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INTRODUCTION

The cosmos is within us.

We are made of star-stuff.

We are a way for the universe to know itself.
Carl Sagan

Ince the beginning of human history, men have raised their eyes to the night sky
S and wondered about the meaning of such a majestic show (Fig. 12.1). Ancient
civilizations from different parts of the world, from Egypt to China, from Oceania to
southern America, have given life to myths and legends about the constellations and
nebulosities that they could spot in the sky. Even throughout our European history
many poets, painters and artists have taken inspiration from celestial events. The
astonishment in front of the sky has always been accompanied by the need to under-
stand the link between mankind and the universe. Now that science and technology
have advanced and we are able to explain the physical and chemical structure of as-
tronomical objects, this question has not been abandoned. Science has revealed to us
that the connection of the cosmos with our existence is much deeper than any pre-
scientific vision had dared to imagine. For example our knowledge on our hosting
galaxy tells us that all phenomena happening in the Milky Way, from the presence
of a black hole to that of supernova explosions up to the actual location of our So-
lar System, have cooperated to allow life to evolve up to the current status. Also,
the growing zoo of discovered exoplanets allows us to compare their characteristics
with those of our planetary system. Despite the large statistics, it seems that the
configuration of our own Solar System is very “special” as shown by Morbidelli &
Raymond (2016). Based on exoplanet observational surveys, the Sun-Jupiter system
is as common as one in a thousand. On the other hand theoretical modeling favors
Jupiter as the fundamental player in the Solar System’s evolution (Walsh et al. 2011;
Izidoro et al. 2015).



Figure 1.1: The galactic center and dusty Milky Way as seen on March 26, 2017 on a new moon
night from Cerro Paranal (photo taken by the author with Reflex camera, exposure 30s).

1.1 Star formation and protoplanetary disks

The question about our origins centers around star and planet formation. How do
stars and planets orbiting around them form? What are the initial conditions needed
to generate a planetary system similar to our own? Which roles do the physical
architecture and chemical composition of these forming systems play?

On large scales, star formation begins with the formation of filamentary struc-
tures inside giant molecular clouds (~ 10 — 100 pc). Observations have shown that
filaments are elongated structures with widths of ~ 0.1 pc (André et al. 2010; Kenni-
cutt & Evans 2012). Within these long filaments, typically several pc-long dozens of
smaller fibers are created (Hacar et al. 2013) and eventually fragment into dense cores
(Hacar & Tafalla 2011). These are defined as prestellar cores (n ~ 10* — 10° cm~3), as
they will likely collapse to form one or more stars. As the collapse proceeds, due to
conservation of angular momentum a rotating disk-like structure is formed, through
which matter accretes onto the forming protostar (Fig. 1.2). This is called either a cir-
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Figure 1.2: Sketch of the star and planet formation process in isolation. In the upper panel dif-
ferent evolutionary classes are sketched, while in the lower panel the respective observational
features are shown through schematic SEDs. This thesis focuses on the stage of a pre-main
sequence star with a disk, called the Class II stage.

cumstellar disk, or accretion disk, or protoplanetary disk depending on the community.
The idea that the solar system was born from nebulous material was firstly intro-
duced by Emanuel Swedenborg in 1734 and further developed by Immanuel Kant
in 1755 as the nebular hypothesis. Afterwards, in 1796, Pierre-Simon Laplace proposed
an independent but similar model, where the forming Sun was surrounded by a hot
atmosphere. Such material would cool and flatten with time, creating rotating rings
from which planets would form. This theory had some problems in explaining the
angular momentum distribution between the Sun and planets.Therefore, Laplace’s
idea was abandoned at the beginning of the 20th century. The study of stellar ac-
cretion disks started then as a purely theoretical field in the 1970s from the work by
Shakura & Sunyaev (1973). This was motivated by observations of accretion onto
black holes in binary system, but the simple physical model proposed by Shakura
& Sunyaev (1973) turned out to be applicable also for circumstellar disks. The first
indirect observational evidence of circumstellar disks came then in the late 1980s at
optical and mm wavelengths (Hartmann & Kenyon 1985, 1987; Sargent & Beckwith
1987). The advent of the Infrared Astronomical Satellite (IRAS) allowed a wider study
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of disk properties through their Spectral Energy Distributions (SEDs) published by
Strom et al. (1989). This statistical work was followed-up with a survey at mm wave-
lengths by Beckwith et al. (1990) which provided the first disk mass estimates from
continuum emission from cold dust. The first direct image of a protoplanetary disk
was taken some years later by O’dell & Wen (1994) with the Hubble Space Telescope
(HST), which allowed to study disk morphology in much detail thanks to its high an-
gular resolution. Interestingly, the first direct image of a gas-poor disk, 3 Pic, around
a young star was taken by Smith & Terrile (1984), earlier than for gas-rich classical
disks.

Our physical understanding of the different stages of star and planet formation
is linked to an observational classification done based on studies of the SED shapes
of different Young Stellar Objects (YSOs) in the mid- to near-infrared (MIR to NIR).
Historically, it was expected that the release of accretion luminosity would be very
bright in the infrared (see Wynn-Williams 1982, as a review). Therefore, much work
went into surveying protostars at such wavelengths, but the amount of extinction
and radiation reprocessing provided by the infalling material was underestimated.
As shown by the sketch in Fig. 1.2, three different SED slopes were detected and
used to classify Class I, Class II and Class III objects (Lada 1987).

e Class I YSOs are typically visible in the near IR, but not in the optical, with
a rising spectrum in the mid-Infrared (mid-IR), called IR-excess. This is inter-
preted as a contribution of the forming star and disk to the thermal emission
due to the presence of warm dust. An extended structure, called envelope, is
still present and emits at longer wavelengths but its mass is much smaller than
the protostar mass.

e Class II YSOs are optically visible with a decreasing SED in the IR. At short
wavelengths the emission is dominated by the star, while the disk component
emits at larger wavelengths. At this stage the envelope is completely dissipated
and the disk is gas rich.

e Class III YSOs are also optically visible but they do not show any IR-excess.
The disk is gas poor and larger bodies, such as planets and asteroids, must be
already formed at this stage.

e Subsequently a stage even less evolved than the Class I phase, i.e. Class 0
YSOs, was defined observationally by André (1995) as embedded YSOs which
have Lguybmm/Lbol > 5 X 1073; Leubmm is the sub-millimeter luminosity mea-
sured at wavelengths larger than 350 um and Ly, is the total bolometric lumi-
nosity. Class 0 sources are not detected in the NIR, but most of their emission
(299% of the luminosity) is in the far-infrared. Class 0 prostostars are bright in
the 50-200 pm range, which however unfortunately cannot be observed from
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the ground. Moreover these embedded sources have strong emission in the
sub-mm dominated by cool dust in the envelope (Tqusy ~ 30-50 K). At this
stage the envelope mass is much larger than the forming protostar mass.

The focus of this thesis is on protoplanetary disks in their gas rich Class II phase
through the modeling of their bulk gas component. Disks are generally divided in
two categories, depending on the type of protostar they are orbiting around: T Tauri
or Herbig. Herbig Ae/Be protostars are the higher mass counterparts of T Tauri
protostars, with spectral types A and B and masses M, 2 2Mg. T Tauri stars are
more common (spectral types K and M) and often show a characteristic ultraviolet
(UV) excess in addition to the stellar photosphere, which is more prominent than in
Herbig stars. The Herbig stars are widely studied as they are very bright, and so are
also their disks. The process of high-mass star formation is far less understood than
the low-mass star formation and will not be considered in this PhD thesis. The same

holds for Brown Dwarfs (BDs), whose formation process is not studied here.

Planet formation

How protoplanetary disks evolve from their gas rich phase to the formation of plan-
etary systems is still an open question. Many planet formation theories have been
developed so far, but none is able to correctly reproduce the needed timescales, or
the properties observed in exoplanetary systems, as well as in our own solar system.
The favorite scenario starts however with the coagulation of small (sub pm-sized)
dust particles into larger pebbles, all the way out to planetary rocky cores (Hayashi
1981; Pollack et al. 1996). Dust growth can start already in the embedded phase (e.g.
Miotello et al. 2014a) and as the ISM-like grains grow to larger sizes they start to de-
couple from the gas. They suffer a strong drag force and settle toward the midplane,
where they can grow to even larger sizes due to the enhanced dust density. As they
grow up to mm-cm sizes they start to drift inward and their velocity is maximized
when they reach the meter size (at 1 au). As a consequence fragmentation due to
collision becomes an important effect which stops the growth to larger bodies. More-
over the drift toward the central star becomes very fast, with timescales much shorter
than those needed to grow larger bodies (Dullemond & Dominik 2005). This prob-
lem is known as the meter size barrier and was first formulated by Weidenschilling
(1977).

A possible solution is found if a pressure maximum is present in the disk, which
would trap the dust particles in a localized region of the disk (Whipple 1972). Such
dust traps have been observed and modeled in protoplanetary disks and are thought
to be created by gap-opening planets, vortices, or dead zones (Varniere & Tagger
2006; Armitage 2011; Zhu et al. 2011; Pinilla et al. 2012; Regély et al. 2012). Once
the meter size barrier is overcome, as this must happen somehow, grain growth con-
tinues to reach planetesimal sizes, all the way to rocky planets. Once the planet
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core reaches 10 Earth masses, gas can be accreted to form giant gaseous planets, as
predicted by the core accretion model. This must occur before the gaseous disk is dis-
persed. Alternatively gas giants could be formed via gravitational instability, a very
fast process which could occur already in the embedded phases of protoplanetary
disks when they are massive and cold enough (Helled et al. 2014). Both theories
alone however fail to reproduce the statistics on exoplanets orbits. The core-accretion
model is able to explain ~ 90% of the observed exoplanets, while the rest could be
formed by gravitational instabilities (Matsuo et al. 2007).

Disk dispersal

Disks are traditionally thought to undergo viscous evolution, which redistributes
angular momentum within the disk and leads to accretion of matter onto the cen-
tral star. Mass accretion would then be responsible for the dissipation of the disk
material. In particular the mass accretion rate Macc onto the central protostar is the-
oretically expected to scale with the disk mass, and there is observational support
for this as shown by Manara et al. (2016b). The exact mechanism responsible for
viscous evolution is not yet known, but the favorite candidate is magneto-rotational
instability (see Turner et al. 2014, as a review). One key problem is that viscous evo-
lution alone is not efficient enough to account for the fast disk dispersal timescales
that are observed in young stellar clusters (~ 5 Myr, Fedele et al. 2010, and reference
therein). A process has to take over disk dispersal at 2 — 6 Myr as viscous evolution
alone would imply disk dispersal timescales exceeding 107 — 108 yrs.

Some other effects may modify or overtake viscous evolution in disks. For in-
stance magnetically driven winds may be extremely efficient in removing material
from the disk but quantitative constraints are not yet available (Armitage et al. 2013;
Bai et al. 2016). On the other hand, photoevaporation from the central object, or
from external sources, may play an important role in dispersing the disk and exten-
sive studies have been carried out on this subject (Johnstone et al. 1998; Clarke et al.
2001; Adams et al. 2004; Owen et al. 2010; Anderson et al. 2013; Facchini et al. 2016).
Finally, the environment can further affect disk evolution by physical encounters.
A disk can be truncated by the gravitational encounter with another member of its
star-forming region.

