those, it
works through the line lists to calculate the line absorption, which is added to the continuum
absorption to get the total opacity spectrum. Finally, the requested forms of frequency averages are
calculated for each set of input parameters. All the calculations were done assuming equilibrium

chemistry governed by local thermodynamic equilibrium (LTE), and an ideal gas equation of state

and the reference values for solar metallicity atomic abundances from Grevesse & Sauval [1998].

* Available from http://wwwuser.oat.ts.astro.it/castelli/sources/dfsynthe.html
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1.3 LINE ABSORPTION

The line and continuum opacity data are taken from Kurucz’s CD-ROMs Ns 1, 15, and 20247
[Kurucz, 1993a,b]. Among the compounds included are: H,O, TiO, CO, CO,, H,S, H,, NH, HF,
MgH, AlH, SiH, HS, HCI, C,, CN, AIC, SiC, CS, N,, NO, MgN, AIN, NH,, NS, O,, MgO, AlO,
SiO, SO, Ca0, FeO, MgS, AlS, SiS, S,, CaS, FeS, C,H, CNH, COH, NOH, OOH, CH,. These have
prominent absorption bands at temperatures soo — 1000 K as well as in the UV, which is important
for the two-temperature Planck mean. For all molecules but water I rely on the Kurucz’s data. For
the water I compiled a line list based on BT2 data [Barber et al,, 2006] and used a partition function
from Vidler & Tennyson [2000]. BT2 is one of the most complete line lists for main water
isotopologue "HXO comprising over soo million transitions in the range from 0.35 um to 6o um.
All the line lists were re-sampled at a resolving power of R = A/JX = 500 000. At this resolution
(> 3.5 x 10° wavelength points) the opacity spectrum is calculated over the wavelength range of

8.9 nm-10 m. The Rosseland mean can be equally well calculated with even a factor of ~ 100
lower resolution, because it is dominated by line wings (broad regions), but the Planck mean is
dominated by line cores (narrow regions), which demands the Voigt profiles to be properly resolved
and sampled (see Sect. 1.5.5).

For all species of the line data, the line absorption coefficient is calculated on a given frequency grid
according to the formula [see Castelli, 2005]

1y/we*  g.N; I
b= 2T e (7)o

¢ mec”l U )
(LAY exp (i) |
47wy’ Avp e ¢ ’

where ¢ is the gas mass density, e is the charge of an electron, . is the electron mass, ¢ is the speed of
light; ﬁ] corresponds to the Ladenburg for oscillator strength, g, is statistical weight of the lower level
i, Nj is number density of the absorbing species in the j ionisation stage, Uj is partition function of
the absorbing species in the j ionisation stage, y; is ionisation potential from the lower 7 level;

Avp = v5/c\/2kT/u + & is the total Doppler broadening of the transition at the 7, frequency, with
k being the Boltzmann constant and w the mean molecular weight, &, the additional non-thermal
broadening parameter, e.g. due to turbulent motions, usually called microturbulence parameter.

The Voigt function is given by

_a [Cep(=)dy
H(a,v) = W/—oo o=yt (1.2)

Thttp:/ /kurucz.harvard.edu/cdroms.html
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witha =T /(47Awp) and v = Av/Avp; T = T, + I's + I'w is a sum of Lorentz (natural), Stark
(collisions with electrons), and van der Waals (collisions with neutrals) damping factors. If not
specified in the line list, the damping factors are as follows. The radiative damping factor is set to the

classical (Lorentz) damping [Peytremann, 1972; Kurucz & Avrett, 1981]

2.223 X 10”2

= o))

[sec™]. (13)
For the Stark damping, the collisions with electrons are taken into account in the impact
approximation: I's/ne = B¢ = const. The following fits are adopted following Kurucz & Avrett
[1981]

1073 for molecules;

Bslegs] =

—8,5
10 7y, foratoms.

with 7eg being the effective quantum number of the upper state,

2 Ryzsz
Teff = )
X — Eu

(1.4)

where Ry = 13.6 ¢V is the Rydberg energy, Zeg is the effective chargei, 2 is the ionisation potential
from level E,. If the upper level is above the ionisation potential (ionisation to an excited level of the
parent), 7zegr = 5. The code approximates the van der Waals broadening taking into account the
polarization of atomic and molecular hydrogen and neutral helium [Kurucz & Avrett, 1981] in the

following manner:

107 Z% for molecules
rW — eff .
4.5 X 10~ 2(*)°* (ng + 0.42npe + 0.8515,) (l) ? for atoms

104

If the coefficient in front of the parentheses in the lower equation in 1.3 is not specified, the
mean-square-radius of the upper level is calculated as described in Kurucz & Avrett [1981].

We set &, = o, facilitating comparison to other data (see Sect. 1.5.5).

t= 1for Fel, 2 for Fe I, etc.
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1.4 FREQUENCY AVERAGES

Total absorption is a sum of line and continuum absorptions from all the species: xy = Iy + oy.

From the frequency-dependent opacities xy we calculate the Rosseland mean

o (Tgas) _ > (Tgas) X OrBy (Tgas) dz/’
[ OBy (Tgas) d

the two-temperature Planck mean

S 19(Tgas) X By(Trad)dv
fBV(Trad)dV ’

Ap (Tgas; Trad) =

and the single-temperature Planck mean

f%V(TaS) X By(Tgas)dy
*p (Tgas) = x%p (Tgas, Thd = Tgas) = fg B,,(Tgas)d”g

In the following section we present the results of the calculations.

.5 REsULTS

In this section, all the values of gas opacity are given for solar atmospheric atomic abundances
[Grevesse & Sauval, 1998] and zero turbulent broadening unless otherwise stated. However,
different authors used different references for solar abundances. We will focus on the
single-temperature and the two-temperature Planck mean because these are the points of major

improvement in comparison to previous studies.

151 SINGLE-TEMPERATURE PLANCK MEAN

The surface plot in Fig. 1.1 shows the single-temperature Planck mean gas opacity as a function of gas
temperature and density. The iso-contours reveal regions with steep and shallow gradients of xp
with respect to these parameters. These are caused by changes in equilibrium abundance of the
species, level populations in atoms and molecules and by the shift of the maximum of the weighting
Planck function. We briefly highlight the processes that shape the surface. At gas temperatures

< 1000 K, a ubiquity of numerous molecular lines from different species make different parts of an
opacity spectrum within the correspondent wavelength region of 1 — so m look alike, so that the
frequency-averaged values vary moderately with temperature and density. This is responsible for the
flattish region in the top-left corner of the surface. In the temperature range from 1 ooo K to 3 ooo K

there is a gap in opacity because none of the species that comprise the gas mixture has prominent
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Figure 1.1: Surface of the Planck mean gas opacity in logarithmic parameter space. The contours on the xy-plane are
iso-contours log #p = const, the labels giving the values. The colour scale is the same as the height-scale.

bands in the corresponding wavelength region. The gap is pronounced at low densities, but is filled
at the highest densities because of enormous pressure-broadening of the lines, in particular those
from alkali atoms [see Sect. 1.5.4, as well as Freedman et al., 2008].

The rising opacity from H™, H, and metals results in the high bump, which peaks at ~ 10* K. The
mean opacity on the top of the “mountain” is governed by H bound-bound (b-b), bound-free, and
free-free absorption. The contribution from atomic metals at these temperatures comes at higher
frequencies and therefore is exponentially suppressed by the Wien cut. At higher temperatures the
ionisation of hydrogen eliminates its b-b source of opacity and the mean opacity starts to decline. To
the right of the larger hydrogen hump there is a smaller helium hump. Free-free and metal line
absorption dominate the mean at higher temperatures up to 10° K. At these temperatures the Planck
mean drops moderately with density, but is sensitive to metallicity. Finally, it settles at the
wavelength-independent Thomson scattering cross-section, which results in a plateau at

temperatures > 10° K (not shown in the plot).
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1.5.2 TWO-TEMPERATURE PLANCK MEAN
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Figure 1.2: Two-temperature Planck mean opacity as a function of gas temperature. The plot is for a constant density of
10~ 2 gem™ 2 and for different radiation temperatures Tr,4, as indicated in the legend. The single-temperature Planck
mean (T,ad = Tgas) at the same density is shown in solid.

Figure 1.2 shows the two-temperature Planck mean as a function of gas temperature for several
radiation temperatures and at a constant density of 1o~ gcm 3. It is clearly seen from the plot that
1 (Tgass Trad > Tias) > #p(Tgas = Trad)- This is because the parts of the opacity spectrum, which
get exponentially cut by the Wien factor in the single-temperature Planck mean (7gss = Traq), are
becoming pronounced by the Planck function with higher temperature in the two-temperature
Planck mean. Consequently, at a constant gas temperature, 7gas, Xp (Tgas, de) is higher for higher
radiation temperatures. The ratio »p (Tgas) / %p (Tgas, Trad) differs from »p (Tgas) /%0 (Trad),

especially at Tp,q > 5700 K. The qualitative look of the plot remains the same for other densities.

5.3 METALLICITY

Figure 1.3 presents the Rosseland and the single-temperature Planck means at a constant gas density

of 10~% gem ™3 as functions of gas temperature for three different metallicities: [Me/H] = —o0.3, 0.0,
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and o.3. Other metallicities may be readily added on demand.
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Figure 1.3: Rosseland (top panel) and single-temperature Planck (bottom panel) means versus gas temperature. Loga-
rithms of the values are plotted for ¢ = 10~ % gcm 3 at three different metallicities, indicated in the legend.

Varying metallicity affects the means at high temperatures via atomic metal absorption and at low
temperatures via change in the contents of the compounds. In between, the opacity is dominated by
hydrogen bound-bound, bound-free and free-free absorption (see Sect. 1.5.1) and is insensitive to the
amount of metals. The hydrogen temperatures 5 700 — 17 700 K are clearly distinguished in each
panel. At molecular temperatures < 5700 K both means show the dependence on metallicity, but at
metallic temperatures > 17 700 K the Planck mean depends more strongly on the metal abundance
than the Rosseland mean does. This is because the Planck mean is being dominated by line cores

from metals in this temperature regime.

1.5.4 CONNECTION TO LOW TEMPERATURE ATMOSPHERIC OPACITY

Freedman et al. [2008] calculated the gas opacity relevant for high gravity environments, where
formation and settling of condensates into clouds occur and considered a mixture of only 11

molecules and s alkali elements: H,O, TiO, CO, CO,, H,S, CH,, NH,, PH,, VO, FeH, CrH, and
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Li, Na, K, Cs, Rb, respectively. In contrast, our calculations apply for low gravity equilibrium gas
chemistry with no settling. We include more than 40 compounds, five of which overlap with the first
five listed above, as well as such alkali atoms as Li, Na, and K, but not Cs and Rb. We extend the

parameter spacc up to1o” 2 g cm 3 to compare the two studies.

Freedman et al. (2008)

log Kp [cng'l]
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Figure 1.4: Comparison with low-temperature atmospheric opacity: Rosseland means (top panel) and Planck means
(bottom panel). The open squares are data from Freedman et al. [2008], the filled circles are from this work. Each curve
corresponds to a constant gas density g[ g cm_3] = 103,10 %, 10 %, but the Planck means are not sensitive to this.

Figure 1.4 shows a connection between Freedman et al. [2008] and this work. The iso-density
contours of the Rosseland mean opacity from the two works cross each other. This indicates that
there is an overlap region, where both determine similar opacity values, despite the fact that the
included species differ significantly. The intersection temperatures of the Rosseland means increase
with density: 650 K (the lowest temperature in our calculations) for 10~® gem ™2, 1 400 K for

10 *gem™?, and 4 ooo K (the upper boundary of Freedman’s calculations) for 10~ gem ™.

The Planck mean is to a high degree density-independent in the region of overlap: the iso-density
contours pile up at about one value (log xp = o.5). The intersection temperatures for densities
<10 * gem 2 correspond to the lower boundary of our calculations (650 K), and get higher at the

highest densities (1500 K and 10 ooo K at 1073 and 107 % g cm ™3, respectively).
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To explain this we have to consider the difference in the species included in the two calculations and
establish the temperature ranges of importance for each group of those species. The species CH,,
NH,;, PH;, CrH, FeH, and VO, which are not included in our calculations although they are in
Freedman et al. [2008], have prominent bands within ~ 5 — 1000 wm [see Fig. 4 in Freedman et al.,
2008, and references therein]. Accordingly, they contribute to the mean opacity at temperatures

< 1000 K. The species included in each calculation, H,O, TiO, CO, CO,, and H,S, are relevant
absorbers at temperatures > 1000 K because they have prominent bands within ~ 0.1 — 5 um. In
the intermediate region (1 — 5 um) the opacity from alkali atoms Li, Na, K, Cs, and Rb is prominent,
especially at high pressures. Freedman et al. [2008] included more alkali species (Cs, Rb) and applied
a more sophisticated collisional broadening prescription, suited for pressures as high as

107 — 10* dyn cm™? [Burrows et al., 2000; Burrows & Volobuyev, 2003]. As inferred from those
works, the pressure-enhanced far-wings from alkali atoms make a significant contribution to the
Rosseland mean at temperatures about 1000 — 1500 K. That is why the Rosseland means intersect
within this region and the value of the intersection temperature increases with density. The Planck
mean is dominated by line cores, and is less sensitive to pressure: a contribution from the alkali
atoms appears only at densities as high as > 10> gem ™.

The above reasoning is a qualitative analysis of the connection between the two data sets. A
quantitative consideration would have involved a comparison between the prescriptions of
collisional broadening and accounted for the effects of relative abundances. We simply remark that
the intersection temperatures would be somewhat higher should we decrease in our calculations the
abundance of the common species bearing the same atoms as those composing the remaining species

in Freedman et al. [2008].

1.5.5 COMPARISON TO OTHER STUDIES

Figure 1.5 shows a comparison of mean opacities as obtained by different groups. The top panel
shows the Rosseland mean, and the bottom panel the Planck mean. Each panel corresponds to the

same density of 10~

© gem™3. Data from Ferguson et al. [2005] include opacity from dust grains.
Data from both Helling et al. [2000] and this work are pure gas opacity. Nonetheless, our Planck
means compare to dust opacity at temperatures below 1 500 K: high absorption in line cores is able to
provide the Planck average, comparable to that from continuum opacity of typical ISM dust. The
Rosseland mean opacity of the dust, however, dominates over Rosseland mean gas opacity at low
temperatures.

We note a good agreement with Ferguson et al. [2005] in both means. However, our calculations
cover a wider parameter space in terms of temperature and density. To the best of our knowledge,
this is the largest set of mean gas opacities obtained within one framework, using a single computer

code.
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Figure 1.5: Rosseland (top panel) and Planck (bottom panel) means at a constant gas density of 10 ~'° gcm™3: comparison

with other studies. This work - solid black line, Helling et al. [2000] - marine dashed, and Ferguson et al. [2005] - red
dot-dashed. Data from Ferguson et al. [2005] contain opacity from dust grains. At lower temperatures, the Rosseland
average is dominated by the dust continuum opacity, but the Planck means of the dust and the gas are comparable.

Because of the improper frequency sampling, Planck means from Helling et al. [2000] are
significantly lower than ours or those from Ferguson et al. [2005]. Whereas the number of randomly
picked frequencies was sufficient to produce a good approximation for the Rosseland mean values,
this number is not sufficient for Planck mean averages, because Rosseland means are harmonic
averages while Planck means are direct averages. There are not enough random frequency points to
sample all absorption features sufficiently. This error is smaller for the Rosseland mean, but is
substantial for the Planck mean. Because of the random? frequency sampling, the uncertainties
introduced into the Planck opacities by under-sampling are not systematic, but are instead of a
stochastic nature. To verify this statement, we choose the temperature of the biggest disagreement in
single-temperature Planck means between Helling et al. [2000] and this work at the density of

10" gem 3 (R 4 466 K; see Fig. 1.5) and perform 1o0* calculations of Planck and Rosseland means

each with 5 X 10? random frequencies. The resulting distributions of 10* individually calculated

§actually, pseudo-random with respect to positions of the absorption features
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Figure 1.6: Normalised distributions of logarithms of Rosseland (left) and Planck (right) means. The values were deter-

mined at 4 466 K and 10" gcm ™3 and calculated from 5 X 103 sampling points randomly spread over the spectrum
(8.9 nm — 10 um). Total number of trials is 10*. The fiducial values (those calculated from ~ 3.5 X 10° sampling points)
log ®r = —3.36317 and log #p = 1.296 are marked with thick vertical lines. We note the different scales on the
X-axes.

Rosseland and Planck means are shown in Fig. 1.6.

The distribution of the Rosseland mean is Gaussian-like, narrow, and peaks at the fiducial value of
log xg = —3.36317. Instead, the distribution for the Planck mean is asymmetric, broad
(encompassing four orders of magnitude), and lies below the fiducial value of log xp =~ 1.296. This
behaviour is exclusively due to the difference in the averaging process: the Rosseland mean is
attracted by low-opacity regions between the lines, whereas the Planck mean is attracted by the line
cores. The regions between the lines are much wider than the line cores, yielding a higher chance to
sample from these regions. The most probable values of the two distributions are almost equal

(~ —3.3) because as long as the lines are neglected, the continuum opacity is essentially flat around
the Planck function maximum at the considered temperature. The Planck mean obtained in Helling

etal. [2000] for the given temperature and density, log xp ~ —3.2, is close to this value.
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These our actors, as I foretold you, were all spirits, and are

melted into air, into thin air

William Shakespeare, The Tempest, Act IV, Scene 1

Equilibrium Temperature Degeneracy in

Optically Thin Gas

EQUILIBRIUM GAS TEMPERATURE DEGENERACY stems from radiative instability caused by, e.g.,
molecule formation [Schirrmacher et al., 2003]. The radiative cooling rate of an optically thin gas
increases with its temperature if there is no phase transitions or radiative instability. If the gas
temperature is around the point where at least one of its constituents experiences a transition from
atomic to molecular phase, the gas can start to cool more efficiently because the excited molecules
will radiate the thermal energy away (heating from the binding energy release competes with this
process). After passing the transition, the derivative of the cooling rate with respect to gas
temperature regains a positive value. This kind of a turnover in heating/cooling rate, being put into
the framework of time evolution, leads to limit cycle instabilities that occur in cataclysmic variable
events [where it is due to hydrogen ionisation; see Meyer, 1982]. Equilibrium temperature
degeneracy facilitates spatial coexistence of cool and warm phases [Schirrmacher et al., 2003], which
is consequently reflected in the observable structure of the medium [as is likely the case in TT Cyg;
see Olofsson et al., 2000].

In this section we calculate radiative equilibrium in an optically thin gas and explain the equilibrium
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temperature degeneracy.

2.1  RADIATIVE INSTABILITY IN OPTICALLY THIN LIMIT
For the sake of convenience lets rewrite (22) as 4,7 = f{7, T) with

xp (Tgam Trad) caT? (R /21)" — up (Tgas) cal
(TorC + &)

fir,T) = (2.1)

The equilibrium temperature is then defined from f{7, Teq) = 0. As already mentioned, there can be
several equilibrium temperatures at given 7. Some of them will be stable, some not. The criteria for
the stability is readily obtained from the Liapunov’s analysis. In the vicinity of 7¢q we can perform a
Taylor expansion of f{7, T). If the first derivative is non-zero, its sign will define whether the root is

stable or not to small perturbations:

d(T_ T )
e Teqq = 077, Teg)dt (22)
)\L(Teq) = 8;Iﬂra Teq)' (2'3)

Here Ay, is the Liapunov’s exponent. If Ay, < o, the small perturbation will decay exponentially at
time-scale | A, | 7% If Ay, > o, it will grow exponentially at time-scale A; " until entering non-linear
regime. If 01 f{7, Teq) = o, the linear analysis is not enough.

The complicated nature of the heating-cooling mechanisms in the optically thin gas introduces
thermal instability within certain temperature ranges [ Weymann, 1960; Williams, 1967]. If in some
point in the volume the temperature becomes equal to its local equilibrium value Teq such that
AL(Teq) > 0,2 small deposit of energy (e.g., from hydrodynamical compression or change in the
ambient radiation field) will kick the system out of this stage and make it evolve to the closest
equilibrium temperature (in the direction defined by 4; 7 < o). The time it takes to evolve from a

given 7 to the nearest equilibrium point 75:

To dt

= . f@ (2.4)

As soon as such optically thin regions become a part of a hydrodynamic + radiative transfer

T

simulation, one needs a proper treatment of the described above degeneracy in equilibrium
temperature. The methods based on the iterative search for the solution of (23), like the one used
in Kuiper et al. [2010b], apparently, can not resolve the issue. They are likely to jump between two

equilibrium point precluding the scheme from converging. We suggest to follow the temporal
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evolution of the thermal energy of the gas with a proper time-step. The actual value of this time-step
can be found via comparison between the local time-scale (2.4) and the current time-step of the
hydro scheme. If the second is longer than the first one, one can treat the gas as being always at the
equilibrium temeprature: by either forcing a new value or by running a sub-loop iterations to gently
bring all the connected variables (dust density) to this equilibrium. If the hydro-step resolves the gas
temperature evolution time, the gas is at non-equilibrium temperature, which can not be

determined by solving (23).

2.2 ILLUSTRATIVE EXAMPLE

The condition of radiative equilibrium in an optically thin gas, where local net flux of radiation is
Foal = Jdvé AQFy, reads

xp (Tgas) X al* = ng X —, (2.5)

— —I -
where 4 is the radiation constant and »g = ‘Frad‘ f uy|Fy|dv is the flux averaged opacity. If the
source of radiation is a black body with temperature 71,4 and the gas is in LTE with Ty, % becomes

the two-temperature Planck mean:

F;'ad

np (Tgas> X dTgas = Xp (Tg357 Trad) X

-

£ rad‘ and Trqq.

If the radiation source is a star with effective temperature T and radius Ry, located at distance

The equilibrium gas temperature, therefore, depends on

7> R, from the point under consideration, the flux drops with distance as

_ (R) , (7)
4

-

F;'ad

7

if extinction is neglected. Then, the equilibrium gas temperature satisfies

1/4 1/2
Te R*
Teg % e (T) ) T, x <> . (2.8)
xp (Teqv T*) 27
For fixed T, R, and 7, the right-hand side is a constant and the equilibrium temperature is defined

by the ratio xp (Tgas) /np (Tgas, Trad). For a given density this ratio can vary with T, such that

multiple solutions to Eq. (2.8) are possible. Figure 2.1 illustrates this sort of degeneracy. We consider
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Figure 2.1: Equilibrium temperature degeneracy in an optically thin gas. The radiation source is a star with 7, = 10* K,
R. = 1.7Rg atr = 15AU. The temperatures at which the curves cross the dashed horizontal line are equilibrium
temperatures. See text for more details.

astar with T, = 10* K, R, = 1.7 R, choose three different densities at » = 15 AU

(3 X107, 5 x 10,8 X 10 ™® gem™?), and plot the left-hand side of Eq. (2.8) as a function of gas
temperature. Temperatures at which the curves cross the dashed horizontal line, e.g. the right-hand
side of Eq. (2.8), are equilibrium temperatures. As is seen in the plot, there are multiple solutions for
densities above &~ 8 x 10" gcm™? and only a unique solution for lower densities. Getting closer to
the star (shifting the dashed horizontal line upwards) would increase the value of this density
threshold*.

In case of degeneracy, the first and the third solutions are stable, the second one is unstable. Stability
is given for positive gradients: dr,, (Tgas X (xp (Tgas) / %p (Tga57 T,ad))l/ 4) > o. Near a stable
equilibrium point, gas with temperature Ty, < Teq will be effectively heated up to the equilibrium

temperature and vice versa: gas with temperature Tg,s > Teq will be effectively cooled down to the

* At very low densities non-equilibrium chemistry may change the abundances of some species affecting the
mean opacity as well. The degeneracy will only occur provided there is an inverse in the slope of the cooling (or
heating) rate with respect to temperature.

34



2.3. EQUILIBRIUM GAS TEMPERATURE AS A FUNCTION OF
RADIATION TEMPERATURE Page 35 of 111

equilibrium temperature. The opposite happens around an unstable equilibrium point: runaway
heating or cooling brings the temperature apart from that value to the corresponding stable solution.

This process is known as radiative instability.

2.3 EQUILIBRIUM GAS TEMPERATURE AS A FUNCTION OF RADIATION TEMPERATURE

We can illustrate the degeneracy in another complementary way. Namely, if we keep constant both
the gas density and the geometric attenuation factor (Ryaq/ 2/ = A, we get Teq in dependence of
Thaa:

1/4
p (Tga57 Trad) ) ‘ (2.0)

Teq = A X Tx,
€q X rad X ( “p (Tgas)

This equation has to be solved implicitly because xp (Tgas, de) and xp are functions of Teq. We
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Figure 2.2: Equilibrium temperature degeneracy: optically thin gas temperature as a function of radiative temperature.
The attenuation factor 6.3 X 10~ 2 corresponds to r/R* / 127. Theinsitu density is 10~ g cm ™3 (left panel), and
10~ gecm ™3 (right panel). Each curve corresponds to a different opacity data source: the thickest line - this work, using
xp (Tgas, T,ad) ; the intermediate-thick line - this work, using %p ( 75,4 ) instead of xp (Tgas, Trad) ; the thinnest line -
Helling et al. [2000], using xp ( de). The dashed parts of the lines mark unstable solutions (see text).

plot in Fig. 2.2 equilibrium gas temperature versus radiation temperature for different opacity data.
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The attenuation factor 4 = 6.3 X 10~ ? corresponds to 7 = 127R, (» = 1 AU for R, = 1.7 Rp).
Each panel corresponds to a different density. As can be seen, the degeneracy is not an exclusive
feature of the new opacity data: it also appears when using opacity from Helling et al. [2000]. As
soon as the unstable solutions appear between the stable ones, limit cycles in the temperature profile

are possible if one considers time-dependent radiative transport.
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Figure 2.3: Same as Fig. 2.2 but with three in situ densities in one panel, each corresponding to different opacity model.

2.4 DiscussioN

Equilibrium atomic-gas temperature determinations employing elaborate statistical equilibrium
calculations were performed for simplified cases: Weymann [1960] considered a compressible atomic
gas under fixed heating rate in application to stellar chromospheres; Williams [1967] considered an
incompressible atomic gas excited by ultraviolet synchrotron photons. Both studies revealed steep
gradients in the equilibrium temperature profiles.

A detailed discussion of all the heating and cooling mechanisms in a gas mixture is beyond the scope

and intention of this paper. We therefore refer the reader to the excellent work by Kamp & van

36



2.4. DISCUSSION Page 37 of 111

Zadelhoft [2001], where the authors considered dusty gas and additional gas heating from the
photoelectrons extracted out of the dust particles.