Main questions

One of the fundamental properties of disks is the total mass, as it determines their
physics, evolution and the characteristics of the planetary outcomes. Nevertheless
disk masses are not yet observationally determined with high confidence. Disks are
composed of gas and dust grains, as are molecular clouds and cores. The dust does
not have the ISM size distribution however, but the grains can easily reach mm-size
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and such grains, which dominate the dust mass in disks, are not necessarily well
mixed with the gas. Accordingly the mass determination of the gaseous and dusty
components should in principle be carried out independently. Most of the disk mass
is expected to be in the form of molecular gas, essentially molecular hydrogen (Hs).
However, Hy, under the disk thermo-physical conditions, is not easily excited and
observable. Hence, traditionally, the presence of gas in disks has been constrained
through carbon monoxide (CO) emission lines, easily excited in disks. However the
emission is generally very optically thick, so using CO to measure accurately the gas
mass is very difficult and model dependent. The main questions that are tackled in
this PhD thesis are the following.

e Which is the best gas mass tracer in protoplanetary disks? Could the less abun-
dant isotopologues of CO serve this purpose? Would hydrogen deuteride (HD)
be a good alternative and what are its limitations?

e How can current and future ALMA observations be used to determine the
masses of a statistically significant sample of disks?

e What is the actual gas-to-dust mass ratio in disks and how is its determination
affected by elemental carbon and oxygen depletion?

1.2 The Atacama Large Millimeter/submillimeter Array

Great improvements in the study of protoplanetary disks and their mass determi-
nation have been brought by the advent of ALMA, the Atacama Large Millime-
ter/submillimeter Array. This is a single facility composed of 66 high precision an-
tennas located on the Chajnantor plateau, 5000 meters altitude in northern Chile.

ALMA! is sensitive to wavelengths where the bulk of the dust and molecular
gas in disks emit (see Fig. 1.3). Moreover its extraordinary sensitivity and angular
resolution allow to detect and resolve disk emission at high signal-to-noise (S/N)
levels. It is very illustrative to compare ALMA current capabilities with some pre-
ALMA interferometers, such as the Submillimerter Array (SMA), that has served the
disk community for many years before. ALMA can achieve a continuum rms noise
level below 0.1 pJy in less than one hour, while SMA would take approximatively 81
nights to reach the same sensitivity.

1ALMA is an international partnership of the European Southern Observatory (ESO), the U.S. Na-
tional Science Foundation (NSF) and the National Institutes of Natural Sciences (NINS) of Japan, together
with NRC (Canada), NSC and ASIAA (Taiwan), and KASI (Republic of Korea), in cooperation with the
Republic of Chile.



ALMA

Direct imaging (HST or 8-meter ground-based)

Near-IR interferometry

Mid-IR interferometry

Magnetospheric

accretion
Planet-forming Outer disk

( D Pure gas disk Dust inner rim e (e iR

0.03 AU 0.1..1AU

UV continuum, Near-IR dust 100
H-recombination lines continuum
Near-IR continuum Mid-IR: (Sub)millimeter:
(origin unclear so far) dust continuum dust continuum 100 AU
+ atomic lines (Br-y) + molecular lines + molecular rot-lines
+ occasional molecular (H,0,€0,; )

lines (H,0, CO, OH)

'Aq Dullemond CP, Monnier JD. 2010.
Annu. Rev. Astron. Astrophys. 48:205-39

Figure 1.3: 2D sketch of a disk where its different regions are connected to the wavelength
range in which it is observable. The top arrows show which techniques can spatially resolve
which scales (from Dullemond & Monnier 2010). ALMA is very well suited to study the outer
disk, where most of the mass is enclosed.

The ALMA disk community is following mainly two complementary observa-
tional strategies. On one hand complete surveys of disks are carried out to statis-
tically study simultaneously the dust, through mm-continuum emission, and gas,
through CO isotopologues (see Ansdell et al. 2016; Pascucci et al. 2016; Barenfeld
et al. 2016; Ansdell et al. 2017, Fig. 1.4). Such surveys show that the bulk of the
disk population is much fainter and possibly smaller than what we assumed as the
average disk before the ALMA era. On the other hand the well studied large and
bright disks, such as e.g. TW Hya (Fig. 1.5), HD163296, HL Tau, are now observed at
extremely high angular resolution revealing exciting substructures that may be com-
mon in most if not all protoplanetary disks (ALMA Partnership et al. 2015; Andrews
et al. 2016; Isella et al. 2016). Moreover, large cavities in gas and dust are observed
in a subset of so-called transitional disks (see e.g. van der Marel et al. 2015, 2016). The
results coming from both paths are transforming the field by complementing each
other.



Figure 1.4: Dust continuum emission observed with ALMA in Band 7 for a large sample of
disks in the Lupus star-forming region (d=150 pc) at a resolution of ~ 0.3” (~ 20 — 30 au
radius Ansdell et al. 2016). Each panel is 2”x2”. This “zoo” presents very different disk
morphologies and a surprisingly high fraction of sources which appear very compact at this
resolution and S/N.

The Lupus disk survey with ALMA (PI: ]. P. Williams, Ansdell et al. 2016, Fig. 1.4)
has provided most of the new observational constraints that have been employed in
this thesis. More details will be presented in Chapter 4.

1.3 Disk dust mass determination

Dust is traditionally assumed to account only for 1% of the total disk mass. This
comes from the assumption that disks present the same gas-to-dust ratio as that
found in molecular clouds. In clouds the combination of various types of analy-
ses has suggested that a factor of 100 is correct. Nevertheless, the mm-sized grains
thermally emit broadband continuum radiation at mm wavelengths. Therefore dust
emission from protoplanetary disks can be very bright and readily detectable by
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Figure 1.5: ALMA image of the 870 ym continuum emission from the closest disk, TW Hya.
The circular beam FWHM is 30 milliarcseconds, corresponding to a resolution of 1.6 au. The
top right panel shows a zoomed region which is 0.2” wide (10.8 au), highlighting the 1 au gap
seen in the inner disk. (Credit: S. Andrews - Harvard-Smithsonian CfA, Andrews et al. 2016)

(sub-)mm interferometers. A number of studies of dust in disks have been carried
out, several already with pre-ALMA interferometers, and are summarized in recent
reviews (Williams & Cieza 2011; Dutrey et al. 2014; Testi et al. 2014; Andrews 2015).

At mm-wavelengths the dust thermal emission is generally in the optically thin
regime for surface densities of < 3 g cm™? and the Rayleigh-Jeans approximation
holds (Beckwith et al. 1990). Therefore it is straightforward to derive the following
relation:

F,d?

Ry Bu (Tdust)

(Hildebrand 1983). The mass retained in mm-sized grains Mgy is directly propor-
tional to the flux at mm wavelengths F,, where v ~ 300 GHz. The other three vari-
ables involved are the distance of the source d, the dust opacity &, and the Planck
function for a characteristic dust temperature B, (Tgyst)-

Myust = (11)
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The large observational uncertainty on d is being overcome by the advent of the
GAIA mission, which is providing a new distance catalog with micro-arcsecond pre-
cision on the parallaxes. The SED can provide constraints on the dust temperature
Taust (1, 2), which is generally non constant throughout the disk. It is known that
the disk temperature structure has vertical and radial gradients in the disk, making
the surface layers much warmer than the midplane, which is however the region
probed by mm-sized grains emission. There temperatures are generally low and
constant and Tqyst is often assumed to be ~ 20 K, as this is the average dust temper-
ature found in the outer disk in the Taurus star forming region (Andrews & Williams
2005). The dust opacity ~ quantifies the dust absorption cross-section per unit mass.
The opacity can be approximated by a power law of the frequency,

v \7?
Ky = Ko (M)) (1.2)

(Draine 2006). The normalization ¢ and the power law index 3 depend on the com-
position, shape and the size distribution of the dust grains (Pollack et al. 1994; Os-
senkopf & Henning 1994). The latter can be constrained by multi-wavelength (sub-
)millimeter continuum observations, as § = « — 2 in the optically thin and Rayleigh-
Jeans regime, where « is the measured spectral index (e.g. Ricci et al. 2010; Tazzari et
al. 2016, and reference therein).

The total dust surface area is in the smallest sub-um sized grains but the total
dust mass is mostly within the larger mm-sized particles (Testi et al. 2014). Therefore,
mm continuum emission is a good probe of the bulk of the dust component in disks.
Anyway, such observations can only provide a lower limit of the total mass of solids,
as larger bodies are completely invisible at these and other wavelengths.

Traditionally dust masses are then converted in total disk masses by multiply-
ing for a constant gas-to-dust ratio of 100, as that found in the ISM (Goldsmith et
al. 1997). Recent higher resolution disk observations carried out with ALMA have
shown that this assumption is not necessarily correct, as dust and gas emission
present two different distributions.

1.4 Disk gas mass determination

Dust mass measurements are important to determine the evolution of dust particles
to larger solids, all the way to planet formation. However, as the gas is the disk’s
dominant constituent, this controls the disk dynamics and evolution, including that
of the dust. It would be ideal thus to measure disk gas masses directly from a gaseous
tracer and independently from dust mass measurements.
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1.4.1 H,, the main gaseous component

Molecular hydrogen (H») is the main gaseous species present in disks but it does
not strongly emit due to its molecular physics (Field et al. 1966). Hj is light and
the energy spacings between its rotational levels in the ground vibrational state are
large. Furthermore, being a symmetric molecule it has no dipole moment but only
weaker quadrupole transitions.

The fundamental ground state transition of molecular hydrogen is the / =2 —0
or S(0) line, which has an energy spacing of 510 K at 28.2 ym. This large energy
spacing combined with the weaker quadrupole Einstein A coefficient makes it hard
for Hjy to emit appreciably in cold environments such as protoplanetary disks with
typical gas temperatures T, = 20 K. One would need much higher temperatures,
Tgas > 100 K, which can be found only in the inner disk regions. Within a few tens of
astronomical units (au) from the central star the large dust column densities imply
high dust optical depths at 28.2 um, however. Thus, the emission of the warm gas
where the ground state line of H, can be excited can be shielded by the optically-
thick dust layer (Thi et al. 2001; Pascucci et al. 2006; Carmona et al. 2008; Bitner et
al. 2008; Bary et al. 2008). Even if detected, Hs is not a good tracer of the bulk of the
disk mass which is retained in the outer disk regions (Pascucci et al. 2013).

Given that direct detection of molecular hydrogen is extremely difficult, one
needs to find indirect tracers of the gas mass in protoplanetary disks.

1.4.2 Gas masses from HD observations

The closest molecule to Hy is its less abundant isotopologue hydrogen deuteride
(HD). HD chemistry is similar to that of Hy as it does not freeze-out onto grains.
Other molecules, e.g. CO and less volatile species, cannot survive in the gas phase
at low temperatures but stick onto the icy grains through the so-called process of
freeze-out (see Sect. 1.4.3). Also HD, like Hj, can self-shield itself from the photodis-
sociating UV photons, but at reduced efficiency (Wolcott-Green & Haiman 2011).
The abundance of HD with respect to H is ~ 3 x 107", obtained assuming the local
[D]/[H] value but accounting for the fact that 2 hydrogen atoms compose molecular
hydrogen.