To couple a calculation of a detailed ionisation and chemical equilibrium to a radiative
hydrodynamics numerical modelling within a framework of global collapse would demand a great
deal of computational time even with modern computational facilities, which is why we consider
radiative equilibrium in terms of mean opacity. The frequency averaging is further justified by
uncertainties and incompleteness of the present atomic and molecular data [e.g. Kurucz, 2002].
We highlight the impact this degeneracy has for the radiative transfer module described in Kuiper
et al. [2010b]. The module includes an iterative temperature update scheme based on equation

Eq. (16) in Kuiper et al. [2010b],

F,
%P(Trad) rad
al* = ER + ———+ ) (2.10)
R wp(Tgas) €

where Ep is the diffusive part of the radiation energy density, a term that dominates at high optical

depths; the net radiation flux, ‘Fmd

, is evaluated at the point under consideration; and c is the speed
of light. In the case of gas, »p (Tgas, T,ad) should be used instead of xp(7taq). In an optically thick
medium, the local flux of radiation is dominated by its diffusive thermal part. The effective
opaqueness to this radiation is expressed in terms of the Rosseland average (Eq. 1.5) and the radiative
transfer equation for the net flux is treated in a flux-limited diffusion approach [Levermore &
Pomraning, 1981]. Contrarily, in an optically thin region, the second irradiation term on the

right-hand-side of Eq. (2.10) dominates over the E£g. Then, Ead

can be substituted by the flux from

the outer source (a star), ‘Ead = L,/(477r*) = (Ry/2r)*cT%, which turns Eq. (2.10) into Eq. (2.8).
In the case of degeneracy, the iterative scheme is unsuited to finding a unique solution. To properly
determine the gas temperature in optically thin parts, we propose taking into account its

time-dependent evolution.
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Relaxation time is the time ro let the steam off.

Unknown author

Thermal Relaxation Time

RESULTS OF THIS CHAPTER are being prepared for publication in Astronomy & Astrophysics.

3.1  DEFINITION

Motion of the material in PPDs can be described by the equations of fluid dynamics. Even without
considering magnetic effects, the equations allow for development of various instabilities, which
have been shown to be of key importance in planet and star formation. Those instabilities induce
perturbations in temperature of the gas and, thus, in the local radiation field. Linear development of
the instabilities depend on the decay time of these perturbations.

To isolate the required time scale, we consider evolution of only the temperature (thermal and
radiation energy densities, Appendix A.3) leaving off the changes in pressure and velocity field. [see
Lyra, 2014, for an analytic justification in a particular case of vertically unstratified disc].
Linearisation of the energy evolution equation yields a dispersion relation, from which the

characteristic decay time of a Fourier mode 47}, = (7 — T5), can be found:
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Here T'is the perturbed temperature, 75, the equilibrium temperature (T, = o)and & Tdesignates
the time derivative of the perturbation. In PPDs, of prime interest are those cases when the time
evolution is supplied by means of radiative transport. Conduction operates at much longer (viscous)
time scales, and convective heat transport needs an unstable disc as a prerequisite.

To estimate the radiative relaxation time, we resolve the underlying processes and calculate their
characteristic times. The relevant processes differ depending on the optical thickness of the mode
(optical thickness of matter encompassed within the spatial Fourier wavelength). We distinguish
between optically thick and optically thin relaxation regimes with characteristic times fihick and Zhin,
respectively. The whole relaxation process can not operate at times shorter than the longest amongst
these two:

frelax = Max (tthicka tthin) . (32)

Below we introduce the constituent times.

3.2 OPTICALLY THIN RELAXATION REGIME

The radiative material in PPDs is a dust-gas mixture. The bulk of the thermal energy is stored in the

gas due to its dominating mass fraction:

¢
gas -1 2
—— =y ~1w0. (3:3)
€dust
However, the dust emissivity, as measured by the Planck mean in LTE, is comparable or exceeds that
of the gas at low temperatures. The radiative efficiency is expressible in terms of a time scale (see

Appendix B.1)

d/g G
Lt = (3.4)
o IGK?,/ga'T5

d/g

with ¢ being the Stefan-Boltzmann constant, x;’® the Planck mean of the dust (per unit gas mass) or
the gas, respectively. Time scales (3.4) do not depend on the perturbation wavelength, because
evaluate the in situ emission rates. The dependence on density is only through the Planck mean and

therefore is weak. Important scaling relation in terms of local angular frequency € is
Qtemic X QT 3" (3.5)

The optically thin emission time as given by Eq. (3.4) is the shortest achievable relaxation time for the
given material because implies the maximum (LTE) emissivity.
Though at low temperatures one has § > x5, at higher temperatures in the range

650 < T < 1300 K, the two means compare [Malygin et al., 2014; Semenov et al., 2003] meaning
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that the gas is equally important in the relaxation by thermal emission. This holds valid under
assumption of no severe depletion of gas-phase emitters due to freeze out. In such regions, the bulk
of thermal energy of the gas is stored in the kinetic energy of the most abundant, ‘non-radiating™ H,
molecules. Prior to releasing the thermal energy in form of radiation, the thermal carriers transfer it
via collisions to the species that can efficiently emit. Collision time 7o = (70v) " limits the net
relaxation if it is longer than the corresponding emission time (see Appendix B.2)

A% — max (td/g td/g) . (3.6)

relax emit’ “coll

There are two channels’ of emission: the more efficient emitter with slower coupling (dust), and the
less efficient emitter with faster coupling (gas). Gas equilibrates on much shorter times than the dust
due to significantly larger number density #. However, the radiative time (3.4) for gas can be longer
than the thermal equilibration time tfou for dust, in which case the dust will thermalise and emit the
perturbation excess. Because in linear approximation (small perturbations) thermal capacity of

neither emitting material is exhausted, the one with the most efficient one determines the relaxation:

. d
ZAthin = min (trela)u tfe]ax) . (3’7)

In the so-called molecular layer above the midplane one has to take into account such dust-gas
interactions as photoelectric heating, mutual irradiation, photochemistry, etc [Kamp & van
Zadelhoft, 2001]. The collision time rather draws a border of validity to the assumptions made (LTE,

equilibrium chemistry) than it estimates the relaxation time itself.

3.3 OPTICALLY THICK RELAXATION REGIME

A perturbation with wavelength exceeding diffusion length scale

1
laigg = — (3.8)
URE
can not relax as fast as on the local thermal emission time because the thermal photons get absorbed
and re-emitted before escaping the perturbed medium. The excess thermal radiation effectively
propagates in a diffusive manner over A = 27k~ " with an effective opacity xg. Relaxation time of

the mode becomes the corresponding diffusion time (see Appendix A)

I
tihick = I o TrRAeT 2. (3.9)

*meaning relative to other emitters under disc conditions. A permanent dipole moment of less abundant
HD isotopologue, though, permits detection [Bergin et al., 2013]
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Here D is the effective diffusion coefficient (A.15) and

+A/2
’TR:/A nr @ dx. (3.10)

the Rosseland thickness of the perturbation. One expects the optically thick time to measure the
relaxation time (3.2) given the medium encompassed within the perturbation wavelength is optically
thick, 7g > 1(see Fig. 3.3).

For modes A = H, it follows

3 1Gs

7)2]‘L - TR (3.11)

Qtinick ~ (o

with factor f ' = (1 + ¢Cy/4aT?) = ¢C,/ (4aT?) being approximately the ratio of thermal to
radiation energy densities.
3.4 SET-UP

3.4.1 DENSITY MODEL

We adopt an axisymmetrical density structure from Dzyurkevich et al. [2013] to allow comparison
with the studies considering the location of the magnetically dead zone. The central source is a

solar-like star with A4, = 1M. The disc has a surface density profile

R\7? R\*7
=3 (Rc> exp [— (Rc> ] (3.12)

with X being the surface density at the cutoff radius R.:

(3.13)

The surface density is normalized to ¥ = 1700 gem™? at 1 AU. Index p of 0.9 and the cut-oft radius
of 40 AU is chosen following Andrews et al. [2009] to match the minimum-mass solar nebula at 1
and 100 AU. My; is the total mass of the disc. The volumetric density is readily unfolded for a

vertically isothermal case

_Z j (3.14)
é’_\/EHQXP 2H ) 314

where H is the local pressure scale height.
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3.4.2 TEMPERATURE MODEL

We adopt a vertically isothermal radially stratified temperature profile following Dzyurkevich et al.

N\ 1/2
r-r (%) 65

[2013]

with T, = 280 K at Rj, = 1 AU. A lower limit of 10 K stops the power law decrease at ~ 250 AU.
The profiles of surface density, volumetric density, and the midplane temperature are given in
Fig. 3.1. The highest value of Mgisc = 0.1M;, considered for this model assures the configuration is

stable against self-fragmentation, according to the Toomre Q-criterion.
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Figure 3.1: Disc structure as adopted from Dzyurkevich et al. [2013]. Surface density profile (dashed): power law with
exponential roll-off; temperature profile: power law bounded from below (dot-dot-dashed). The corresponding volu-
metric density in the midplane is plotted with solid line (the values at the right ordinate).

3.4.3 OPACITIES

We utilise tabulated dust and gas mean opacities (Fig. 3.2). Rosseland and Planck means of iron-poor
homogeneous spheres from Semenov et al. [2003] we complement with corresponding gas means

from Malygin et al. [2014, see Figs. 3.2a,c]. Gas chemistry and opacity in outer disc regions is poorly
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constrained observationally and experimentally [see Dutrey et al., 2014, and references therein]. For
our dust-depleted models we consider two cases of pure gas opacity: (i) data from Malygin et al.
[2014] with a low-temperature cut of 650 K, and (ii) data complemented with scaled-down (in
density) atmospheric opacities from Freedman et al. [2008] with the lowest temperature of 75 K (see
Figs. 3.2b,d). For yet lower temperatures the last value is always used. Data from Freedman et al.
[2008] accounts for the settling of condensates in a gravitational field (e.g. in a cool dwarf) but not
for the freeze out on grain surfaces — they are not applicable for circumstellar discs, if only by a
coincidence. Thus, we will consider two gas opacity models: the one with higher opacity around
2.5 X 10” K, but a substantial decrease below ~ 120 K (we will refer to this as the small gas opacity
2,1

case); and the one with constant high opacity (xp ~ 3.5cm?g™") below 650 K (the large gas opacity

case). The two models can be treated as a rough scan of the poorly-constrained parameter space. In

(b)

(d)

T [K]

Figure 3.2: Planck (top row) and Rosseland (bottom row) mean opacities. Joint dust [Semenov et al., 2003, homogenous
IPS] and gas [Malygin et al., 2014] opacities are on panels (a) and (c). Panels (b) and (d) present pure gas opacity (see
text). The numbers on the legend indicate the logarithm base ten of the density in cgs units.

calculations of the optically thick relaxation time, we join the Rosseland opacities by direct
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summation of the corresponding means. In case of reduction the dust-to-gas mass ratio (Sect. 3.5.5),

we modify the dust opacity by

/
= ”—xd, (3.16)
7

where 5’ is the desired dust-to-gas mass ratio and » = o0.014 the nominal dust-to-gas mass ratio for
which the dust opacity tables were calculated [see Table 1in Semenov et al.,, 2003, case of IPS]. The

gas opacity stays unchanged.

3.5 RESULTS

In this section the values for the relaxation rate are dimensionless numbers Q, with Q being the
local angular (Keplerian) frequency. The radiative diffusion time is calculated for vertical direction,
A = A, when not explicitly stated, and A is measured in local pressure scale heights H. The
underlying disc model is the isothermal with radial stratification as described in Sect. 3.4 except for
Sect. 4.2. The default gas opacity model is the one complemented with the low-temperature data
from Freedman et al. [2008] (the small gas opacity model). Our method does not quantitatively
constrain the relaxation time in the collisionally decoupled regions, but one would naively expect the

relaxation there to be slower than that provided by LTE emission.

3.5.1 RELAXATION REGIMES: RECIPE VERIFICATION

Figure 3.3 represents a verification of the introduced in Sect. 3.1 maximum-time criterion. In opaque
inner disc even the high-frequency modes are optically thick and relax on radiative diffusion times
(cf. the light-grey areas in Figs. 3.3a-d). Farther out and close to the midplane, there are the regions of
the optically thin relaxation via thermal emission (the white areas in Figs. 3.3a-d). Low-frequency
modes A/H ~ 1 become optically thin in upper layers when the relaxation is limited by collision
time between dust and gas particles, so the regions of the relaxation via thermal emission are absent
up to 40 AU for such modes. As the perturbation frequency increases, the zone of the fastest
optically thin relaxation gets larger and wraps around the region of the optically thick relaxation.

The cross-hatched pattern depicts the zone of the dust collisional decoupling, fcioll > ngit’ and the

> A

emit*

dark-grey area — of the gas collisional decoupling, A

>l A proper estimate of thermal

relaxation time there would demand inclusion of the photoelectric heating and other non-thermal
processes [e.g. Kamp & van Zadelhoff, 2001]. In calculations of the stellar light absorption in case of
the large gas opacity model, the two-temperature Planck mean was used: 75 = [ 5 (T*, Tg) edR
(the integration is along the ray of constant polar angle in spherical coordinates).

The transition between the two relaxation regimes happens closer to the star and the midplane with

increase in the wavenumber. A relevant measure for distinguishing between the two regimes of
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Figure 3.3: Recipe verification. The four panels are different perturbation wavelengths )\/H: (a) 2, (b) 0.5, (c) 0.1,and (d)
0.02. The cross-hatched pattern identifies regions of dust collisional decoupling; the white areas - of the optically thin
LTE relaxation; the light-grey - of the optically thick relaxation. The dark-grey additionally highlights the dynamically
slow optically thick relaxation (2 > 1). Rosseland depth TRz = 1 (solid line) traces the transition to the optically
thick regime, which gets dynamically slow only at TR/2 ~ 10” (long-dashed line). The contour line of Q¢ = 10 ?is
plotted with dotted line, the absorption of stellar light - with dot-dashed line (the small gas opacity) and double-dashed
line (the large gas opacity).

relaxation is the Rosseland thickness over the region of the same sign of the perturbation amplitude

+A/4
TRyf2 = /_ Aa urg dx. (3-17)

Figure 3.3 demonstrates the two regimes of relaxation transiting into each other at optical depths

(i.e., from peak to noughts)

TRr,1/, ~ 1(the solid line in Fig. 3.32). The maximum time criterion (3.2) decides about the transition
without explicitly demanding a certain optical depth or a diffusion length. By equating (3.9) and

(3.7) while letting A = lgi¢r, one can show the optical depths at the transition indeed

—. (3.18)

This is of order unity for dust opacity, though smaller for pure gas, where the transition, thus, trace
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lower Rosseland depths. Dynamically slow relaxation (Q > 1, the dark-grey areas in Fig/ 3.3) stars at
around 7g = 10” (the long-dashed line). For midplane perturbations with A/H = 2 this
corresponds to &2 10 AU. The optically thick relaxation, hence, is not a synonym for the dynamically
slow relaxation: optically thick modes can be either adiabatic or almost isothermal. In contrast, the
optically thin relaxation in LTE yields Q¢ ~ 10™# — 1072 regardless of the perturbation wavelength
but only dependent on the location in the disc. The midplane perturbation wavelengths up to

A/H = 2 are isothermal at 6o — 80 AU, but smaller ones can be isothermal in much larger volumes

of the disc (see white areas in different panels of Fig. 3.3).

3.5.2 CONSTITUENT TIMES

A comparison between the constituent times through the midplane is plotted in Fig. 3.4 for the two
opacity models. Figure 3.4a corresponds to the fiducial case of small gas opacity at low temperature
[data from Freedman et al.,2008]. Figure 3.4b shows the case of large gas opacity at low temperature
[last point extrapolation from Malygin et al., 2014]. The optically thick relaxation is dominated by
dust and is not sensitive to the gas model. The three solid lines on both panels show the optically
thick time depending on the perturbation wavelength (see Sect. 3.5.3). The thermal emission time
and the collision time are both evaluated locally, at the peak of the perturbation, and do not depend
on the perturbation wavelength. The optically thin relaxation (the long-dashed line in Fig. 3.4) is
sensitive to the gas emissivity: due to fast collisional coupling (the grey dotted lines in Fig. 3.4), gas
becomes the dominant coolant in high emissivity model (Fig. 3.4b), but not in the low emissivity
model (Fig. 3.4a). Beyond ~ 60 AU, the dust does not thermalise within it’s own radiation time
(3.4), so the dust relaxation gets collisionally limited (the black dotted lines cross the black
dash-dotted lines in Fig. 3.4). This also restricts the net relaxation in the outer disc in the small gas
opacity scenario (Fig. 3.4a). In this case, the optically thin gas relaxation being constrained by the
weak emissivity of the gas (see the grey dot-dashed line in Fig. 3.4a), never gets into play due to much
more efficient dust radiation (recall Eq. 3.7). In the large gas opacity case, the relaxation gets
restrained by gas-to-gas collisions beyond ~ 120 AU (see the grey dotted line crossing the grey
dot-dashed line in Fig. 3.4b).

High-frequency midplane modes with A/H = 10™* (and smaller) all relax dynamically fast
regardless of their optical depth (see the light-grey solid lines in Fig. 3.4). Low-frequency midplane
modes A/H = 1(the black solid lines in Fig. 3.4) relax dynamically slow within first & AU, next the
relaxation rate drops down to =~ 10™? at & s0 AU while the optical depth still exceeding unity. The
diffusion time drops below the thermal emission time because the flux-limited diffusion formalism
used in calculations of the optically thick relaxation does not account for the finite time of the
intrinsic radiative processes but only for the propagation of the energy density over the perturbation

wavelength (see Sect. 3.6.2).
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Figure 3.4: Comparison between the three constituents of the relaxation time. Vertical modes in the disc midplane. The
optically thick (solid lines), the optically thin (long dashed), and the coupling times (short dashed and dot-dashed). The
values in the brackets in the legend indicate )\Z/H - the ratio of the perturbation wavelength to the local pressure scale
height. Panel (a): the small gas opacity model, panel (b): the large gas opacity model.

Figure 3.5 displays the maps of the ingredient times for A\/H = 2. The optically thick relaxation time
(Fig. 3.5a) increases towards the star and the midplane as the perturbation gets optically thicker. On
the map of the optically thin relaxation time (Fig. 3.5b) the bending lines are occasionally interrupted
by vertical contours. These are stemming from collision (B.6) and emission (3.4) times. Figure 3.5¢
shows the dust thermalisation rate via collisions, and Fig. 3.5d maps the dust emission rate. The
assumed vertically uniform radially stratified temperature structure is distinctly captured in the
latter. A wedge-like dark grey structure at around 3 AU is due to changes in the Planck mean opacity
near the water ice line. The size distribution of the grains (see Appendix B.2) as well as the

dust-to-gas mass ratio are uniform over the disc interiors, so Fig. 3.5¢c is up to a scaling an evaluation

of Qn;IT_I/Z.

3.5.3 PERTURBATION WAVELENGTH

Ata given moment of time, the density, temperature and opacities are defined at any point in the

disc. Then the regime of radiative relaxation — optically thick or thin - is decided by the
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Figure 3.5: Maps of ingredient relaxation times for vertical perturbations with A = 2H. Plotted in colour are the values
of log (1) fo (a) the thick relaxation, (b) the thin relaxation, (c) the dust collision time, and (d) the dust emission time.

perturbation wavelength. Figure 3.6 shows relaxation rates as a function of X at different radial
locations. Thermal emission relaxation puts a bottom wavelength-independent limit on relaxation
time (short-dashed lines). In the optically thick regime, the dependence itself changes with . For
modes A/H < 1, relaxation time fhick ¢ 7rRA o< A? (if the perturbation does not encompass the ice
line). For longer wavelengths, A\/H > 1, the Rosseland depth of the mode saturates (see the dotted
lines in Fig. 3.6) because of the exponential decline of density in vertical direction. In this limit

Lihick X A. Long-wavelength modes A > 3H relax inhomogeneously: in the atmospheric layers due
to collisional decoupling, the relaxation can become as slow as the radiative diffusion from the
midplane.

The optically thin modes all relax dynamically fast (i.e., Qr < 1, see Figs. 3.6b-d), but the optically
thick modes can relax both quasi-isothermally and adiabatically. Indeed, high-frequency modes
MA/H < 107" always relax isothermally even if they are optically thick (Fig. 3.6a). A transition
between the thick and the thin regimes happens at successively growing A/H such that the total
depth of the mode 7g ~ 2 at the transition (see Sect. 3.5.1).

Figure 3.7 shows relaxation time maps for different perturbation wavelengths: longer to shorter from

left top to bottom right. As discussed above, a change in the wavelength alters only the optically
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Figure 3.6: Relaxation time versus wavelength A = ), of vertical midplane modes at different radial separations from
the star: 1 AU (a), 10 AU (b), 30 AU (c), and 100 AU (d). In each panel, the relaxation time itself is in thick solid. The short
dashed line marks the optically thin, the long dashed - the optically thick relaxation time. Dust collision time is drawn
with dot-dashed. The dotted line shows Rosseland thickness of the mode (the values being on the right ordinate).

thick modes. The pattern in left bottom area in Fig. 3.7a-d shrinks with decreasing A. The rest of the
pattern being underlain by the optically thin relaxation regime stays unaltered. The line contours of
the optically thick relaxation time follow approximately the iso-contours of the Rosseland depth (see
Sect. 3.5.1) capturing the jumps in opacity near the water ice line (= 3 AU) and volatile organics
evaporation line (= o.5 AU). In the optically thin relaxation regime, the opacity features show up in
the thermal emission component (see Fig. 3.5d).

Dynamically fast relaxation (the light grey areas in Fig. 3.7) operates in a certain disc domain, which is
sandwiched between the regions of slower relaxation and is wider for higher-frequency modes. This
quasi isothermal relaxation is attainable for different modes in both midplane and superficial layers
of the disc. The values of the relaxation rate themselves in the collisionally decoupled regions are
uncertain due to the model limitations. Still, the qualitative increase of the relaxation time with the
drop of density is robust: the fastest radiative relaxation rates are achievable only in LTE, which can
not be established on times shorter than the thermal emission time in low-density regions. The

radiative relaxation alone suggests existence of long-lasting perturbations in gas and dust
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Figure 3.7: Thermal relaxation time map for different perturbation wavelengths: 2H (a), 0.sH (b), 0.1H (c), and 0.02H

(d).

temperatures in atmospheric layers of the disc. The dynamics — not considered here — can influence

their evolution on such long dynamic times.

3.5.4 RADIAL AND VERTICAL MODES

The oprtically thin relaxation time is calculated locally, but the optically thick regime is essentially
non-local as the photons diffuse through the perturbed medium (see Sect. 3.6.4). The times to
diffuse in different directions are, in general, different. In Fig. 3.8, the relaxation times of radial and
vertical perturbations of the same wavelengths A, = A, is shown as a function of vertical coordinate
zat different radial locations. Above the midplane, the diffusion time over the same spatial extend is
shorter in radial direction, but in the midplane the vertical and radial diffusion times are comparable.
Close to the midplane, the vertical diffusion time over the pressure scale height gets shorter than the
corresponding radial diffusion time (see the black dot-dashed lines crossing the black solid lines at

o < z/H < 1in Fig. 3.8). The difference vanishes for short wavelengths because the perturbations
become more local (see also Fig.3.9). At larger radial separations, a transition to the optically thin

relaxation regime occurs closer to the midplane, and at 100 AU, all the considered wavelengths are
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Figure 3.8: Vertical and radial relaxation time (y-axis) versus height above the midplane (x-axis). Each panel corresponds
to a given radial separation: (a) 1 AU, (b) 10 AU, (c) 33 AU, and (d) 100 AU. The grey to black colours mark different pertur-
bation wavelengths A /H.

optically thin.

A relative difference between vertical and radial relaxation times is mapped in Fig. 3.9. As pointed
out above, this is larger for long-wavelength modes. The relative difference is the largest when both
Az and A, are optically thick but have different optical depths. A difference in vertical and radial
density stratification (a Gaussian wing versus a power-law) is what mainly makes this up. For

A/H = 2, the maximum difference of ~ 100% is at around 3.7H at radial separations closer than
30 AU (cf. Figs. 3.8a,3.9a). At radial locations beyond ~ 40 AU, both vertical and radial modes
become optically thin at all heights, 7, — # = o (the grey background in Figs. 3.9a,b). Close to the
midplane, the difference in the optical depths makes the ’vertical’ relaxation up to 60% faster. The
overall pattern is similar for smaller wavelengths but the absolute scale drops. The maximum
difference is ~ 1% for \/H = o.1and = 0.5% for A/H = 0.02. This means that the relaxation time
calculated with the vertical diffusion can be successfully applied in an analysis of the high-frequency

modes of the vertical shear instability (see Fig. 4.1).
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Figure 3.9: Relative difference between vertical and radial relaxation times, (tz — tr)/tz. Each panel corresponds to a
single wavelength A, = A\, as labelled. The box on the top right sets the colour scale for the two top panels, for the two
bottom panels the colour scale is inside each.

3.5.5 DUST-TO-GAS MASS RATIO

Klahr & Lin [2015] argue that the dust growth during planet formation leads dust opacity decrease
by a factor of 10 — 10*. Luminous accretion shocks around young planets [Sallum et al., 2015] can
contribute via photoevaporation. In this section we scan the parameter space by homogeneously
reducing the dust amount while leaving the effective collision cross section (the distribution)
unchanged.

The optically thick relaxation (3.9) is dominated by dust because of its large Rosseland opacity. In
the optically thin regime, gas can contribute in the large opacity (emissivity) case because gas-to-gas
collision rate is invariably faster than the dust-to-gas coupling. Thermal radiation time (3.4) is
inversely proportional to the Planck mean opacity, which makes it grow longer in case of dust
depletion (3.16). Yet the collision time increases with dust depletion as the total grain surface shrinks.
This will inevitably make the gas preferable relaxant at some point.

Under typical PPD conditions, the Rosseland mean is dominated by the dust continuum below

some 1500 K, but the Planck means of the gas and the dust compare down to at least 650 K owing to
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molecular rho-vibrational bands [Malygin et al., 2014]. Thus, the gas and the dust are comparable
LTE emitters at those temperatures. In the parameter space of lower temperatures, gas chemistry and
opacity in discs are poorly constrained. We use large and small gas opacity models (Sect. 3.4.3) as
shown in Fig. 3.10a,b, respectively. The diffusive relaxation in Fig. 3.10 is calculated for k£,H = 10, but

the qualitative trend holds valid for other wavelengths.