In contrast to Hy, HD has a small dipole moment which allows dipole transitions
(AJ = 1). The energy difference between the first and second rotational levels of
HD is of ~ 20 K and this means that at a temperature of Ty,s ~ 20 K the expected
emission of HD is much larger than that of molecular hydrogen (see Fig. 1.6). The
fundamental rotational transition of HD is at 112 ym (Miiller et al. 2005) and it was
first detected in the ISM by the Infrared Space Observatory (ISO, Wright et al. 1999). It
was also covered with increased sensitivity by the PACS instrument on the Herschel
Space Observatory. This transition has been targeted for a sample of close and bright
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Figure 1.6: Rotational energy levels for Ho (left), HD (middle) and CO (right). The energy
needed to excite the different transitions are reported in Kelvin and are much higher for H,
than for HD and CO. In particular, thanks to its low-.J lines, CO is a good coolant even in cold
environments such as disks.

protoplanetary disks, for a total of only 3 detections: TW Hya (Bergin et al. 2013), DM
Tau, and GM Aur (McClure et al. 2016). The clear detection of HD in TW Hya was an
important result as a very high disk mass, larger than 5 x 10~2M,, was determined
for a relatively old disk (~ 10 Myr).

There are however some caveats in the conversion of HD into total disk mass.
The main issue is that the emitting layer of the HD 112 ;ym line is elevated above the
midplane, where the gas temperature is larger than 30 K. This implies that a good
knowledge of the disk vertical structure is needed in order not to under- or over-
estimate the disk mass. Proper physical-chemical modeling combined with tracers
of the disk vertical extent are needed to reduce the uncertainty related to HD-based
mass determinations (see Chapter 6).

13



1.4.3 CO as gas mass tracer

In disks, carbon monoxide (CO) is the second most abundant molecule after Hy and
it is the main gas-phase carrier of interstellar carbon. Furthermore, CO is chemically
stable, it has a well studied chemistry and readily implemented in physical-chemical
models, and is readily detectable. For these reasons carbon monoxide and its less
abundant isotopologues are often used as tracers of gas properties, structure and
kinematics in disks and in various other astronomical environments. In particular
optically thin lines of less abundant isotopologues, which trace the gas column down
to the midplane (van Zadelhoff et al. 2001), can be used as gas mass tracers. This
however requires knowledge about the CO-H; abundance ratio. Surprisingly, the
overall range of CO abundances in different environments such as molecular clouds,
excluding the pre-stellar case where the effects of freeze-out are prevalent, is quite
narrow between CO/Hy ~ 0.5 — 4 x 10™* (see review by Bergin & Williams 2017,
and references therein). If isotopologue lines are used, the elemental isotopic ratio is
then an additional unknown parameter.

HOT

SURFACE

ionized and
atomic species -
photodissociation

EMISSION
LINES (mm)
optical depth
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COLD LAYER
MIDPLANE gas-phase
freeze-out molecules

Figure 1.7: Simplified description of the disk thermo-chemical structure.

CO isotope-selective photodissociation and freeze-out

The main processes controlling the survival of carbon monoxide in the gas-phase in
protoplanetary disks are CO photodissociation by UV photons and CO freeze-out onto
dust grains (see Fig. 3.1).
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CO photodissociation occurs through discrete (line-) absorption of UV photons
into predissociative excited states, while absorption of continuum photons is negli-
gible (Hudson 1971; Letzelter et al. 1987; Eidelsberg et al. 1992; Cacciani & Ubachs
2004). The energy needed to dissociate CO is 11.09 eV, thus CO photodissociation
is initiated by photons at wavelengths between 911.75 A and 1117.8 A. The UV ab-
sorption lines are electronic transitions into vibrational levels of excited states and
can become optically thick. This makes CO able to shield itself from photodissociat-
ing photons. More precisely the UV absorption lines of the main isotopologue >CO
become optically thick at a CO column density ~10'%cm~2 (van Dishoeck & Black
1988). In disks, this column density is reached at the surface of the warm molecular
layer (Fig. 3.1). Ata given height in the disk the photodissociation rate drops and CO
is able to survive, both because of self- shielding and absorption of FUV continuum
attenuation by small dust grains or PAHs.

Photodissociation occurs in a similar manner also for rarer isotopologues (e.g.,
13CO, C*®0, and C!70), which can self-shield from UV photons and also mutually
shield each other (Visser et al. 2009). Being less abundant than '2CO, self shielding
happens at higher column densities for rarer isotopologues and accordingly closer to
the disk mid-plane. There are regions in the disk where 12CO is already self-shielded
and can survive at high abundance, but the rare isotopologues are still photodisso-
ciated. There one would find isotopologue ratios (e.g. C'80/ ?CO) that are much
lower than the corresponding elemental isotope ratio [**O]/['¢O]. In chemical mod-
els of disks, the abundance of the rare isotopologues is usually obtained by simply
scaling the '?CO abundance with the local ISM elemental isotope ratio (Wilson &
Rood 1994). However, in order to correctly interpret CO isotopologues observations,
isotope-selective photodissociation needs to be included in the modeling.

Photodissociation rates are also affected by other effects in a depth-dependent
manner. In particular, mutual-shielding adds to self-shielding when the UV absorp-
tion lines are blended with other species. More precisely, less abundant CO iso-
topologues can be mutually shielded by 2CO, as well as by H and Ha, if their UV
absorption lines overlap. Moreover, at greater depths, the UV continuum radiation
is attenuated by small dust grains and PAHs. The photodissociation rate for a par-
ticular isotopologue *CYO can be expressed by the following equation

kpp = © [N(H), N(H,), N(**CO), N(*CY0)] kPp (1.3)

where O is a shielding function depending on the H, Hy, 12CO, and *CYO column
densities, and k3, is the unshielded photodissociation rate, calculated using the local
continuum radiation field. Detailed shielding functions for the various CO isotopo-
logues have been computed by Visser et al. (2009) and adopted in this work.

At the low dust temperatures reached in the disk midplane and far from the cen-
tral star, CO can freeze-out onto grains. This would decrease the amount of CO in
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the gas-phase, reducing the line emission. CO freeze-out is a process of particu-
lar interest because CO ice is a starting point for prebiotic chemistry (Herbst & van
Dishoeck 2009). Unlike photodissociation, freeze-out does not selectively affect dif-
ferent isotopologues, but it needs to be taken into account when modeling disk CO
observations. The freeze-out temperature of carbon monoxide is ~ 20 K for a pure
CO ice with a binding energy of 855 K measured in the laboratory (Bisschop et al.
2006). It can vary between 17 K and 30 K varying the assumed density and binding
energy in mixed ices (see Harsono et al. 2015, and reference therein).

[C)/[H] ratio and volatile carbon depletion

Both CO photodissociation and freeze-out are molecular processes that have been
very well characterized in the laboratory and are readily implemented in physical-
chemical codes. However, there are additional processes that play a role in reducing
the CO abundance with respect to molecular hydrogen. In particular, chemistry can
act to reduce the volatile carbon budget available to create CO.

TW Hya, the closest and probably best studied disk, has been observed in the fun-
damental rotational transition of hydrogen deuteride (HD) with the Herschel Space
Observatory (Bergin et al. 2013). Comparing with SMA C'®O data, Favre et al. (2013)
found that the CO-based disk mass was two orders of magnitudes lower than the
HD-based disk mass. This result has been confirmed by physical-chemical modeling
of the source where freeze-out and isotope-selective photodissociation were treated
explicitly (Kama et al. 2016b; Schwarz et al. 2016; Trapman et al. 2017, Chapter 6).
This result has been interpreted as a large depletion of volatile carbon happening in
the disk and leading to much fainter CO isotopologues lines. Similar results have
then been more recently found in other two sources that were detected in HD (Mc-
Clure et al. 2016).

Volatile carbon depletion may therefore be a more common process than what
was initially thought. Which mechanism(s) is (are) responsible for carbon depletion
in protoplanetary disks is still under debate. A possible explanation comes from gas-
phase reactions initiated by X-ray and cosmic ray ionization of He. The resulting
He™ atoms can react with gaseous CO and gradually extract the carbon, which can
then be processed into more complex and less volatile molecules that can freeze onto
cold dust grains at higher temperatures than CO (Aikawa et al. 1997; Bruderer et
al. 2012; Favre et al. 2013; Bergin et al. 2014; Kama et al. 2016b; Yu et al. 2016). In
addition, oxygen will also be removed from the gas due to freeze out of H,O, CO,
and CO, even more than carbon (Oberg et al. 2011; Walsh et al. 2015). Accordingly,
a way to test the level of carbon depletion in disks is to compare observations of CO
isotopologues with species like CoH and c-C3Hs, whose gas-phase abundances are
particularly sensitive to the gaseous carbon abundance and [C]/[O] ratio. Indeed,
C2H is observed to have very strong emission in the TW Hya disk (Kastner et al.
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2015; Bergin et al. 2016) and is particularly strong when both elements are depleted
but gaseous [C]/[O]>1 (Kama et al. 2016b). Alternatively, ice chemistry may be the
fundamental process turning CO in more complex organics, such CH3OH, or in CO,
and CHy ice (see e.g. Fig. 3cin Eistrup et al. 2016). Finally, volatile elements, such
oxygen and carbon, may be locked up in large icy bodies in the midplane (Bergin et
al. 2010; Hogerheijde et al. 2011; Du et al. 2017; Schoonenberg & Ormel 2017). These
large pebbles cannot diffuse upward and participate in the gas-phase chemistry (see
Du et al. 2015; Kama et al. 2016b). Such a process is likely the cause of the under-
abundance of gas-phase water in the surface layers of disks. Another way to trace
the level of the volatile carbon available in the disk surface is through observations
of the [CI] fine structure lines, as shown e.g. by Kama et al. (2016b).

1.5 Physical-chemical modeling

CO chemistry is fairly simple when compared with other molecules of astronomical
interest. However, CO emission lines are sensitive to the gas and dust temperatures,
which can vary significantly throughout the disk structure. A good thermo chemical-
physical modeling of disks is therefore needed in order to interpret carbon monoxide
observation in disks, and of its less abundant isotopologues. For this PhD thesis, the
physical chemical code DALI (DustAndLInes Bruderer et al. 2012; Bruderer 2013;
Bruderer et al. 2014, see 1.5.1) has been used. Similar modeling codes are ProDiMo
(Protoplanetary Disk Modeling Woitke et al. 2009), developed for the interpretation
of IR lines observed with Herschel, ANDES (Akimkin et al. 2013), and the models by
Gorti & Hollenbach (2004); Jonkheid et al. (2004).

1.5.1 DALI

DALI is a powerful physical-chemical code developed by Dr. Simon Bruderer and
designed to model CO and simple molecules in disks, with a focus on the gas-phase.
As low-J CO lines arise from disk regions where the gas and dust temperatures are
slightly decoupled, a proper modeling of the disk gas and dust thermal structure
is needed and this is DALI’s specialty. The modeling structure is presented in the
flowchart in Fig. 1.8. Given a density structure and a stellar spectrum as inputs,
the code solves the continuum radiative transfer using a 3D Monte Carlo method to
calculate the dust temperature Ty,s and local continuum radiation field from UV to
mm wavelengths. A chemical network simulation then yields the chemical compo-
sition of the gas. The chemical abundances enter a non-LTE excitation calculation of
the main atoms and molecules. The gas temperature T}, is then obtained from the
balance between heating and cooling processes. Since both the chemistry and the
molecular excitation depend on 7., the problem is solved iteratively. At each point
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Figure 1.8: DALI modeling flowchart (Adopted from Bruderer et al. 2012). The chemical
network calculation step is highlighted in red as this is the part of the code that has been
augmented for this PhD thesis. More details are presented in Chapter 2 and 3.

in the disk T, is assumed to be equal to T, the heating-cooling balance is run to
get a new Ty, and the loop runs until the input and output values converge. When
a self-consistent solution is found, spectral image cubes are created with a raytracer.