4

10 — . —— . ——

1 10 100
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Figure 3.10: Effect of reducing dust-to-gas mass ratio 7. The relaxation time of midplane modes with £,H = 10 versus
radial location for (a) the small gas opacity, and (b) the large gas opacity.

Dust amount reduction (fewer absorbers) yields faster relaxation of the thick modes of the same
wavelength because fipick ¢ 7r. The thin relaxation slows down in the small gas opacity case

(Fig. 3.10a) as the dust amount decreases, #hin X #p . In this case, disc regions > 60 AU are
collisionally decoupled, and those closer yet optically thin regions relax on the dust radiation time.
When the dust is totally depleted (the dotted line in Fig. 3.10a), almost the whole disc is optically thin
in vertical direction with the relaxation being restrained by the gas emissivity. The disc gets into a
bimodal relaxation regime (see also Fig. 3.11d): fast relaxation within ~ 8 AU before the drastic
opacity drop at & 120 K; and slow relaxation beyond 10 AU with a small constant opacity of

up &~ 10~ °cm*g~". In the large gas opacity case (Fig. 3.10b), the optically thin regime does not “feel”
the dust depletion because the gas furnishes the relaxation as a comparable emitter with yet faster

collisional coupling. This has applications for the vertical shear instability (VSI, see Sect. 4.1.3).
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Lin & Youdin [2015] suggested that dust depletion caused, e.g., by the core accretion would impede
the development of the VSI. The authors, however, assumed zero gas opacity. Figures 3.11 and 3.12
show the relaxation maps of £,H = 10 modes under different dust depletion degrees for the small
and the large gas opacity cases, respectively. The fast relaxation domain hospitable to the linear
growth of such modes crosses the midplane beyond ~ 20 AU and extends up to 120 — 220 AU fora
typical dust-to-gas mass ratio of # = 1.4 x 10~ > (Figs. 3.11a,3.12a). Above the midplane, it moves
closer to the star. Gas opacity bump at around 2.5 X 10* K in the small gas opacity model is
responsible for the expansion of the fast relaxation region within ~ 7 AU into layers above 3H,

Fig. 3.11a. Because the dust is collisionally decoupled there, the gas determines the relaxation,

Irelax = tg

relax’

being constrained by the gas emissivity £, = £

relas emit

until up to 2 > 4.sH, where the
gas itself is collisionally decoupled: #relax = zf 11- In the small gas opacity case, finite dust depletion
(Figs. 3.11a-c,) makes the arc-like part of the VSI-friendly domain shrink beyond ~ 10 AU, but
simultaneously draws its lower border closer to the midplane inside = 7 AU. The first effect is due to
the reduction of the total dust emission and collision surface in the optically thin regime, the second
— due to the reduction of the dust opacity (per unit gas mass) in the optically thick regime. Total
dust depletion (Fig. 3.11d) ultimately yields a bimodal relaxation structure in the optically thin
gaseous disc: dynamically long relaxation time beyond 10 AU owing to the small gas emissivity at
low temperatures, and dynamically fast relaxation within 7 AU due to the larger gas emission power
at higher temperatures. The spatial gradient d1n (Qr) /dIn in the transition region is steep, /= 13,
and is caused by the rapid opacity change.

The case of the large gas opacity at small temperatures is shown in Fig. 3.12. Because of more efficient
collisional coupling and high emissivity, the gas sets the relaxation in the optically thin outer layers

> 50 AU, even for the fiducial dust-to-gas mass ratio (cf. Fig. 3.10): dust reduction affects only the
optically thick parts. Depletion of the dust is likely to be a non-homogeneous and dynamical process,
but the maps 3.11 and 3.12 convey the idea that an account for a finite gas opacity is important for the

thermal relaxation and can affect the linear phase of the hydrodynamic instabilities (see also Sect. 4).

3.5.6 Disc Mass

The effect of varying the disc mass is shown in Fig. 3.13. The optically thick relaxation is aftected by
this in a similar way as by varying the perturbation wavelength (Sect. 3.5.3). But varying the disc mass
alters the volumetric density, which changes the collision time. Both the pattern in the upper right
(the collision time) and the bottom left (the radiative diffusion time) in each panel of Fig. 3.13 move
coherently with the mass change. Massive discs have layers of fast relaxation narrower and located

farther out than the lighter discs.
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Figure 3.11: Relaxation time maps of £,H = 10 perturbations for different dust depletion factors. The fiducial dust-
to-gasmassratioy = 1.4 X 10~ ”(a),is then reduced by 10~ (b), and 10~ ? (c). Panel (d) shows the case of zero dust.

3.6 DIsCUSSION

3.6.1 TEMPERATURE RELAXATION, NOT DISC COOLING

Relaxation time is essentially different a concept than the cooling time of the entire annulus. The
latter is estimated as the thermal energy budget per unit surface area of the disc divided by the
escaping radiative flux. Approximating the relaxation time by such value, one assigns it to relaxation
times of all perturbation wavelengths at that radial location. However, if a perturbation wavelength
A is smaller than the distance between 7 = 2,/3 borders of the atmosphere, the diffusion time over
A s shorter than the cooling time of the hosting annulus. Modes with wavelengths smaller than the
diffusion length scale can relax yet faster when the relaxation is limited by the thermal emission time.
Thus, we distinguish between two different regimes of relaxation a mode of the same wavelength can
experience: the optically thick and the optically thin (see Fig. 3.4). A decisive characteristic in this
light is the Rosseland depth over the spatial wavelength (see Eq. 3.10 and Fig. 3.3). Optically thick
perturbations relax via radiative diffusion (#hick < 7rA), optically thin ones — via thermal emission

if collision time is sufficiently short. In the first case, the time of relaxation depends quadratically on
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Figure 3.12: Same as Fig. 3.11 but for the large gas opacity case.

the perturbation wavelength 2, in the second one it is independent of it. The thermal radiation time
is governed by the emissivity of the material (fnin o< %p'). The antipodal relation to opacity in the
two regimes results in the opposite response to the reduction of dust amount [see Sect. 3.5.5 in this
study as well as Cai et al., 2006]. Increasing the number of dust particles, or the total number of
absorbers, increases the diffusion time (higher opacity: zgifr < %r), but decreases the optically thin
relaxation time (more emitters — faster relaxation: fhin 0C %5 ). In latter case, only to some lower
limit, stemming either from the finite coupling time (dust-to-gas collision time) or the gas radiation
time. On the contrary, lowering the number of dust particles decreases the optically thick and
increases the optically thin relaxation time with an upper limit on the latter being the optically thin
relaxation time of the dust-free gas (may be set both by the collision or emission time, see Sect. 3.5.).
We do not consider here any time evolution of the dust, which is required to accurately determine
the relaxation times in the hot inner disc as pointed out in Nelson et al. [2000]. Our midplane
temperatures never exceed those of severe dust depletion (still the ice lines are captured in dust

opacity tables).
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Figure 3.13: Thermal relaxation time of 2H perturbations for different disc masses: Mg, = 0.IM® (a), 0.064M®
(b), 0.0IM® (c), 0.001IM® (d).

3.6.2  ON FLUX LIMITER
The flux limiter as introduced by Levermore & Pomraning [1981] reads

2+ R

TR R G19)
with —
R = —’ x| (3.20)
%REER

being the relation of the diffusion length (xr¢) " to the characteristic length of the radiation energy
density change Eg/ |V ER|. Such defined, the flux limiter provides satisfying causality: in the
optically thin (free-streaming) limit, R >> 1, the radiative flux becomes F= —cExVEx |V Exr|. This
does not limit, though, the production ability of the radiative energy by the material. Relaxation
time (3.9) with the flux limiter being in the free-streaming limit is the propagation time of light over
the perturbation wavelength, A/c, up to a factor of 3A/lgigr < 1. This can become very short in the
optically thin regions [see Stoll & Kley, 2014, Fig.18]. A characteristic thermal emission time (3.4) is

longer than the diffusion time (3.9) in this regime (Fig. 3.4). Equation (A.14) can not be, generally,
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applied in the optically thin case even if the diffusion coefficient is bounded by the flux limiter. This
is because the flux limiter does not contain the information on the emissivity and the collision time.

Radiation energy production rate of any material at equilibrium temperature 7'is given by

Kirchhoff’s law
dE aT*

T dtdmda T r

(3.21)
Estimating the thermal radiation time as a ratio of the specific thermal energy ¢, 7 to emissivity (3.21)
properly integrated over the solid angle, gives (3.4). This time is finite because of non-zero heat
capacity of the gas and finite emissivity (3.21) of the matter. The corresponding collision time must

be shorter than emission time (3.4) for relaxation to be set by the latter.

3.6.3 STOCHASTIC NATURE OF DENSITY PERTURBATIONS

Critical cooling time is a constrain on the onset of gravitational instability in Toomre-unstable discs
[Gammie, 2001]. However, the value of this time has so far evaded an approved determination in
numerical experiments on self-gravitating turbulent discs. Different codes, physical prescriptions
(e.g., equations of state), and numerical viscosity handling within one code all produced different
results. The concept of a simple parametrisation of cooling is only justified for accretion discs in
thermal equilibrium [Pringle, 1981] under the assumption of uniform viscosity [Shakura & Sunyaev,
1973].

The classical Toomre criterion, originally derived for a stellar disc [ Toomre, 1964], was first
questioned to be a relevant necessary condition in application to rurbulent accretion discs by
Paardekooper [2012]. A thorough analytic study by Hopkins & Christiansen [2013] confirms the
Toomre Q criterion is a necessary, but not a sufficient one in the presence of stochastic density
fluctuations. Thus, a turbulent disc can be considered stable only in a statistical sense, over some
finite period of time. The scatter of the numerically determined critical cooling time is in excellent
quantitative agreement with analytic predictions by Hopkins & Christiansen [2013], suggesting this
issue can be explained by stochastic nature of turbulence.

The widely accepted approaches of dynamically constant [ Qr = const, Gammie, 2001; Johnson &
Gammie, 2003; Rice et al., 2003] or globally constant [# = const, Mejia et al., 2003; Boley et al.,
20006, see also Mejia et al. 2005, where they compare the two approaches] relaxation rates disagree
with the radial profile of the relaxation rate for the most unstable to self-gravity mode A, = 2H (see
Fig. 4.4). In numerical modelling, the cooling rate of a particle/grid cell can be estimated via (3.2)
with the direction of the least Rosseland thickness used in diffusion time (3.9). Because the
relaxation rates can only be calculated for a given perturbation mode, the spectrum of perturbations
determines the “average” classical cooling condition analogous to the classical Q criterion. Adding

information about the phases yields a “statistical” critical cooling alike the statistical Q criterion by
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Hopkins & Christiansen [2013].

3.6.4 THE METHOD: THIN AND THICK

In this section we discuss the borders of the current method and argue on the robustness of the main
results. We highlight the prior points of improvement.

The oprtically thin relaxation time is a local quantity, we evaluate it at a given point — the extremum
(minimum or maximum) of the perturbation amplitude |d75|. In linear analysis, relaxation time
(3.2) is independent of the value of 975, and is solely defined by the location in the disc. If we
consider a spatial distribution (Fourier mode) d7(X), each point can be assigned a value of the
relaxation time. We make a simplification by taking the relaxation time at the point of extremal

9T = T in/max = 97Tm for the relaxation time of the optically thin mode. This is justified for
smooth Planck opacity.

The optically thick relaxation time demands non-local calculations: the photons born at the point of
0T, subsequently diffuse through the medium with o < |d7/97},| < 1. Variations of the diffusion
length at those points alter the relaxation time. Therefore, we first harmonically average the diffusion
coefficient over A (see Appendix A.2). Such averaging makes the relaxation time dependent not only
on location and wavelength, but also on the direction. For an arbitrary optically thick perturbation
(kg ky, m), the bulk of the excess thermal energy escapes through the direction of the least Rosseland
depth [cf. the flashlight effect, Nakano, 1989]. For midplane perturbations with &, ~ &, this is the
vertical direction (Fig. 3.8,3.9a).

The radiative diffusion and thermal emission times both imply fast — on times shorter than the
relaxation time itself — thermal coupling between the radiating species (dust and gas) and the thermal
carriers (gas). Fast coupling is plausible at high densities, but is not always valid in optically thin
regions. If the time to set LTE is longer than thermal radiation time (3.4), we limit the relaxation by
the former time. We approximate the time to establish LTE by a collision time with no account for
non-LTE cooling and non-equilibrium thermal feedback processes between the dust, the gas and the
radiation field (external irradiation) in the low-dense regions. This can be done as next refinement.
In this paper, we consider radiative transfer as the only mean of thermal relaxation. Whilst thermal
conduction in PPDs is highly inefficient, the role of convection is not entirely settled. Boss [2001,
2002, 2004] argued that convective motions driven in the inner part of a disc can provide fast cooling
of the midplane. This result was later questioned in Cai et al. [2010]. A recent study by Hirose [2015]
constrains the thermal conditions required for the onset of the convective energy transport near the
midplane. The onset of convection requires an unstable stratification z priori.

The optical depths and emission rates are calculated using the joint dust and gas mean opacity tables.
Atlow temperatures (< 1500 K), Rosseland opacity of ISM dust exceeds that of solar-mixture gas by

several orders of magnitude. Hence, adding the two means does not introduce a considerable error
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far from the dust sublimation temperature: the opacity is either dominated by the dust or by the gas.
At the transition temperatures as well as in case of considerable (by a factor of = 10* or more) dust
depletion, this approach does not hold valid because Rosseland averaging is not additive.