For this PhD thesis, DALI has been extended with a complete treatment of isotope
selective processes. This includes a chemical network with different isotopologues
taken as independent species (e.g., 12CO, 1*CO, C!80, and C!70) and reactions that
enhance or decrease the abundance of one isotopologue over the other. In particular
photodissociation, the main process regulating the CO abundance in the gas phase,
has been implemented self consistently for CO isotopologues. Also, a simple HD
chemistry has been added. More details on the implementation of the new features
are presented in Chapters 2, 3, and 6.
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1.6 This thesis and future outlook

Determining disk gas masses has been the leading question of this PhD thesis since
its origin. CO isotopologues have been promising gas mass tracer candidates for
many years and with the advent of ALMA their detection in disks has become rou-
tine. The still open question is if chemical isotope-selective effects play a major role
in setting the mutual abundance ratios of CO isotopologues and in the determi-
nation of disk masses. Therefore this thesis starts from the modeling perspective.
Subsequently a larger sample of CO isotopologues observations in disks has been
provided by the Lupus Disk Survey with ALMA (Ansdell et al. 2016). The grid of
models presented in Chapter 3 has therefore been compared with observations and
some more observation-motivated projects have been carried out.

o In Chapter 2 isotope-selective photodissociation, the main process controlling
the relative abundances of CO isotopologues in the CO-emissive layer, was
properly treated for the first time in a physical-chemical disk model. The chem-
istry, thermal balance, line, and continuum radiative transfer were all consid-
ered together with a chemical network that treats *CO, C'80 and C!7O iso-
topologues as independent species. The main result is that isotope selective
processes lead to regions in the disk where the isotopologues abundance ratios
are considerably different from the elemental ratios. Accordingly, considering
CO isotopologue ratios as constants may lead to underestimating disk masses
by up to an order of magnitude or more.

o In Chapter 3 the small grid of models used in Chapter 2 to investigate the ef-
fects of CO isotope-selective photodissociation has been expanded. More than
800 disk models have been run for a range of disk and stellar parameters. To-
tal fluxes have been ray-traced for different CO isotopologues and for various
low J— transitions for different inclinations. This chapter shows that a com-
bination of '*CO and C'®O total intensities allows inference of the total disk
mass, although with larger uncertainties, compared with the earlier work by
Williams & Best (2014). These uncertainties can be reduced by employing spa-
tially resolved observations, i.e. the disk’s radial extent, inclination and flar-
ing. Finally, total line intensities for different CO isotopologue and for various
low-J transitions are provided as functions of disk mass and fitted to simple
formulae. The effects of a lower gas-phase carbon abundance and different
gas-to-dust ratios are investigated as well.

o In Chapter 4 the grid of physical-chemical models presented in Chapter 3 has
been employed to analyze continuum and CO isotopologues (1*CO J = 3 — 2
and C'®O J = 3 — 2) observations of Lupus disks. Disk gas masses have been
calculated for a total of 34 sources, expanding the sample of 10 disks studied
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by Ansdell et al. (2016). This chapter shows that overall CO-based gas masses
are very low for disks orbiting a solar mass-like star, often smaller than 11/j,
if volatile carbon is not depleted. Accordingly, global gas-to-dust ratios are
much lower than the expected ISM-value of 100, being predominantly between
1 and 10. Low CO-based gas masses and gas-to-dust ratios may indicate rapid
loss of gas, or alternatively chemical evolution, e.g. via sequestering of carbon
from CO to more complex molecules, or carbon locked up in larger bodies.
The first hypothesis would imply that giant planet formation must be quick or
rare, while for the latter the implication on planet formation timescales is less
obvious.

o In Chapter 5 another important disk property has been investigated with DALI
models, i.e. the gas surface density distribution X,,s. Reliable observational
measurements of X,,s are key to understand disk evolution and the relative
importance of different processes, as well as how planet formation occurs. This
chapter investigates whether '3CO line radial profiles, such as those recently
acquired by ALMA, can be employed as a probe of the gas surface density pro-
file. By comparing with DALI simulations we find that '*CO radial profiles
follow the density profile in the middle-outer disk. The emission drops in the
very inner disk due to optical depth, and in the very outer disk due to a com-
bination of freeze-out and inefficient self-shielding. Ranges of radii and line
emission fluxes are provided to observers, where fitting line emission radial
profiles gives reliable value for the surface density power-law index .

e In Chapter 6 simple deuterium chemistry has been added to the chemical net-
work in DALI to simulate HD lines in disks. The aim is to examine the robust-
ness of HD as a tracer of the disk gas mass, specifically the effect of gas mass on
the HD far infrared emission and its sensitivity to the disk vertical structure.
The uncertainty on HD-mass determination due to disk structure is found to be
moderate and HD observations should be considered as an important science
goal for future far-infrared missions.

The main conclusions of this thesis are the following:

1. CO isotope-selective photodissociation needs to be properly considered when
modeling rare CO isotopologues emission. Otherwise, C'®0 lines emission
could be overestimated and the derived gas masses could be underestimated
by up to an order of magnitude or more.

2. Disk gas masses can be inferred by a combination of '*CO and C'®O total in-
tensities, although with non-negligible uncertainties, up to two orders of mag-
nitude for very massive disks.
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3. CO-based disk gas masses derived in Lupus are extremely low, often smaller
than 1 M; and the global gas-to-dust ratios are predominantly between 1 and
10. This may be interpreted as either rapid loss of gas, or fast chemical evolu-
tion.

4. The shape of the disk surface density distribution can be constrained by spa-
tially resolved '3CO observations, if optical depth, freeze-out and self shielding
are properly considered in the modeling.

5. HD far-infrared emission can be used to determine disk gas masses with mod-
erate uncertainty which depends mainly on the disk vertical structure. Such
observations should be considered as an important science goal for future far-
infrared missions.

The question on disk gas masses remains open. CO isotopologues are still promis-
ing mass tracers candidates, as their detection is routine for ALMA, but they need to
be calibrated. This thesis shows that the process of isotope-selective photodissocia-
tion is important for a good interpretation of CO isotopologues as gas mass tracers.
However photodissociation, at least for the case of TW Hya and possibly for other
disks, is not the main process responsible for the observed faint CO isotopologues
lines. In turn, volatile carbon depletion is a process that needs to be further inves-
tigated and understood. Where does the carbon go? The detection of slightly more
complex molecules, such as the hydrocarbons CoH and ¢-C3Hj could be a way to
calibrate CO-based gas masses (see e.g., Bergin et al. 2016). Another option is to en-
large the sample of [CI] line detections, which allow inference of the volatile carbon
abundance in the upper regions of the disk (see Kama et al. 2016b). Finally, if the HD
fundamental lines can be covered at high enough spectral resolution with SPICA,
their detection will provide an unique independent tracer of the disk mass.

21



22



2 PROTOPLANETARY DISK MASSES
FROM CO ISOTOPOLOGUES LINE
EMISSION

A. Miotello, S. Bruderer, and E. F. van Dishoeck, Protoplanetary disk masses from CO isotopologues line
emission, 2014, A&A, 572, A96
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Abstract - One of the methods for deriving disk masses relies on direct obser-
vations of the gas, whose bulk mass is in the outer cold regions (1" < 30K). This
zone can be well traced by rotational lines of less abundant CO isotopologues such
as 13CO, C'®0, and C'"O, which probe the gas down to the midplane. The total CO
gas mass is then obtained with the isotopologue ratios taken to be constant at the
elemental isotope values found in the local interstellar medium. This approach is
imprecise, however, because isotope-selective processes are ignored. The aim of this
work is an isotopologue-selective treatment of CO isotopologues, to obtain a more
accurate determination of disk masses. The isotope-selective photodissociation, the
main process controlling the abundances of CO isotopologues in the CO-emissive
layer, is properly treated for the first time in a full-disk model. The chemistry, ther-
mal balance, line, and continuum radiative transfer are all considered together with
a chemical network that treats 3*CO, C**O and C!70, isotopes of all included atoms
and molecules as independent species. Isotope selective processes lead to regions in
the disk where the isotopologues abundance ratios of C*¥O/12CO, for example, are
considerably different from the elemental *O/150 ratio. The results of this work
show that considering CO isotopologue ratios as constants can lead to underesti-
mating disk masses by up to an order of magnitude or more if grains have grown
to larger sizes. This may explain observed discrepancies in mass determinations
from different tracers. The dependence of the various isotopologues emission on
stellar and disk parameters is investigated to set the framework for the analysis of
ALMA data. Including CO isotope selective processes is crucial for determining the
gas mass of the disk accurately (through ALMA observations) and thus for provid-
ing the amount of gas that may eventually form planets or change the dynamics of
forming planetary systems.
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2.1 Introduction

Despite considerable progress in the field of planet formation in recent years, many
aspects are still far from understood (see Armitage 2011, for a review). It is clear that
the initial conditions play an important role in the outcome of the planet formation
process. Circumstellar disks, consisting of dust and gas, which orbit young stars are
widely known to be the birth places of planets. One of the key properties for un-
derstanding how disks evolve to planetary systems is their overall mass, combined
with their surface density distribution.

So far, virtually all disk mass determinations are based on observations of the mil-
limeter (mm) continuum emission from dust grains (e.g., Beckwith et al. 1990; Dutrey
et al. 1996; Mannings & Sargent 1997; Andrews & Williams 2005) (see Williams &
Cieza 2011, for a review). To derive the total gas + dust disk mass from these data
involves several steps and assumptions. First, a dust opacity value x, at the ob-
served frequency v together with a dust temperature needs to be chosen to infer
the total dust mass. The submillimeter dust opacity has been calibrated for dense
cores against infrared extinction maps (Shirley et al. 2011) and found to agree well
with theoretical opacities for coagulated grains with thin ice mantles (Ossenkopf &
Henning 1994), but the dust grains in protoplanetary disks have probably grown to
larger sizes with corresponding lower opacities at sub-mm wavelengths (e.g., Testi et
al. 2003; Rodmann et al. 2006; Lommen et al. 2009; Ricci et al. 2010). These opacities
may even vary with radial distance from the star, which adds another uncertainty
(Guilloteau et al. 2011; Pérez et al. 2012; Birnstiel et al. 2012) (see Testi et al. 2014, for
review). Second, a dust-to-gas mass ratio has to be assumed, which is usually taken
to be the same as the interstellar ratio of 100. This conversion implicitly assumes that
the gas and mm-sized dust grains have the same distribution. There is now growing
observational evidence that mm-sized dust and gas can have very different spatial
distributions in disks (e.g., Pani¢ & Hogerheijde 2009; Andrews et al. 2012; van der
Marel et al. 2013; Bruderer et al. 2014; Walsh et al. 2014), which invalidates the use of
mm continuum data to trace the gas.

The alternative method for deriving disk masses relies on observations of the
gas. The dominant constituent, Hy, is very difficult to observe directly because of
its intrinsically weak lines at near- and mid-infrared wavelengths superposed on a
strong continuum (e.g., Thi et al. 2001; Pascucci et al. 2006; Carmona et al. 2008; Bitner
et al. 2008; Bary et al. 2008). Even if detected, Hy does not trace the bulk of the disk
mass in most cases (e.g., Pascucci et al. 2013). HD is a good alternative probe, but
its far-infrared lines have so far been detected for only one disk (Bergin et al. 2013),
and there is no current facility sensitive enough for deep searches in other disks after
Herschel.

This leaves CO as the best, and probably only, alternative to determine the gas
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content of disks. In contrast with Hy and HD, its pure rotational transitions at mil-
limeter wavelengths are readily detected with a high signal-to-noise ratio in virtu-
ally all protoplanetary disks (e.g., Dutrey et al. 1996; Thi et al. 2001; Dent et al. 2005;
Pani¢ et al. 2008; Williams & Best 2014). It is the second-most abundant molecule
after H, with a chemistry that is in principle well understood. However, '2CO is
a poor tracer of the bulk of the gas mass because its lines become optically thick
at the disk surface. Less abundant CO isotopologues such as *CO and C'®O have
more optically thin lines and as a consequence saturate deeper in the disk, with C'80
probing down to the midplane (van Zadelhoff et al. 2001; Dartois et al. 2003). There-
fore, the combination of several isotopologues can be used to investigate both the
radial and vertical gas structure of the disk. With the advent of the Atacama Large
Millimeter/submillimeter Array (ALMA!), high angular resolution observations of
CO isotopologues in disks will become routine even for low-mass disks (e.g., Késpal
et al. 2013), allowing studies of the distribution of the cold (<100 K) gas in disks in
much more detail than possible before. The ALMA data complement near-infrared
vibration-rotation lines of CO, which mostly probe the warm gas in the inner few
AU of the disk (e.g., Najita et al. 2003; Pontoppidan et al. 2008; Brittain et al. 2009;
van der Plas et al. 2009; Brown et al. 2013).

The two main unknowns in the determination of the disk gas mass are the CO-H,
abundance ratio and the isotopologue ratios. In the simplest situation, the bulk of
the volatile carbon (i.e., the carbon that is not locked up refractory dust) is contained
in gas-phase CO, leading to a CO/H, fractional abundance of ~ 2 x 10~%, consistent
with a direct observation of this abundance in a warm dense cloud (Lacy et al. 1994).
The isotopologue ratios are then usually taken to be constant at the '3C, 1¥0, and 17O
isotope values found in the local interstellar medium (ISM) (Wilson & Rood 1994).
In reality, two processes act to decrease the CO abundance below its highest value:
photodissociation and freeze-out. Photodissociation is effective in the surface layers
of the disk, whereas freeze-out occurs in the cold (T3 <20 K) outer parts of the disk at
the midplane. Indeed, a combination of both processes has been invoked to explain
the low observed abundances of CO in disks compared with Hy masses derived from
dust observations (Dutrey et al. 1997; van Zadelhoff et al. 2001; Andrews et al. 2011).
An additional effect is that the volatile carbon abundance and [C]/[O] ratio in the
disk can be different from that in warm clouds (Oberg et al. 2011; Bruderer et al. 2012)
and affect the CO abundance. Indeed, a recent study by Favre et al. (2013) of the one
disk, TW Hya, for which the mass has been determined independently using HD far-
infrared lines, finds a low C!'®*O abundance and consequently a low overall carbon
abundance, which the authors interpreted as due to conversion of gas-phase CO to
other hydrocarbons. These other carbon-bearing species have a stronger binding
energy to the grains than CO itself, and freeze-out rapidly preventing conversion
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back to CO (Bergin et al. 2014).

Of these processes, only photodissociation by ultraviolet (UV) photons can signif-
icantly affect the abundance ratios of '2CO and its isotopologues. CO is one of only
a few molecules whose photodissociation is controlled by line processes that are ini-
tiated by discrete absorptions of photons into predissociative excited states and is
thus subject to self-shielding (Bally & Langer 1982; van Dishoeck & Black 1988; Viala
et al. 1988). For a CO column density of about 10'> cm™~2, the UV absorption lines
saturate and the photodissociation rate decreases sharply, allowing the molecule to
survive in the interior of the disk (Bruderer 2013). Because the abundances of iso-
topologues other than '?CO are lower, they are not self-shielded until deeper into
the disk. This makes photodissociation an isotope-selective process, in particular for
the rarer C'*0 and C'7O isotopologues. Thus, there should be regions in the disk in
which these two isotopologues are not yet shielded, but '?CO and '*CO are, result-
ing in an overabundance of '2CO and 3*CO relative to C'*O and C!7O. A detailed
study of CO isotope selective photodissociation incorporating the latest molecular
physics information has been carried out by Visser et al. (2009) and applied to the
case of a circumstellar disk. A single vertical cut in the disk was presented to illus-
trate the importance of isotope selective photodissociation, especially when grains
have grown to larger sizes so that shielding by dust is diminished. If these effects are
maximal in regions close to the CO freeze-out zone where most of the CO emission
originates, the gas-phase emission lines can be significantly affected. Other studies
have considered *CO in disks, but not the rarer isotopologues (Willacy & Woods
2009).

The aim of our work is to properly treat the isotope-selective photodissociation
in a full-disk model, in which the chemistry, gas thermal balance, and line and con-
tinuum radiative transfer are all considered together. The focus is on the emission
of the various isotopologues and their dependence on stellar and disk parameters,
to set the framework for the analysis of ALMA data and retrieval of surface density
profiles and gas masses. In this first paper, we present only a limited set of represen-
tative disk models to illustrate the procedure and its uncertainties for a disk around
a T Tauri and a Herbig Ae star. In Sect. 2, we present the model details, especially the
implementation of isotope selective processes. In Sect. 3, the model results for our
small grid are presented and the main effects of varying parameters identified. Fi-
nally, in Sect. 4, the model results and their implications for analyzing observations
are discussed. In particular, the case of TW Hya is briefly discussed.

2.2 Model

For our modeling, we used the code DALI (dust and lines) code (Bruderer et al.
2012; Bruderer 2013), which is based on a radiative transfer, chemistry, and thermal-
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balance model. Given a density structure as input, the code solves the continuum
radiative transfer using a 3D Monte Carlo method to calculate the dust temperature
Taust and local continuum radiation field from UV to mm wavelengths. A chemical
network simulation then yields the chemical composition of the gas. The chemical
abundances enter a non-LTE excitation calculation of the main atoms and molecules.
The gas temperature Ty, is then obtained from the balance between heating and
cooling processes. Since both the chemistry and the molecular excitation depend on
Tgas, the problem is solved iteratively. When a self-consistent solution is found, spec-
tral image cubes are created with a raytracer. The DALI code has been tested with
benchmark test problems (Bruderer et al. 2012; Bruderer 2013) and against observa-
tions (Bruderer et al. 2012; Fedele et al. 2013; Bruderer et al. 2014).

In this work, we have extended DALI with a complete treatment of isotope-
selective processes. This includes a chemical network with different isotopologues
taken as independent species (e.g., 1>CO, 13CO, C'80, and C!70O) and reactions that
enhance or decrease the abundance of one isotopologue over the other.

2.2.1 Isotope-selective processes

The isotope selective processes included in the model are CO photodissociation and
gas-phase reactions through which isotopes are exchanged between species (frac-
tionation reactions).

Isotope-selective photodissociation

The main isotope-selective process in the gas phase is CO photodissociation (Visser
et al. 2009, and references therein). CO is photodissociated through discrete (line-)
absorption of UV photons into predissociative bound states. Absorption of contin-
uum photons is negligible. Since the dissociation energy of CO is 11.09 eV, CO pho-
todissociation can only occur at wavelengths between 911.75 A and 1117.8 A. The
UV absorption lines are electronic transitions in vibrational levels of excited states
and can become optically thick. Thus, CO can shield itself from photodissociat-
ing photons. In particular, the UV absorption lines of the main isotopologue 2CO
become optically thick at a CO column density ~10'cm ™2 (van Dishoeck & Black
1988). In disks, this column density corresponds to the surface of the warm molec-
ular layer. At a certain height in the disk, the photodissociation rate has dropped
sufficiently for CO to survive, both because of self- shielding and absorption of FUV
continuum attenuation by small dust grains or PAHs.

The rarer isotopologues (e.g., 1*CO, C'®0, and C'7O) can also self-shield from the
dissociating photons, but at higher column densities and accordingly closer to the
mid-plane. This results in regions where 12CO is already self-shielded and thus at
high abundance, but the rare isotopologues are still photodissociated because of their
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less efficient self-shielding. In these regions the isotopologue ratio (e.g. C**O/ 12CO)
can be much lower than the corresponding elemental isotope ratio [*O]/[!60O]. In
chemical models of disks, the abundance of the rare isotopologues is usually ob-
tained by simply scaling the ?CO abundance with the local ISM elemental isotope
ratio (Wilson & Rood 1994). However, to correctly deduce the total gas disk mass
from rare CO isotopologues observations, isotope-selective photodissociation needs
to be taken into account.

The depth-dependence of the photodissociation rates is affected by different ef-
fects. In addition to self-shielding, blending of UV absorption lines with other species
can lead to mutual shielding. For example, rare CO isotopologues can be mutually
shielded by '2CO if their UV absorption lines overlap. Mutual shielding by H and
Hy is also important. At greater depths, the UV continuum radiation is attenuated
by small dust grains and PAHs. The photodissociation rate for a particular isotopo-
logue *C¥O can be written as

kpp = © [N(H), N(Hs), N(**CO), N(*CY0)] kPp , (2.1)

where O is a shielding function depending on the H, Hs, 12CO, and *CYO column
densities, and kD, is the unshielded photodissociation rate, calculated using the local
continuum radiation field.

In this work, the mutual and self-shielding factors © were interpolated from the
values given by Visser et al. (2009). We used their tables with intrinsic line widths
bco = 0.3km s™!, by, = 3km s™!, and by = 5 km s ~!, and excitation tempera-
tures Tex,co = 20 K and Ty 1, = 89.4 K, values appropriate for the lower-J lines.
The column densities of H, Hs, '2CO and *CYO were calculated as the minimum
of the inward/upward column density from the local position. This approach has
been verified in Bruderer (2013) against the method used in Bruderer et al. (2012),
where the column densities are calculated together with the FUV radiation field by
the Monte Carlo dust radiative transfer calculation (see Appendix A in Bruderer
2013). This method is computationally far less demanding, because it does not re-
quire a global iteration of the model.

Fractionation reactions

In addition to isotope selective photodissociation, gas-phase reactions can also change
the relative abundance of isotopologues. The most important reaction of this type is
the ion-molecule reaction

Bt + 1200 s BCo + 20t + 35K (2.2)

(see Watson et al. 1976; Woods & Willacy 2009, and references therein). The vibra-
tional ground-state energy difference of 12CO and '*CO corresponds to a temper-
ature of 35 K. Thus, at low temperature, the forward direction is preferred, which
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leads to an increased abundance of 3*CO relative to 12CO (Langer et al. 1984). At
high temperature, forward and backward reactions are balanced and the 12CO/3CO
ratio is not altered by the reaction. Following Langer et al. (1984), the reaction
rate coefficient for the backward reaction is ¥ = «(7/300K)” exp(—v/T), where
a = 442 x 10719 em3 s71, B = —0.29 and v = 35 K. For the forward reaction,
the exponential factor is dropped (v = 0).

Another isotope-exchange reaction considered in our work is
H"2CO* 4+ 13C0O s HBCO' + 2CO + 9K . (2.3)

Rate coefficients for this reaction have been measured by Smith & Adams (1980). As
a result of the small vibrational ground state energy difference, which corresponds to
temperatures lower than the CO freeze-out temperature, it has only a minor impact
on disks, however.

2.2.2 Chemical network

For our models, the list of chemical species by Bruderer et al. (2012) was extended
to include different isotopologues as independent species. By adding the elements,
13C, 170, and 80, in addition to H, He, 12C, N, 160, Mg, Si, S, and Fe, the number of
species was increased from 109 to 276. We accounted for all possible permutations.
For example, CO, was expanded into 12 independent species (12C'60,, 12C1¢O'7Q,
12C17Q,, etc.).