Not only a change in the dust chemistry but also in size distribution alters the resulting dust opacity
spectrum [Pollack et al., 1994; Henning & Stognienko, 1996]. As pointed out in Nelson et al.
[2000], the grain size evolution proceeds on short (relative to the local orbital period) times in the
inner disc, and therefore, calculating the radiative relaxation there necessitates advanced calculations
with time-dependent size and composition of the grains. In the atmospheric layers imposed to
external radiation, the photochemistry alters both dust and gas opacities, and the assumptions of
equilibrium chemistry and LTE under which the opacities were calculated break. Collisional
decoupling at low densities serves to delineate the border of validity.

Gas chemistry in dusty environments of discs is poorly constrained yet many important reaction
rates and transitions have not been measured in laboratories [Dutrey et al., 2014]. Our two gas
opacity models are contrived to probe the parameter space. The analysis would benefit from the yet
missing consistent dust and gas opacity calculations.

An ideal gas equation of state with y = 5/3 was employed.
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...our object s to constrain the enemy, to accomplish our

will.
George Waschington, paraphrased

Constraining Hydrodynamic &

Gravitational Instabilities

4.1 BIRTHPLACES OF HYDRODYNAMIC INSTABILITIES

Pure hydrodynamic instabilities (as opposed to MRI) are amendable in the context of accretion discs
because can operate in magnetically inactive regions. The onset of hydrodynamic instabilities in
PPDs is granted under certain thermal relaxation conditions. With relaxation rates being

parametrised as

Irelax = ‘B‘Q'ily (4-1)

the growth rates of the modes peak at certain values of 8. The corresponding contour lines on a
relaxation map delineate the regions of inception of the respective instability modes (see Fig. 4.1).
The bulk of the disc volume is prone to the convective overstability (white), with an embedded layer,
where the vertically elongated motions can be driven by the vertical shear (hatched). The replication
of vortices can operate in the dense inner regions of the disc (grey) provided finite-amplitude noise

has been seeded there.
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4.1.1 ZOMBIE VORTICES INSTABILITY (ZVI)

Numerical experiments on linearly stable Taylor-Couette flows with initial vertical stratification
[Marcus et al., 2013] revealed a finite-amplitude instability, the zombie vortex instability (ZVT).
Although it requires some initial noise, a Kolmogorov spectrum of infinitesimally small amplitude
would trigger the ZV1I given the spatial resolution enough to discern the eddies with sufficiently high
Rossby number (> 0.2). The ZVT1 s a subcritical instability under long thermal relaxation times
[Q# > 1, Marcus et al.,, 2015]. Though the estimates of the angular momentum transport rate from
the ZVI are not yet conclusive due to small domains considered in numerical studies, the ZVI can
contribute to the coupling mechanism of the cold midplane gas to the surface magnetic fields
[turbulent mixing, Turner et al., 2007].

The optically thick parts of the disc with slow thermal relaxation can host ZVI. For A/H = 2 modes,
the regions with Q¢ > 10” are shaded with grey in Fig. 4.1. The relaxation criterion alone permits
ZV1in both the optically thick region within 2 AU (and 42 H around the midplane) as well as in the
low-density atmosphere or disc outskirts (beyond soo AU). However, in the atmospheric layers, an
account for non-equilibrium processes and photochemistry is required for a viable estimate of the

relaxation time. In addition, the gas can be photoionised sufficiently for the MRI to set in.

4.1.2 VORTICES: AN INSTABILITY GROWING FROM LINEAR CONVECTIVE OVERSTABIL-
1TY (COV)

Centrifugally supported flows with global radial variations in pressure and entropy (baroclinic) can
be unstable to non-axisymmetric perturbations. Klahr & Bodenheimer [2003] identified in the 2D
numerical experiments on vertically integrated non-self-gravitating, non-magnetic discs an instability
driven by a negative radial entropy gradient. Klahr [2004] have found, though, that the intrinsic
shear makes Keplerian baroclinic discs linearly stable under infinite relaxation times. Further,
Johnson & Gammie [2005]; Petersen et al. [2007]; Lesur & Papaloizou [2010]; Lyra & Klahr [2011]
inferred that (likewise for ZVI) a finite-size initial perturbation is required even in presence of finite
(fast) thermal relaxation. Hence, the instability was named subcritical (subcritical baroclinic
instability, SBI). SBI eventually yields stable vortices, which can induce (via Rossby waves) Reynolds
stresses rateable to & = 107 — 107 2. These anticyclonic vortices can be triggers for fast and efficient
planetesimal formation [Klahr, 2003].

A linear regime of SBI was ultimately discovered in both analytic and numerical studies on radially
stratified accretion discs by Klahr & Hubbard [2014], who suggested term “convective overstability”
(COV). Lyra [2014] confirmed the phenomenon via compressible linear analysis and demonstrated
in both 2D and 3D shearing box runs that the SBI is indeed the saturated state of the convective

overstability.
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The growth rate of the convective overstability is predicted to peak at Q¢ ~ 0.7 [for 2 — @ modes
Klahr & Hubbard, 2014], which defines two surfaces located approximately around the hashed
region in Fig. 4.1. However, the COV can develop over almost the entire range of thermal relaxation

2 < Qr < 10% Such rates are

times: the growth rate drops to 1% from the maximum within 1o
gained by A, = 2H modes in the midplane from ~ 2 AU all the way up to 300 AU, the largest radial
separation considered here. Away from the midplane, the suitable relaxation zone bends towards the

central object (the white area in Fig. 4.1).

4.1.3 VERTICAL SHEAR INSTABILITY (VSI)

Baroclinic rotationally supported flows have vertical shear: a variation in angular frequency along the
rotation axis. This vertical shear can drive axisymmetric inertial waves linearly unstable under quasi
isothermal (i.e. fast) relaxation [Urpin & Brandenburg, 1998; Urpin, 2003]. Vertically elongated
disturbances (k,/k; > 1) can overcome the Coriolis stabilisation. This justified the framework of
isothermal radially local analysis in early numerical [Arlt & Urpin, 2004] and analytical [McNally &
Pessah, 2014 ] works on the VSI. The fast cooling is required to diminish the stabilizing vertical
buoyancy [Lin & Youdin, 2015]. Reported angular momentum transfer rates resulting from the VSI
are modest: o ~ 10~ * [Arlt & Urpin, 2004; Nelson et al., 2013; Stoll & Kley, 2014].

Nelson et al. [2013] performed detailed numerical study of the VSI for two classes of equilibrium disc
structures (with either temperature or entropy being constant on cylinders) under different
relaxation rates. The discs were resolved in both radial and vertical directions. The isentropic models
(involving integration of the energy equation with an ideal gas equation of state) indeed
demonstrated the requirement of very rapid thermal relaxation Qr < 1072 (as follows from the
analysis of the perturbed kinetic energy evolution). In contrast, the locally polytropic models pushed
the critical relaxation limit as far as to Q¢ ~ 10 for specific temperature and density profiles. In
analytic investigation of the VSI including the radiative cooling Lin & Youdin [2015] confirm a

generic utility of the critical cooling time scale

ar - 21 (+2)
y—1

with 4 being the disc aspect ratio, g the radial power-law temperature gradient, and j the adiabatic
index. Lin & Youdin [2015] showed that time (4.2) is a robust critical relaxation criterion for modes
s < k,H < 10. For low-frequency modes k,H = 1, the threshold is at slightly longer times. For
high-frequency modes £,H > 30, the growth indeed carries on for cooling times considerably longer
than (4.2), but the growth rate drops significantly [see Fig.13 in Lin & Youdin, 2015].
A zone of onset of VSI modes A, /H = 0.628 as predicted by # < 7. = 6.25 x 10~ >Q 7" is hashed
with grey lines in Fig. 4.1.
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Figure 4.1: Onset locations of the transport inducing hydrodynamic instabilities as constrained by respective thermal
relaxation criteria (see text).

4.2 UNIFORM Q = 1DISC

A dynamical equilibrium with Q ~ 1 was observed in many numerical experiments on turbulent
self-gravitating discs, as analytic arguments predict [Paczynski, 1978; Bertin, 1997]. Such a state
results from balancing the heating (from the turbulent cascade dissipation) and the (radiative)
cooling rates. While the heating rate usually enters the modelling via numerical viscosity which
mimics the Navier-Stockes kinematic viscosity, the cooling rate is often parametrised. Using the
introduced recipe, we can calculate the radiative relaxation rate of linear temperature perturbations
in a Toomre unstable disc. For this purpose, we deliberately construct a disc model with a uniform

Toomre Q of unity.

4.2.1  SETUP

We start with a temperature profile of a passive irradiated disc with a given aspect ratio H/

T(R) = \/ (7)) 2 T (+)
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where T is the stellar effective temperature, R, the stellar radius, and Tiyy is set at 10 K. To geta
Toomre Q independent of radius, we set a surface density power-law index p = 7/4. The disc mass

of ~ 0.8M assures Q = 1for H/r = o0.05 disc around a solar-like star.
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Figure 4.2: Q—ﬂat disc set-up. Surface density (dot-dashed), temperature (double-dashed) and the corresponding
ToomreQ = 1(grey solid). The Rosseland (long-dashed) and the Planck (short-dashed) opacities as a function of ra-
dial distance through the midplane are shown.

Figure 4.2 displays the density-temperature set-up and the midplane opacities.

4.2.2 THERMAL RELAXATION IN A Q = I DISC

In Fig. 4.3a, the relaxation time for the mid-plane perturbations of different wavelengths as a
function of radius is drawn. The two regimes of relaxation are clearly distinguished: the optically
thick regim with Q¢ rapidly decreasing with 7, and the optically thin regime with Qr slowly
increasing with 7. The kink beyond 200 AU is due to the settle of the temperature profile at the
minimum value of 10 K. In the optically thick inner regions, the radiative diffusion time even for
M/H ~ o.1 exceeds the viscous time f,c ~ 10° yr. A tipping point when the trend of a rapid decline
Qr o< 779/2 changes for a shallower increase oc 77/ marks the transition from the optically thick to

the optically thin relaxation regime. Figure 4.3b shows a power-law index p = d1ln Qz/dIn ¥ in
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Figure 4.3: Radiative relaxation rates of midplane modes in a Toomre Q = 1disc (top) and power-law index in relation
Qr o< TF (bottom).

66



4.2. UNIFORM Q =1 DISC Page 67 of 1

relation

Qr = gr. (4.4)

The optically thick regime yields p ~ 2.7 =+ 3.0 (corresponding to # &< £*77?). The water ice line
forms a plateau in the relaxation time yielding a pronounced dip with p ~ o ataround 0.7 AU.
When the modes become optically thin, the relation reverts to p &~ —1.4 and then settlesatp = o
when the temperature profile turns flat at 1o K. Taking the critical time for classical stability to be
Qt > 5o [Paardekooper, 20125 Hopkins & Christiansen, 2013], we find that the region within

~ 10 AU is stable against self-gravitation. The area beyond ~ 30 AU is a site of catastrophic,
runaway fragmentation: Q¢ < 1. The zone in between is where one fragmentation within a lifetime
can occur. However, if such an event happen, it can enhance the probability of fragmentation at

closer radii by accumulating mass in the inner spiral arms [Meru, 2015].

4.2.3 COMPARISONS TO OTHER STUDIES

Estimates of the radiative cooling times in PPDs as obtained from calculating vertically integrated
azimuthally-averaged thermal energy balance were published in Johnson & Gammie [2003]; Boley
etal. [2006] in the context of gravitational instabilities. Watanabe et al. [1990] calculated the cooling
time in 1 + 1D optically thick disc models. A value of the cooling time of a disc annulus
approximates the vertical radiative relaxation time of long-wavelength modes (longer than the
pressure scale height) at that radial location. Still, short-wavelength perturbations optically thin to
thermal radiation are expected to decay faster [Nero & Bjorkman, 2009; Nero, 2010].

For a given temperature and density model, the maximum time criterion (3.2) draws a map of
relaxation rate over the disc interiors. In the context of development of the vertical shear instability
(VSI), such a map was published in Lin & Youdin [2015, Fig.2]. We note a good qualitative
agreement with this result: dynamically long relaxation in the inner optically thick regions and an
isothermal pattern (vertical contours) of the fast relaxation farther apart. The quantitative
disagreement is due to different disc models, opacities, and computing techniques employed in the
two studies. Both the dynamic range and the overall pattern is similar to the presented in Fig. 3.7. In
low-density atmospheric layers and cold distant midplane regions, our relaxation time is longer than
in Lin & Youdin [2015] due to the account for the collisional decoupling.

Another study containing a calculation of the radiative diffusion time with the flux limiter [Stoll &
Kley, 2014, Eq.18] finds arbitrarily short relaxation times in the superficial layers because zgigr o< ¢”.
We confirm that the diffusion time alone leads to such values in the optically thin regime (see

Fig. 3.4). We argue, however, that the result is unphysical (see Sect. 3.6.2), and that the relaxation
time in the low-density optically thin regions is limited by either the intrinsic radiation processes, or

collisions. In particular, the thermal emission time puts a stringent bottom limit on the radiative
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relaxation of Q¢ = 10~ # in the explored domain of the parameter space. The limit is quantum in

nature (quantifiable in terms of the Planck mean) and is robust because implies the maximum

achievable, LTE emissivity of the given material.
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Figure 4.4: Relaxation time of 2H midplane modes (solid line) in a Q = 1disc. The dot-dashed and the short-dashed lines

show r = 25Q "and r = Q7 7, respectively.

In numerical modelling [e.g. Mejia et al., 2005; Boley et al., 2006; Boley, 2009; Stamatellos &

Whitworth, 2008], as well as in analytic studies [e.g. Rafikov, 2005; Durisen et al., 2007] on PPDs,

the relaxation time was usually regarded that of a column-wise cooling. Figure 4.4 shows how far off

a simple parametrisation (1) can be from radiative relaxation (3.2) of A/H = 2 modes.
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Sometimes no forest is visible bebind the trees.

Russian proverb

Frequency-binned Gas Opacity

5.1 MOTIVATION & CHALLENGE

LINE OPACITY varies with frequency way stronger than the continuum opacity. However, it is
important in many astrophysical problems of which I pinpoint two: stellar atmospheres and
circumstellar discs. From the point of view of structure calculations, the impact of line opacity has
not yet been fully explored in the second field but it has been in the first one. Inclusion of the
spectral lines in stellar atmosphere modelling results in increasing the temperature of photospheric
layers below the level where most of the lines absorb and decreasing the temperature above. This
effect is called the line blanketing effect [Milne, 1928; Chandrasekhar, 1935; B6hm, 1954 ] and
manifests observationally as an enhancement of red or infrared parts of a stellar spectrum at the
expense of the other regions. In stars cooler than M type, the welfare of molecular lines make the line
opacity a principal component in determining the photospheric structure (as it apparently is in the
emerging spectrum). The situation is different in circumstellar medium, where dust continuum
opacity is generally thought to prevail over the molecular gas contribution. Yorke & Sonnhalter
[2002]; Kuiper et al. [2010a] showed that the frequency-dependent irradiation of the dust

sublimation front is important for the flashlight effect [ Nakano, 1989]. Tanaka & Nakamoto [2011];
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Kuiper & Yorke [2013] found that a presence of an optically thick inner gaseous (dust-free) disc can
contribute significantly to the flashlight effect altering the accretion history of a massive star. Further,
the CSM is inhomogeneous in terms of dust-to-gas density ratio on different spatial and time scales
as star and planet formation going on (see Sect. 0.2). That being said, the gas line opacity has to be
included in modern simulations for massive star and planet formation.

Inclusion of millions of absorption features poses a computational challenge for radiative transfer
modelling, yet the atomic and molecular data are incomplete and uncertain [Kurucz, 2002]. This has
conditioned only the harnessing of frequency averaged gas opacity in massive HD+RT modelling.
Smoother monochromatic continuum dust opacity can either be parametrised analytically or
tabulated with some finite resolution in frequency space (with, typically, ~ 100 bins over 10™* um —
10° um). Stellar atmosphere modelling offers two major paths of including gas line opacity: the
opacity probability distribution function (OPDF) and the opacity sampling (OS). Below I briefly

describe the two arguing about their utility in modelling anisotropic environments like circumstellar

discs.
10— =———————,
o 6800K, 10°°Ba |
10 ; )
5 Planck’ —— |3
L bl b .
Rosseland” ——
10° F 3
— 4 ) 1 1
2107 F ;
g g f ]
A 107 F 3
g 3 :
NS - ]
¥ 10° | l
107 b — 'I R T
10° £ |
F s WA v FENER .
10-1 [ N N N P S S A | N N N PR S S R | N N N PR S S T
10 100 1000 10000
A [nm]
Figure 5.1: Direct ('Planck’) and inverse ('Rosseland’) opacity averages over frequency bins. 7 = 6800 Ke =
4.3 X Io*‘6gcm73,Nbi“S = 10%. The dashed lines show the corresponding Planck and Rosseland means obtained

by averaging over the entire A range.
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5.2 OPACITY PROBABILITY DISTRIBUTION FUNCTION

OPDF is a method for handling the line opacity in stellar atmospheres originally proposed by [Labs,
1951]. Strongly varying with frequency line opacity is converted into a continuum-like opacity by
means of calculating the probability of a given opacity to occur in the chosen frequency interval
[Kurucz et al., 1974]. This is done as follows: for a given thermodynamic (7, P) and microturbulent
(&) parameters, the line absorption /, of a gas with defined atomic abundances is calculated on a
fine-step frequency grid. Within a chosen frequency interval [V_I /29 V41 /2] encompassing ~ 10’
points of the fine grid, /y is rearranged as a non-decreasing function of ». This opacity distribution
function is turned into a coarser step function by averaging within some (of order 10) number of
subintervals. A specific implementation of OPDF contains as many as 1212 such frequency intervals
over 8.97666 nm — 10* nm wavelength range [Castelli, 2005]. Two major limitations of OPDF
[Kurucz, 1970] are: (i) that the relative shape of the absorption-coefficient spectrum is independent
of depth; (ii) the artificial shift of large opacities to the one side of the frequency interval, and the
small opacities — to the other. Inaccuracies in a treatment of monochromatic (binned) absorption
with frequency and depth yields errors in the respective monochromatic (integrated over the bin)
flux in dependence on depth, which is essential for radiative feedback calculations.

OPDF was successfully applied in context of spherically symmetric (1D) radiative transport in
blanketed atmospheres of hot dwarfs and giants [Strom & Kurucz, 1966; Kurucz et al., 1974; Kurucz,
1979]. Its feasibility is questioned for cooler stars [Querci et al., 1974; van Paradijs & Vardya, 1975],

where the opacity sampling method came to the use instead.

5.3 OPACITY SAMPLING

The idea behind the method was to find a minimum set of frequency points which incorporation in
radiative transfer calculations accurately reproduce the temperature structure of molecular gas (in
particular, of photospheres of cool stars). Opacity sampling method, presented in Peytremann
[1974a], have been used for atmosphere modelling [Peytremann, 1974b] and photometric studies
[Peytremann, 1975]. Sneden et al. [1976] showed the virtues of OS for LTE departures as well as its
flexibility to changing the absorption data input. Its incorporation in different variations into
ATLAS-based branch of codes made possible extensive investigations on cool dwarves’ atmospheres
[Pavlenko, 1991d,b, 19972,b], non-LTE giants atmospheres [Pavlenko, 1991a,c], and other studies
[Pavlenko, 2003; Pavlenko & Yakovina, 2010; Malygin et al., 2012]. A particular realisation includes
pseudo-random sampling of frequency intervals of finite width (say, Av/v = 0.3 X 10~ #), within
which the high-resolution (R ~ 5 X 10°) opacity spectrum is accurately calculated. The sufhicient

number of such intervals determined from desirable convergence of temperature structure and
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integrated fluxes in cool carbon-rich atmospheres is about 5 X 10* — 10? [Peytremann, 1974a; Sneden
etal., 1976].
This method is computationally more expensive than OPDF, so I decided to first try a

compromising solution — tabulated straight and reciprocal frequency-binned opacities.

5.4 PLANCK & ROSSELAND BIN AVERAGING

Grey gas opacities [like Bell & Lin, 1994] have already been in use in numerical modelling for
circumstellar discs. Most of radiative transport schemes involve two types of frequency averages: the
Rosseland (1.5) and the Planck (1.7) means. The first measures transparency of the gas in the optically
thick limit, when radiation energy propagates diffusively. It is dominated by the line wings or
continuum opacity (if there are no lines). The second measures opaqueness of the gas: it is
dominated by the line cores and can be used in calculating optically thin absorption or LTE
emission. The radiative schemes used in coupled HD + RT modelling are usually split into ray
tracing and diffusive parts relying on tabulated opacities. This further justifies the choice to tabulate
straight and reciprocal means in each frequency bin. An example of such means is shown in Fig. s.1.
This also shows how actual frequency-dependent opacity (solid lines in Fig. 5.1) can differ from the
frequency-averaged values (dashed lines). Figure 5.2 expands this by plotting together with weighting
Planck functions, also at different temperatures as it is in case of the two-temperature Planck means.
Figures 5.3,5.4 show how the frequency averaged within the bins opacity recover the total Planck and

Rosseland means. The number of bins is 103.
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Figure 5.2: Same as Fig. 5.1 bue for 7= 6800K, ¢ & 4.3 X 10" g cm™3, Npins = 10%. The black lines show the Planck
functions (all shifred vertically by the same arbitrarial amount), the orangre dashed line - the Thomson scattering cross
section.
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Figure 5.3: Planck mean opacity (colour coded) as recovered from the direct frequency averages.
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Figure 5.4: Planck mean opacity (colour coded) as recovered from the direct frequency averages.

74



Never express yourself more clearly than you are able to
think.

Niels Bohr

Summary

Gas Oracity  We calculated a new set of mean gas opacities assuming LTE and an ideal gas
equation of state with a composition obtained from equilibrium chemistry for given atomic
abundances. All the tables are freely available at the Strasbourg astronomical Data Center (the CDS,
http://cdsweb.u-strasbg.fr/), as well as at http://www.mpia.de/~malygin. For the purpose of
calculations we used the publicly available code DFSYNTHE [Castelli, 2005]. We covered the
density and temperature ranges relevant for circumstellar environments. The means are tabulated in
form of the Rosseland and the two-temperature Planck frequency averages on a grid of gas
temperatures, gas densities (and radiation temperatures in the case of two-temperature Planck
mean), and for three different metallicities: [Me/H| = —0.3, 0.0, and + 0.3. We argue that the
two-temperature Planck mean is essential for proper treatment of radiative energy balance in
optically thin circumstellar gaseous environments.

The part of the data that allows for comparison to other studies agrees with Ferguson et al. [2005].
We therefore conclude that our calculations are in line with the contemporary high-frequency
resolution studies, which justifies that the convergence in gas opacity determinations has been
achieved recently. The low-temperature - high-pressure part of our data provides a lower limit to the
true opacity of a solar-composition dust-free gas, as inferred from the comparison to Freedman et al.

[2008]. We claim the new opacities may be profitably utilised for gas temperature determination in
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gaseous circumstellar environments. These would primarily correspond to the inner parts and
atmospheres of accretion disks around forming stars as well as of passive disks around young stellar
objects, circumstellar envelopes of pulsating stars, or upper irradiated parts of planetary
atmospheres. In general, our data apply to any dust-depleted gaseous medium with a suitable range
of thermodynamic parameters.

Solving radiative equilibrium in an optically thin gas may yield more than one equilibrium
temperature solution. This occurs because of radiative instability owing to transitions between
molecular and atomic phases in gas. From the perspective of temporal evolution, the radiative
instability may lead to limit cycles in the equilibrium temperature profile. Hence, the embedded
gaseous cocoons around forming stars may have coexisting different-temperature phases similar to
the ISM large-scale structure. In addition, abrupt temporal variations in temperature of the falling
gas are expected to occur during star formation. This can affect the accretion rate, similarly to how it
happens in cataclysmic variables [Meyer, 1982]. The equilibrium temperature structure and its
evolution will clearly affect the appearance of the dust-free interiors, although the question of how it
alters the secular evolution of the host system (a massive proto-star) is yet to be addressed.

The degeneracy of the equilibrium temperature has at least one important numerical corollary: the
radiative transfer modules relying on iterative temperature update schemes will not, in general, be
able to provide convergence of the solution. The methods tracking the evolution of the temperature
with time are therefore requisite for such modules.

The frequency-binned gas opacity well reproduce the mean opacities yet the use of the former will
add to the flash-light effect in the frequency-resolved radiative transport in, e.g., a star formation
numerical modelling. Such a simulation is currently being under preparation.

Our calculations of gas opacity reside within a simplified framework: equilibrium chemistry
determines the relative abundances of the compounds, local thermodynamic equilibrium defines the
level populations, we use simplified line damping treatment. The inclusion of non-equilibrium

chemistry, non-LTE, and the effects of turbulence are the starting points for improvements.

THERMAL RELAXATION A simple recipe to compute the radiative relaxation time in
protoplanetary discs is introduced. The relaxation time as a function of the perturbation wavelength,
temperature and density is obtained by means of non-compressible linear analysis. There are two
regimes of relaxation depending on the means the thermal energy evolves: the optically thick and the
optically thin. First is determined by radiative diffusion, second - by thermal radiation. In
comparison to previous studies, collisional decoupling is taken into account, both the Planck and the
Rosseland tabulated opacities are used. The restriction of the flux limiter is discussed (Sect. 3.6.2).
The oprtically thick regime can be both dynamically fast and slow (Q < 1), the optically thin one is

dynamically fast if not limited by collisions. The fastest LTE relaxation is Q¢ ~ 10~ * in a typical T
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Tau disc. In numerical modelling, this recipe can be employed to evaluate the relaxation time of a
grid cells (or SPH particle) based on its actual optical depth. This has applications for studying
hydrodynamic and gravitational instabilities in the context of planet formation and transport in
accretion discs, the core migration and planet-disc interaction modelling. Calculated maps of the
relaxation time constrain the birthplaces of the hydrodynamic instabilities (Fig. 4.1). We find that the
linear convective overstability (COV) can operate in a large volume of a T Tau disc possibly seeding
initial noise for zombie vortices (ZVI). The vertical shear (Goldreich-Schubert-Fricke) instability
incepts in a layer sandwiched between the sheets of the fastest growth of the COV. The ZVI can
develop within £2H inside 2 AU, where thermal ionization is yet inefficient to drive the MRI. Our
Toomre Q = 1disc model is unstable beyond ~ 30 AU. A one-in-lifetime fragmentation can occur
as close as at 1o AU [Hopkins & Christiansen, 2013 ], but the issue requires dynamical modelling

[Meru, 2015].