Our chemical reaction network is based on the UMIST 06 network (Woodall et al.
2007). It is an expansion of that used by Bruderer et al. (2012) and Bruderer (2013)
to include reactions between isotopologues. The reaction types included are H; for-
mation on dust, freeze-out, thermal and non-thermal desorption, hydrogenation of
simple species on ices, gas-phase reactions, photodissociation, X-ray and cosmic-ray
induced reactions, PAH/small grain charge exchange /hydrogenation, and reactions
with Hj (vibrationally excited Hs). The details of the implementation of these reac-
tions are described in Appendix A.3.1 of Bruderer et al. (2012). Specifically, a binding
energy of 855 K was used for pure CO ice (Bisschop et al. 2006). The elemental abun-
dances are also the same as in Bruderer et al. (2012). The isotope ratios are taken to
be [12C]/[*3C]=77, [*50]/['¥0]=560 and ['¢O]/['"O]=1792 (Wilson & Rood 1994).

Reactions involving the rarer isotopologues are duplicates of those involving the
dominant isotopologue. For example, the reaction H + O — OH + O is expanded
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to the reactions

H+ 160180 N 160H+ 180
H—|—160180 N 180H+ 160

H+ *0, — "OH + 0
H+ 160170 N 160H+ 170
H+ %070 — '"OH + '°0

H+ "0, — '"OH + "0
H—|—18017O N 180H+ 170

H+ '*0'"0 — 'TOH + '*0.

This procedure increases the number of reactions included in the network from 1463
to 9755. Since most of the rate coefficients for these reactions involving isotopologues
are unknown, we follow the procedure by Réllig & Ossenkopf (2013) and assume
that the isotopologue reactions with the same reactants, but different products, have
the original reaction rate divided by the number of out-going channels. This implies
assigning an equal probability to all branches.

The fractionation reactions (Eqgs. 2.2 and 2.3) were also added to the network.
In addition to '3C, we also added the analogous reactions for '*O and '7O. When
available, the reaction rate coefficients were taken from Rollig & Ossenkopf (2013),
which are based on Langer et al. (1984). Coefficients for reactions with 7O are not
provided, and extrapolations were made. For reaction (2.2), we used the same «
and 3 for C'7O as for '3CO and C'O (Sect. 2.2.1). The value of v was obtained
from scaling with the reduced mass of C'7O following the procedure described in
Langer et al. (1984). For reaction (2.3), the « and /3 coefficients were taken to be the
same as that with '8O. For ~, we assumed the value to be the mean of the values for
160 and 80, since the mass of 7O is the median of the 0O and 20 masses. For
the conditions in protoplanetary disks, reaction (2.3) is less important for chemical
fractionation than reaction (2.2); hence, this simple assumption is appropriate.

2.2.3 Parameters of the disk model

For our modeling, we assumed a simple parameterized density structure, similar to
that reported by Andrews et al. (2011). Assuming a viscously evolving disk, where
the viscosity v = R" is a power law of the radius (Lynden-Bell & Pringle 1974; Hart-
mann et al. 1998), the surface density is given by

R\ R\*7
Yigas = X (Rc) exXp |— (Rc> ] ) (2.5)
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with a characteristic radius R. and a characteristic surface density X.. The charac-
teristic radius was fixed to R, = 200 AU and the characteristic surface density X.
adjusted to yield a total disk mass M,,s with the outer radius fixed to Roy: = 400
AU. The gas-to-dust ratio was assumed to be 100.

The vertical density structure follows a Gaussian with scale height angle h =
he(R/R.)¥. For the dust settling, two populations of grains were considered, small
(0.005 - 1 pm) and large (1 - 1000 pm) (D’Alessio et al. 2006). The scale height is & for
the the small and xh for the large grains, where x < 1. The distribution of the surface
density of the two species is given by the factor fiage as Xdqust = fiarge Ziarge + (1 —
flargc)zsmalb

Other parameters of the model are the stellar FUV (6 -13.6 eV) and X-ray spec-
trum and the cosmic-ray ionization rate. To study the effects of different amounts
of FUV photons compared with the bolometric luminosity, the stellar spectrum was
assumed to be a black body at a given temperature Tcg. The strength of the FUV
field in units of the interstellar radiation field G is given in Fig. 2.1 for a representa-
tive model. Here, G = 1 refers to the interstellar radiation field defined as in Draine
(1978) ~ 2.7 - 10 3ergs~! cm~? with photon-energies E., between 6 eV and 13.6 eV.
The X-ray spectrum was taken to be a thermal spectrum of 7 x 107 K within 1 - 100
keV and the X-ray luminosity in this band Lx = 10%* erg s~!. As discussed in Brud-
erer (2013), the X-ray luminosity is of minor importance for the intensity of CO pure
rotational lines that are the focus in this work. The cosmic-ray ionization rate was set
to 5 x 10717 s71. We accounted for the interstellar UV radiation field and the cosmic
microwave background as external sources of radiation.

The calculation was carried out on 75 cells in the radial direction and 60 in the
vertical directions. In the radial direction the spatial grid is on a logarithmic scale
up to 30 AU (35 cells) and on a linear scale from 30 AU to 400 AU (40 cells). The
spectral grid of the continuum radiative transfer extends from 912 A to 3 mm in 58
wavelength-bins. The wavelength dependence of the cross section wass taken into
account using data summarized in van Dishoeck et al. (2006).

The chemistry was solved in a time dependent manner, up to a chemical age of 1
Myr. The main difference to the steady-state solution is that carbon is not converted
into methane (CHy) close to the mid-plane, since the time-scale of these reactions is
longer than > 10 Myr and thus is unlikely to proceed in disks. We ran models both
with isotopologues and isotope-selective processes switched on (network ISO) or off
(network NOISO).

2.2.4 Grid of models

The goal of our work is to understand the effect of isotope-selective processes in
disks and to quantify their importance when rare isotopologue observations are used
to measure the total gas mass. We ran a small grid of models to explore some of the
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key parameters.

1. Stellar spectrum. The first parameter to explore is the fraction of FUV photons
(912-2067 A) over the entire stellar spectrum. A spectrum with Tog = 4000 K
and Teg = 10000 K was considered, to simulate a T Tauri or Herbig Ae star.
Accordingly, we ran models with a bolometric luminosity of Ly, = 1 or 10
Lg. Excess UV radiation due to accretion was taken into account for T Tauri
stars. It was assumed that the gravitational potential energy of accreted mass is
released with 100% efficiency as blackbody emission with T=10000 K. The mass
accretion rate was taken to be 1078 M, yr~! and the luminosity was assumed
to be emitted uniformly over the stellar surface. These assumptions result in
Lruv/Lpoi= 1.5:1072 for the T Tauri case versus Lryv/Lpo= 7.8-1072 for the
Herbig case. The ratio of CO photodissociating photons (912-1100 A) between
the T Tauri and the Herbig cases is Fco pa(T Tau)/ Fco pa(Her) = 251072, In
all models, the interstellar UV field was included as well.

2. Dust properties. Since small grains are much more efficient in absorbing UV
radiation, the ratio of large to small grains was varied. We considered fiarge =
0.99 in order to simulate a mixture of the two populations and fiarge = 1072 for
the situation where only small grains are present in the disk (no or little grain
growth).

3. Disk mass. Three different values for the total disk mass M4 were considered to
cover a realistic range of disks (Mgas = 10721073, 1074 M).

2.3 Results

2.3.1 Abundances

In Figure 2.2 we present the abundances of CO and its isotopologues computed us-
ing the ISO network and implementing the isotopologue shielding factors in a rep-
resentative model (T Tauri star, Maisk = 1072Mg), fiarge = 1072.). In panel (a) a 2D
distribution of '*CO in a disk quadrant is shown; the central star is located at the
origin of the axis. As the disk surface is directly illuminated by the FUV stellar and
interstellar radiation, CO is easily photodissociated and its abundance drops, such
that n(CO)/ng,s reaches values around 108, This so-called photodissociation layer
results in a low-abundance region shown in green in panel (a) of Figure 2.2. The
depth of this layer is not radially constant because it depends on the disk surface
density structure and on the FUV flux. At large radii both H; and CO column densi-
ties are lower and the FUV stellar flux is less strong: CO is not shielded until lower
heights compared with regions at smaller radii. As soon as the UV absorption lines
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Figure 2.1: 2D representations of the results obtained including isotope-selective effects for a
representative model (Mg = 1072 Mg, T Tauri star, fiarge = 1072). The gas number density
(panel a), the dust temperature (panel b), the FUV flux in units of Gy (panel c), and the gas
temperature (panel d) are shown.
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Figure 2.2: 2D representations of the results obtained including isotope-selective effects for
a representative model (Mq = 107?M¢, T Tauri star, fiarge = 1072). The CO isotopologues
abundances normalized to the total gas density are presented. The black solid line indicates
the layer where the dust temperature is equal to 20 K. For lower Tqys¢ values, CO freeze-out
may become important.

35



Table 2.1: Parameters of the disk models.

Parameter Range

Chemistry

Chemical network ISO / NOISO
Chemical age 1 Myr

Physical structure

y 1

p 0.1

he 0.1 rad

R, 200 AU

Rout 400 AU

Mo 1074,103,10~2 M,
Gas-to-dust ratio 100

fiarge 1072,0.99

X 1

Stellar spectrum

T Tauri* To3=4000 K, Li,oi=1 L,
Herbig Ter=10000 K, L1,,1=10 L¢
Lx 1030 ergs—1

Dust properties

Dust 0.005-1 pm (small)

1-1000 pm (large)
* FUV excess added, see text.

saturate because of (self-) shielding, the photodissociation rate decreases steeply, al-
lowing CO to survive in the interior of the disk. This warm, high-abundance layer of
survived CO is shown in red in panel (a) of Figure 2.2. It extends from the surface up
to the midplane at very small radii, R < 40 AU, because the column densities there
are high enough that CO can survive the strong stellar photodissociating flux, and
the dust grains are warm enough to prevent freeze-out. At radii larger than 40 AU,
the abundance of CO falls again at decreasing height toward the midplane. There
the dust temperature is very low (Tyust < 20 K) because the UV stellar flux is well
shielded by the higher regions. At such temperatures CO molecules freeze out onto
dust grains, therefore the abundance of gaseous CO decreases. The precise dust tem-
perature at which most of the CO is frozen out depends on the density and can be as
low as 18 K for the adopted CO binding energy.

The shape of the distribution of C'*0 and C'7O inside the disk appears different
from that of CO (panels (c) and (d), Fig. 2.2), while the distribution of 13C0 is similar
to that of CO (panel (b), Fig. 2.2). For the two less abundant isotopologues the warm
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Figure 2.3: CO isotopologues abundance ratios obtained using the NOISO and the ISO
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molecular layer is indeed much thinner and separated by a warm molecular finger at
the midplane at small radii, Rj200 AU. This difference in the molecular distribution
is the effect of the isotope selective photodissociation and is highlighted in Fig. 2.3
through the abundance ratios:

n(*CY0)["*C][*0]
n(*CO)[*CI[¥O] -

Raty, = (2.6)
This indicates that the conventional way of deriving the CO isotopologue abun-
dances by simply dividing the '>CO abundance by the isotope ratios is not accurate.

In Figure 2.3 the ratios of the abundances found using these two methods are pre-
sented, that is, the differences in the predictions whether or not the isotope-selective
processes are taken into account. In the right-hand panels, the regions where C'80O
and C'70 are not yet self-shielded, while >CO is, blow-up clearly. In these regions
the isotopologue ratios are lower by up to a factor of 40 compared with just rescaling
the isotope ratios.These isotope-selective effects for the 1¥0 and 17O species are also
clearly seen when the values of Rat7,, for the total number of CO molecules summed
over the whole disk are compared in Table 2.2.

Another way to present the isotopologue fractionation is through R, the cumu-
lative column density ratios normalized to ?CO and the isotopic ratios reported, as
by Visser et al. (2009), for instance

R(s)  MLCTON) 0
N.(CO)[CJ['0]

2.7)
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Table 2.2: Ratios of the total number of molecules Raty,, in the gas summed over the entire
disk obtained using the ISO and the NOISO networks for every model.

My [Ms]  fiage Rat?y Rat?s Rat},

T Tau 10~ 1072 0.95 0.20 0.22
099 094 0.09 0.09

1073 1072 093 0.55 0.58

099 098 0.42 0.43

1072 1072 095 0.75 0.79

099 0098 0.71 0.73

Herbig 10— 1072 0.95 0.23 0.24
099 096 0.07 0.08

1073 1072 094 0.45 0.49

099  0.96 0.12 0.13

1072 1072 094 0.77 0.84

099 0098 0.64 0.66

where [X] is the elemental abundance of isotope X and

N.(*CY0)(z) = / n(*C¥0)dz’ 2.8)

z

is the column density, integrated from the surface of the disk (zsyt) down to the
height z.

Figure 2.4 shows R as function of disk height through a vertical cut at a radius
of 150 AU for the three isotopologues in two representative models. Consistent with
Visser et al. (2009), for C'80 and C'7O R is found to be constant around unity, until
it dips strongly at intermediate heights. There R perceptibly drops because '>CO
is already self-shielded and survives the photodissociation, while UV photons still
dissociate C!#0 and C'7O. This is the region where isotope-selective effects are most
detectable. If only small grains are present in the disk (upper panel of Fig. 2.4), the
temperature at which CO can freeze out (Tyust S 20 K) is reached below z =10 AU,
where the cumulative ratios are back close to the elemental isotope ratios (R ~ 1).
On the other hand, if large grains are considered (lower panel), this threshold shifts
to 25 AU, just in the region where isotope-selective dissociation is most efficient. For
heights lower than 25 AU the tiny amount of C'®*O and C'"O remaining in the gas
phase does not add to the column density, so R is effectively frozen at around 0.2
for both isotopologues. *CO, on the other hand, has less fractionation in both mod-
els. R, however, increases by a factor of three at intermediate heights (around »=40
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Figure 2.4: Cumulative column density ratios normalized to '*CO and the isotopic ratios (see
eg. 2.7) shown as a function of height for a vertical cut through the disk at a radius of 150 AU.
In the top panel we show a 107® M, disk around a T Tauri star with f = 1072 (only small
grains), while in the bottom panel the settling parameter is fia;ge = 0.99. The dotted red lines
indicate where the temperature reaches 20 K, below which CO starts to freeze out.
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AU) for this isotopologue as a result of gas-phase reactions. For each isotopologue,
isotope-selective effects are maximized if mm-sized grains are present in the disk, as
we discuss in Sect. 2.3.2 in more detail.

A negligible fraction of CO is in solid CO in our models, in particular for the
warm Herbig disks. Only the more massive cold disks around T Tauri stars have a
solid CO fraction similar to that of gaseous CO. Overall, a large portion of oxygen
is locked up in water ice in the models. In particular, the excess 80 and 7O pro-
duced by the isotope-selective photodissociation is turned into water ice, which has
a much higher binding energy and thus remains on the grains even in warm disks.
If this water ice subsequently comes into contact with solids that drift inwards, this
may explain the anomalous 'O and 7O isotope ratios found in meteorites (Lyons
& Young 2005; Visser et al. 2009).

2.3.2 Line fluxes

While the 2D representations of molecular abundances shown in Figs. 2.2 and 2.3
are useful for understanding the chemical and physical structures of the disk, line
fluxes are a better proxy for quantifying the observable effects given by the isotope-
selective processes. In Fig. 3.3.2 we present the radial intensity ratios of the J=3-2
line for 13CO, C*®0, and C'7O obtained with the NOISO and ISO networks. Spectral-
image cubes were obtained with DALI from the solution of the radiative transfer
equation, assuming the disk is at a distance of 100 pc. The derived line intensities
were not convolved with any observational beam. For '3CO the line intensities ob-
tained with the two networks are very similar, leading to line ratios within a factor
of two. On the other hand, for C'80 and C!7O the line intensity ratios obtained with
the two networks differ by up to a factor of 40. This means that an analysis that does
not consider isotope-selective effects would lead to an overprediction of the line in-
tensity of the two less abundant isotopologues at radii around 100 AU. Using the
NOISO network would overpredict the C'¥0 and C!7O lines intensities by up to a
factor of 40.

Dependence on the parameters

It is interesting to determine how the observables depend on the variation of the
parameters listed in Sect. 2.2.4. The focus is in particular on the line intensity ratios
found for C*¥0 and C'70O, where the effects are more prominent.

When the dust composition is left unchanged and the disk mass is increased
from My = 10~*M, to Mg = 1072M,, the region where the isotope-selective pho-
todissociation is most effective shifts toward the outer regions. The peak of the in-
tensity ratios between the ISO and NOISO networks is located there (second and
third panels of Fig. 3.3.2). They are defined as Rat}; =I['*CO]xorso/I[**COliso,
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Figure 2.5: Sketch of the 2D abundances of C'®O in one quadrant of the disk. On the left-hand
side mm-sized grains are present in the disk (fiarge=0.99), while on the right just (sub) pm-
sized grains are considered (fiarge=10"7). In the upper panel the 2D abundance predicted by
the NOISO network (i.e., not considering isotope selective photodissociation) is plotted, in the
middle panel that inferred by the ISO network, i.e., with an isotopologue selective treatment
of isotopologues. The red regions show where CO isotopologues are in the molecular phase,
while the blue regions are where they are frozen onto grains. The regions where the two
predictions differ more are those in which isotope-selective processes are strongest; they are
highlighted in the lower panel by the white shapes. The black dotted contours and the red
arrows show the difference between ISO and NOISO. Since small grains are more efficient
in shielding from photodissociating photons, C'*O can survive in the gas phase at grater
heights and farther out (white dotted lines in the upper panel). Accordingly, the white regions
that show the difference between ISO and NOISO in the lower panel also shift upward and
outward in the case of small grains.
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Figure 2.6: Ratios of CO isotopologues line intensity (J=3-2) obtained with the NOISO
and ISO networks as a function of the disk radius. Rat}; =I["*COlnoiso/I[**COlso,
Ratis=I[C**O]norso/I[C**Oliso and Rati,=I[C'"Olnoiso/I[C'"Oliso were defined. Dotted
lines refer to models where f = 1072, solid lines to fiarge = 0.99. Different colors indicate
models with different disk masses: Mg = 10’4M@ in blue, Mg = 10~ 3Mg in light blue and
Mg = 1072My, in purple. Models with T Tauri stars are shown in the left panels, those with
Herbig stars in the right panels.
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Ratlls :I[Clso]Nolso/I[CISO]ISO and Rat117 = [C17O]NOISQ/I[C17O]150. At hlgher
masses the column densities at which CO UV-lines saturate are reached earlier: CO
and its isotopologues can therefore survive at larger radii and heights and the ob-
servable effects of isotope-selective photodissociation come from the outer regions.
Higher mass disks also have colder deeper regions and thus more CO freeze-out
onto dust grains in the midplane.

A similar and even more substantial shift toward larger radii is seen by consid-
ering two models with the same disk mass, but with different dust composition.
Submicron-sized particles are much more efficient than mm-sized grains in shielding
FUV phodissociating photons, therefore the observable effects of isotope-selective
photodissociations come from outer regions. This behavior is sketched in Fig. 2.5
where it is shown that the CO emitting region shifts deeper into the disk and in-
ward with grain growth, as found previously by Jonkheid et al. (2004) and Aikawa
& Nomura (2006).

The magnitude of the isotope-selective effects is lower in the case of small grains,
however. The peak in line intensity ratios is a factor of 2 lower than for large grains.
The explanation is in the location of the freeze out zone. For large grains the region
where less abundant CO isotopologues are highly fractionated partially coincides
with the freeze-out zone (see Fig. 2.4). For Ty, < 20 K almost all CO molecules
are frozen onto grains, except for a small fraction that is photodesorbed by FUV
radiation, and the tiny fraction that remains in the gas phase cannot substantially
enhance the line intensity.

The last parameter to consider is the spectrum of the central star. In Fig. 3.3.2
the line intensity ratios obtained considering a T Tauri star and a Herbig star are
presented. There is no substantial difference in the peak values of the ratios, but
their location depends on the stellar spectrum. For low-mass disks the peak for
both T Tauri and Herbig disks is in the inner region, while for high-mass disks the
Herbig emission peaks at larger radii. For example, for the model with the highest
mass, Mg = 10~2M,, and with large grains, fiarge = 0.99, the peak shifts drastically
outward at ~200AU for a Herbig star. This shift is caused by the fact that Herbig
stars have more CO-dissociating UV photons (A < 1100 A), than T Tauri stars.

2.3.3 Line optical depth

C!80 is frequently used as a mass tracer because of its low abundance. Compared
with more abundant isotopologues such as '2CO and '3CO, its detection allows
probing regions closer to the midplane and thus the bulk of the disk mass. C'®*O
is a good mass tracer as long as its lines are optically thin, which may not always be
the case. Then C!7O, being rarer than C'®0, can be used to probe the regions where
the optical depth is greater than unity.
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One way to investigate line optical thickness is to compare the line intensity ra-
dial profile with the column density radial profile. For optically thin emission, they
should indeed follow the same trend, since column density counts the total number
of molecules at a given column. If the line intensity radial profile does not follow
that of the column density, this is a signature of an opacity effect.

In Fig. 2.7 column density radial profiles are compared with line intensity radial
profiles for models with a T Tauri star and with a Herbig star as central objects.
Column densities are shown in black, while line intensities are shown in red for
C'80 and in light blue for C'70. Except for the very inner and dense regions, both
isotopologues are optically thin throughout the entire disk. This is true in particular
for the 10~* M, disks, but not completely for the massive 1072M, T Tauri disk.

It is interesting to note that in Fig. 2.7 in the outer regions, that is for > 200 AU,
the column densities obtained with different models do not scale linearly with mass.
This depends on the amount of C'®0 and C7O frozen onto grains, which varies for
the different models. In Fig. 2.8 the C'80 and the total (H +2H,) cumulative column
densities (Eq. 2.8) are shown for a cut at » = 300 AU. The total cumulative column
densities are divided by a factor 10~°. For z = 0, that is where the column densities
are integrated from the surface up to the midplane, the total cumulative column
density scales linearly with mass as expected, but that of C'*O does not, because of
the different freeze-out zones.

2.4 Discussion

To properly compare model predictions with data, one needs to convolve output
images with the same beam as used for observations. Whether or not the isotope-
selective effects presented in previous sections can indeed be detected may vary with
different beam sizes. Moreover, estimates of the total disk masses may be affected by
this choice. Below we discuss this problem and provide estimates of the magnitude
of this effect in determining disk masses.