ConcrusioNs  Local variations in dust density in the CSM can make gas opacity important for
the structure of this heterogeneous medium. This can influence the dynamics of the star and planet
formation via accretion evolution. In case of massive stars, the frequency-dependent gas opacity is
needed to accurately account for the radiative feedback. Further investigations of the impact of gas

opacity on physics of accretion discs is certainly required.
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Logic will get you from A to B. Imagination will get you

everywhere.

Albert Einstein

Optically thick relaxation time

A.1  BASIC EQUATIONS

To obtain a characteristic damping time of optically thick thermal perturbations, we start with the

thermal energy evolution equation considering only radiative processes [see Kuiper et al., 2010b]
Or (Eine + Er) = —V k. (A1)

Here Ejp, is the internal energy density of the gas, £ the radiation energy density, fR the flux of the
radiation energy density. In derivation of the optically thick time it is legitimate to assume that the
temperature of the gas particles and the temperature of the photons of the ambient thermal field are
always equal (see Sect. 3.6.4). This balance is provided through collisions between gas and dust
particles, and entails quick collisional coupling: zcon < Zgifr, the condition furnished in the optically
thick case by sufficiently high densities (see B). The internal energy density of the gas with mass

density ¢ and temperature 7 is given by

Eine = eGT (A.2)
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with Cy being specific heat capacity at constant volume. The radiation energy density is defined by
ER = 61T4, (AZ)

where 2 = 40/cis the radiation constant, and the radiation temperature 7 has the same value as the
thermodynamic gas temperature in the course of their mutual evolution. Use of Eq. (A.2) and

Eq. (A.3) in the left-hand side of Eq. (A.1) yields

Or (Eine + Er) = 4aT® <1 + f;;) O, T = 4aT* (i + ;,7—1) o, T (A.4)
with y = Ex /(Er + Eint). The flux of thermal radiation energy reads

In the framework of the flux-limited diffusion we write

_ A

URE

D (A.6)

with xg being the Rosseland mean opacity, ¢ the speed of light, ¢ the mass density, and A the flux

limiter [Levermore & Pomraning, 1981]. The gradient of the thermal radiation flux unveils

—VFg = 4aT*D X <AT+ S(VTT) +A4- VT) (A7)

with - v
A= %R—i-—e:Vlan—l—Vlng:Vlng[I—i—g@ In xg] . (A.8)

HR é

Equilibrium temperature 7 satisfies

4aT? D X (ATO + M +4- VTO> =o. (A.9)

To
This equilibrium temperature is defined via irradiation and internal hydrodynamic processes. In our
subsequent numerical example, we consider a hydrostatic equilibrium disc structure (Sect. 3.4).

We substitute Eq. (A.4) and Eq. (A.7) into Eq. (A.1) to obtain the temperature evolution equation

4aTf0,T = 4aT’D X <AT—|— } <VTT) +4- VT) , (A.10)

where we designated
f= OrEr /01 (Eine + Er) = 47/ (1+37) (A.)
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following Kuiper et al. [2010b].

A2 LINEAR ANALYSIS

Substituting 7" = T, + 47 with equilibrium temperature 75, satisfying (A.9), we linearise Eq. (A.10):

fT=D (MT— WTT")‘;T+ <6VTT° +f4> -WT) : (Ar2)
Let
27
k= > (A.13)

be a wavenumber of the Fourier mode with spatial alignment along direction x of the fastest radiative
heat transport (not necessarily the vertical direction, but most likely). A dissipation time of this

mode is then found by employing the Fourier ansatz d7, = 47}, exp (—iiéfc’ + iwt) + c.c.:

(D)~

Lthick = = . A.I4
e P 3 (VInT)? — AVT (Az4)
Here A4 = 7 [V In e(14 ¢0 Inxg)]isa partial derivative of Eq. (A.8) with respect to
temperature, and
D=Df (A.ss)

the effective diffusion coefficient. If the wavenumber is small (or the density fluctuations within it

are significant), |V ¢| ¢ > k, we shall perform averaging over A

< (b) _I> (A.16)

kﬂﬂ«vmn3_<2vﬂ'

Lthick =

This averaging makes the analysis essentially non-local, but we find the differences between (#pick)
and fhick significant in disc atmosphere. This is owing to the underlying (Gaussian) density profile.
Because the Rosseland mean for dust is a moderately varying function of density |0 xr| < ¢ "ur,
we approximate A =8:Vin ¢. For an adiabatic equation of state ¢ o< 7" one finds

ANVT = —y(VInT)* 4+ VyVIn T. Itis, therefore, beneficiary to separate the terms proportional

to the first and second power of V In T'in the denominator. We will call

kr=(+9)/>VInT (A.17)
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the equilibrium temperature wavenumber, and ky = (VyV T)I/ * the adiabatic wavenumber. We

rewrite

fthick = (Di)ﬂ (A.18)
S T '
The adiabatic index varies over the disc volume because of changes in relative abundances of
gas-phase species, which in turn is dictated by a complicated network of chemical reactions, grains
evolution and other dynamical processes [Henning & Semenov, 2013]. In a hydrostatic picture, we
argue, the factor V' makes k4 negligible in favour of the thermal wavenumber kt. Indeed, locally
evaluated, the term is non-zero only for specific temperature and density values, i.e. in some narrow
spatial regions (in the limit, on 2D surfaces) in the disc. The averaging over the wavelengths larger
than those regions would smear out the non-trivial values. The equation reduces to

D)

Ithick = m (A.19)
The thermal wavenumber kr is determined by the characteristic length scale of equilibrium
temperature gradient. In a vertically isothermal radially stratified disc with 7" oc 774 this term may be
estimated as VT/T ~ —ghH ™", with H being the local pressure scale height, and 4 the local aspect

ratio usually of the order of 0.05. Thus, we set

=\ I

D
fhicke = =3 = Iaiff- (A.20)

For high-frequency modes, A < H, the equilibrium thermal wavenumber is negligible in favour of
the wavenumber of the mode itself. For the low-frequency mode (A > H), Eq. A.20 holds true for
giometrically thin discs (i.e., those with small aspect ratios). Hence, the optically thick relaxation
time evaluates the diffusion time of the excess thermal photons over the mode wavelength. For the

application cases of vertically isothermal disc, it is legitimate to permanently set
VT =o. (A.21)

In this case, the relaxation time of a “thick” mode depends on its wavenumber &, the radiative

diffusion coeflicient D, and the ratio f; which is smaller than unity in this regime (see Sect. A.3).

A.3 ENERGY OR TEMPERATURE EVOLUTION TIME?

Dividing Eq. (A.4) by the total thermal energy Eior = Er + Einc gives a relation between the energy
and temperature evolution times

I

g = (1+39) " XIr. (A22)
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If y < 1, the two times are equal up to O(37). The “critical” density ¢ = 2T°/cy at which the

radiation energy density equals the internal energy density is as low as

100 K

T 3
6., =13 X 10 ' < ) gem™ . (A23)

For instance, ¢ . ~ 10~ % g cm 3 at 300 K, that is several orders of magnitude below the typical
Ser g 3 g P

midplane values for a PPD in T Tau phase. We find # between 10 and 1072 within the optically

thick regions in the fiducial disc model.
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Optically thin relaxation time

OPTICALLY THIN RELAXATION includes two processes: deliver of the thermal excess to the emitters
and radiation from those. We assume that the first one is due to collisions, the second one is the LTE
emission. The net relaxation time is set by the slower process (Eq. 3.6). We take into account two

type of emitters: dust and gas particles.

B.a THERMAL EMISSION TIME
Consider the following energy balance equation:
CVT = Q+ - Q_7 (B'I)

where the terms _Q+/ ~ designate the specific (per unit mass) heating or cooling due to the
perturbation on top of an equilibrium temperature field. The emission rate of matter at equilibrium
temperature 7'is proportional to the Planck mean opacity »p at that temperature (Kirchhofts law).

The perturbed internal energy evolves due to radiative heating and cooling

GaT = —21p0 [(T+ 3T)* — (T — 97)%], (B.2)
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where 97 is the amplitude of temperature perturbation. Substituting a Fourier mode
(T — To)r = 0T, = dT5, exp (—i/_e;? — iwt) , we linearise

: oT
GyoT = —IG}LPO'T“'?. (B.3)
This implies the evolutionary time
&
emit — . B.
Femit 161poT? (B-4)

The time is independent of the perturbation wavenumber. This thermal emission time is the lower
limit for radiative relaxation time: given material at given temperature can not radiatively relax faster

because the relaxation process operates at maximum (LTE) emissivity.

B.2 COLLISIONAL COUPLING

In PPDs, relative velocities in both dust-to-gas and gas-to-gas collisions are attributed to the thermal

motions of the gas particles
3kg T
Ucoll =— Ufh = ; ) (BS)

where w is the mean molecular weight, kg the Boltzmann constant. The mean time between two

subsequent collisions is
I

leoll = ) (BG)
nTcVcoll

where o is the collisional cross section with the targets of number density 7.
B.3 DUST-TO-GAS COLLISIONS
Underlying size distribution in Semenov et al. [2003] opacity model is an MRN function with
spectral slope of 3.5 [Mathis et al., 1977] modified by setting the maximum grain size to 5 um
[Pollack et al., 1985]:

n(a) xa *,a_ =o.005um, ay =spum (B.7)

This gives the effective collisional cross section ¢ ~ #aya_ ~ 1.5 X 102 cm’.

B.4 GAS-TO-GAS COLLISIONS AT LOW TEMPERATURES

At different temperatures, the emissivity of the gas is supplied by different species. In LTE, the most

efficiently radiating species can be found by comparing their relative contributions to the total

86



B.4. GAS-TO-GAS COLLISIONS AT LOW TEMPERATURES  Page 87 of 11

Planck mean

Here i labels the species (e.g. CO, H,O, TiO, NH;, etc.), and

. [HBydy
AR R e B.
Xp fBV dv ( 9)

is a contribution to the Planck mean from specie 7. The effective coupling time to radiative gas

species can be estimated as
1

A==
coll Zi wll‘i_l

At the temperatures of interest, the most abundant species, H, and He, are not efficient emitters in

(B.10)

terms of (B.9), but they store the bulk of thermal energy. The rest of the matter can be modelled as a
sort of radiating particles satisfying

Xp = Xp. (B.m)

Coupling time (B.10) is then approximated as collision time

I
ooll = Teoll = (B.r2)

[« C /
7 0nnlth

with the effective neutral-neutral collisional cross section op,. We estimate

s [ - 9nn !
Qtfou =16 X100 | —— <7> X
1072 10”7 cm?

3 - T _I/2< 7 )*3/2
107 gem ™3 100 K 10 AU ’

where f=1n'/ Ngas is the number fraction of the radiating species. In our calculations, we put

f=10"*and gy, = 8.5 X 10”7 cm?.
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Nomenclature

ALMA Atacama Large Milimiter Array

ATLAS Kurucz’ program for modelling stellar atmospheres (Fortran)
AU Astronomical Unit

b-b bound-bound

b-f bound-free, e.g. ionisation

CA Core Accretion

CDS Strasbourg Data Centre

Cov COnvective Overstability

CSM CircumStellar Medium

DFSYNTHE a Fortran code for calculating OPDFs under unix
f-b bound-bound, e.g. recombination
f-f free-free, e.g. scattering

FARGO FAst Rotating Gaseous Objects (a numerical algorithm)

FLD Flux-Limited Diffusion

GI Gravitational Instability

GSF Goldreich-Shubert-Fricke Instability
HD HydroDynamics

IR Infra Red

88



B.4. GAS-TO-GAS COLLISIONS AT LOW TEMPERATURES

Page 89 of 111

ISM

KAPPA

LTE

MRI

NIR

OPDF

0N

PPD

RT

SAM

SBI

SPH

uv

VLT

VSI

ZV1

InterStellar Medium

a modification of DESYNTHE [Malygin et al., 2014]
Local Thermodynamic Equilibrium
Magneto-Rotational Instability

Near Infra Red

Opacity Probability Distribution Function

Opacity Sampling

ProtoPlanetary Disc

Radiative Transfer

Stellar Atmosphere Models [a Fortran code, e.g. Pavlenko, 1997a]
Subcritical Baroclinic Instability

Smoothed Particle Hydrodynamics

Ultra Violet

Very Large Telescope

Vertical Shear Instability (aka GSF)

Zombie Vortex Instability
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Planck (short-dashed) opacities as a function of radial distance through the midplane
areshown. . . . ...
Radiative relaxation rates of midplane modes in a Toomre Q = 1 disc (r0p) and
power-law index in relation Qr o< XF (bottom). . . . . . ... L.
Relaxation time of 2H midplane modes (solid line) in a Q = 1disc. The dot-dashed
and the short-dashed lines show r = 2sQ " and r = Q 7, respectively. . . . . ..

Direct ("Planck’) and inverse ("Rosseland’) opacity averages over frequency bins. 7" =
6800 K, ¢ ~ 4.3x 10_16g cm 3, Npins = 10°. The dashed lines show the correspond-
ing Planck and Rosseland means obtained by averaging over the entire Arange. . .
Same as Fig. 5.1 bue for 7 = 6800 K, ¢ = 4.3 X 10 ®gcm™?, Npins = 10°. The
black lines show the Planck functions (all shifred vertically by the same arbitrarial

amount), the orangre dashed line - the Thomson scattering cross section. . . . . .

Planck mean opacity (colour coded) as recovered from the direct frequency averages.

Planck mean opacity (colour coded) as recovered from the direct frequency averages.
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1 do not mind if you think slowly, but I do object when
you publish more quickly than you think.”

Wolfgang Pauli
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