2.4.1 Beam convolutions

To investigate the sensitivities of mass estimates on isotope selective effects, the
output images obtained by implementing the ISO and NOISO network were con-
volved with different observational beams. Four beam sizes were adopted for the
convolution: 0.1, 0.5”, 1.0”, and 3.0” . The smallest are useful to simulate high-
resolution observations (e.g., ALMA observations), while the largest are used to
compare the models with lower resolution observations (e.g, SMA observations) or
disk-integrated (single-dish) measurements.
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Figure 2.7: Column density radial profiles of C'*0 and C'"O compared with beam-convolved
line intensity (J=3-2) radial profiles. Different line styles represent models with various disk
masses; column densities in black, C**O and C!7O line intensities in red and in blue, con-
volved with a 0.1” beam. Models with a central T Tauri star are presented in the left panels,
those with a Herbig star in the right panels. Only models with fia;ge = 0.99 are shown.
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Figure 2.8: Cumulative column density as a function of the disk height integrating from the
surface to the midplane in a disk radial cut (r = 300 AU). Only T Tauri models with fiarge=0.99
are shown. Different line colors represent models with various disk masses. Dotted lines show
the scaled total gas cumulative column density (see text), solid lines that of C**O. The black
lines show where the dust temperature is lower than 20 K for the different disk models, i.e.,
where CO freeze-out becomes important.
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In Fig.3.6 radial distributions of C'®0 line intensity obtained with different beam
convolutions are presented for one of the T Tauri disk models located at 100 pc. Dif-
ferent colors refer to various beam sizes, while the line style shows whether isotope-
selective effects are taken into account or not: a solid line is used if they are con-
sidered (ISO network), a dotted line otherwise (NOISO network). The predictions
obtained with the two chemical networks always differ, but they do so in diverse
ways if different beam sizes are adopted. In the extreme case of the 3” beam, the
NOISO network overproduces the disk-integrated C'80 line intensity by a factor of
5. On the other hand, if a very narrow beam is used for the convolution, that is,
a 0.1” beam, the line intensities are the same at very small radii for the two mod-
els; but at larger distances the NOISO network overestimates the line intensity, but
not always by the same factor. Such a narrow beam allows resolving substructures
that are smeared out by a larger beam. As expected, the regions of the disk where
line intensity ratios of ISO and NOISO are high are the same as those for which the
unconvolved line intensities obtained with the two networks differ most (see Fig.
3.3.2).

2.4.2 Mass estimates

The question to answer now is how much disk mass estimates may vary if a proper
treatment of CO isotopologues is adopted. Unfortunately, '3CO, the isotopologue
less affected by isotopologue selective processes, becomes optically thick at substan-
tial heights from the midplane, and is thus not a good mass tracer (Fig. 2.10, top).
Therefore just C'®*O and C'7O can be considered for mass estimates.

For spatially resolved observations (0.17-1”), the difference between the line in-
tensities obtained with the NOISO and ISO networks varies through the disk (see
Fig. 3.6). This is because isotope selective processes have different influence in dif-
ferent regions of the disk. Therefore, as our analysis concluded, no simple scaling
relation can be given, but a full thermochemical model needs to be run to estimate
the correct disk mass.

On the other hand, in the extreme case of a 3” observational beam, where the
disk substructures are not resolved, the bulk of the disk-integrated line intensity
is obtained. In Fig. 2.10 the integrated line intensities obtained with disk masses
My = 107%,1072 and 10~2M,, are shown, for the NOISO and the ISO network.
The red line relates the intensity values obtained for the three disk masses with the
NOISO network, while the blue line shows those with the ISO network. The dotted
lines indicate the different masses inferred by the two networks, and thus the fac-
tor by which the total disk mass is underestimated if isotope-selective processes are
neglected. Both grain growth level and variation in the stellar spectrum are inves-
tigated. The inferred masses, both considering isotope selective processes and not
considering them, are presented in Table 2.3, together with their ratios. In practice, a
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given C'80 and C'7O line intensity is observed and plots such as those in Fig. 2.10
can then be used to draw a horizontal line and read off the disk masses.

The grid of models presented in this paper explores only a few parameters, and
it is not possible to draw a general correction rule; we stress that the values in Table
2.3 are only indicative and may well reproduce extreme cases. On the other hand, it
is possible to find trends in the results. For a given C*¥O and C'7O intensity, the total
disk mass is always underestimated if the NOISO network is used, that is, if isotope-
selective effects are not properly considered. The underestimates are higher if mm-
sized grains are present in the disk (i.e., where photodissociation is most efficient)
and for a T Tauri star as central object, whose disk is cold. Moreover, the results
differ by a larger factor if more massive disks are considered, such as disks with
masses that range from 1073 Mg, to 1072 M,

Williams & Best (2014) used a simple parametric approach to infer disk masses
from their '3CO and C'®0 data assuming constant isotopologue abundance ratios
in those regions of the disk where CO is not photodissociated or frozen out. Effects
of isotope selective photodissociation are treated by decreasing the C'*0O/CO abun-
dance ratio by an additional constant factor of 3 throughout the disk. Although our
mini-grid is much smaller than that of Williams & Best (2014), we tend to find higher
13CO and lower C'®0 intensities by up to a factor of a few for the same disk mass,
especially for the models with large grains at the low mass end. A more complete
parameter study of our full chemical models is needed for proper comparison.

243 TW Hya

TW Hya is one of the best-studied protoplanetary disks, being the closest T Tauri
system, at a distance of 54+6 pc from Earth (van Leeuwen 2007). In addition, it is the
only case in which the fundamental rotational transition of HD has been detected
with the Herschel Space Observatory (Bergin et al. 2013). Observations of HD emission
lines provide an independent disk mass determination, assuming that the HD dis-
tribution follows that of Hy. From these observations Bergin et al. (2013) determined
a total disk mass larger than 5 - 1072M,,. Favre et al. (2013) also reported spatial
integrated C'80 (2 — 1) observations of TW Hya with SMA. From their analysis an
underestimate of the disk mass by a factor between 3 and 100 was found. In their
modeling they dis not treat isotope selective photodissociation in a self-consistent
way and concluded instead that the carbon abundance is low.

For the model in our grid that best represents the TW Hya characteristics (T Tauri
star, large grains, My = 1072My), a mass correction factor of at least 20 is found (see
Table 2.3). This demonstrates that accounting for isotope selective processes might
mitigate the disagreement in mass determinations. The spatial resolution of the SMA
data of 100-150 AU is just in the regime where the effects are strongest. A more accu-
rate modeling of TW Hya implementing the full isotope selective photodissociation
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Figure 2.9: Radial profiles of the C'®*O line intensity (J=3-2) considering different observa-
tional beams for a particular disk model (T Tauri star, Maisk = 107> Mg, foman = 0.99). Dif-
ferent colors show different choices of the observational beam size. Solid lines represent the
intensities obtained considering the isotope-selective processes (ISO network), dotted lines
show the results when an approximative analysis is carried out (NOISO network). For the
0.1” and 0.5” beam, full lines are presented, whereas for the 1” and 3” beam they are binned
at the spatial resolution. For the 3” beam, only the disk-integrated value (or the value that just
resolves the outer disk) is shown.

49



10.00 ;’/o——"&m"f 10.00 ¢ Noiso 3 10.00 F NOISO  § 10.00 /omg‘i
- ISO 1Iso
i 1SO
E
-
X 100} 1 100¢ 1 100F i 100} 3
2
2
2
E
o 010 1 010¢ i 010F i 010F E
0
. TTamri_2 T Tauri Herl::ig_2 Herbig
£, =10 Toge=0.99 i, =10 frge=0.99
001 g L= .3 001 e 3 001 L o= .3 001 e
00001 00010 00100 00001 00010 00100 00001 00010 00100 00001 00010 0.0100
NOISO
1000 ¢ 11000 ¢ 7 10.00 ¢ (o/' 1 1000
‘o NOISO T Is0
£
X
X E 1,00/ 3 100
2
0
c
g
E J L i L 4 010F 3
o 0.10 0.10 .
% % .
TTauri , T Tauri Herbig; :—Ierzggg
001k fe10 1 01} e I ™10 ] 01 g e
0.0001 00010 00100 00001 00010 00100 00001 00010 00100 00001 00010 00100
10.00 £ 1 1000 F 1 1000 3
‘o NOISO
£
£
X 1.00 100 1.00 E
2
g o
E
o 0.10 010 f 1 010 E
o L ) )
T Taurn = d/ T Tauri Hetbig
firge=10 fage=0.99 fragi=0.99
001 |, b 3 001 A Ty =l o M S
0.0001 00010 00100 00001 00010 00100 00001 00010 00100 00001 00010 00100
MM, ] Mo[M;i] MMgy] My Mgyl

Figure 2.10: Disk-integrated '*CO (top), C'®O (middle), and C'"O (bottom) line intensities
(J=3-2) obtained with disk masses My = 107%,1073,10"2M, are shown as a function of the
disk mass. The beam size is 3”. The red line relates the intensity values obtained for the
three disk masses with the NOISO network, while the blue line shows those with the ISO
network. Dotted lines indicate by which factor the total disk mass is underestimated if no
isotope-selective processes are considered. Results are presented for fiarge = 1072, 0.99 and
for T Tauri and Herbig disks.
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Table 2.3: Disk mass estimates obtained from a given observation of C'*O or C'"O without
and with isotope selective photodissociation. The inferred disk masses are obtained with the
disk-integrated line intensities given as outputs with the NOISO and ISO networks (see Fig.
2.10). The ratios between these two estimates are also reported for all the disk models. These
correction factors should be applied to mass estimates that are obtained ignoring isotope-
selective photodissociation.

True My [Mg] Inferred NOISO My [Mg] Ratio(Mryue/Mro1s0)

small large small large small large
T Tauri T Tauri T Tauri
ct®o 10® 100® 55-107% 5.107° 1.8 20
1072 1072 8-107* 1.5-1074 12.5 67
cl’o 107® 1073 6.4-107% 2.1-1074 1.6 4.8
1072 1072 2-.1073 5.5-107% 5 20
Herbig Herbig Herbig
c®o 107 1003 6-107¢ 104 1.7 10
1072 1072  6-103 9.104 1.7 11
ct’o 107 1073 6.5-107¢ 1.3-10% 1.5 7.8
1072 1072 §8-1073 3.1073 1.3 3.3
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using the same disk model as in Favre et al. (2013), Bergin et al. (2013) and Cleeves
et al. (2014) with the observed stellar UV spectrum is needed to support this claim.

2.5 Summary and conclusions

We presented a detailed treatment of CO isotope selective photodissociation in a
complete disk model for the first time. A full thermo-chemical model was used to
which less abundant CO isotopologues were added into the chemical network as in-
dependent species, and the corresponding self-shielding factors were implemented.
Abundances and line intensities were obtained as outputs for a grid of disk mod-
els, with and without isotope-selective photodissociation. The main conclusions are
listed below.

e When CO isotope selective photodissociation is considered, the abundances of
COisotopologues are affected. In particular, there are regions in the disk where
C'80 and C'"O show an underabundance with the respect to 12CO when com-
pared with the overall elemental abundance ratios.

e The CO isotopologues line intensity ratios vary if isotope selective photodisso-
ciation is properly considered. The line intensity ratios are overestimated by
up to a factor of 40 at certain disk radii, when isotope selective processes are
not included into the modeling.

e A consequence of these results is that the disk mass can be underestimated by
up to almost two orders of magnitude if a single line is observed and isotope
selective effects are not properly taken into account. The effects are strongest
for cold disks with large grains where the isotope selective effects are strongest
close to the freeze-out zone, i.e., the same region of the disk from which most of
the C'®0 and C'"O emission arises. Moreover, the situation is worse for single-
dish data or for low spatial resolution interferometry, which just resolves the
outer disk.

e A preliminary comparison was made between the results presented here and
TW Hya. The discrepancy in mass determination observed for this object may
be explained by implementing isotope selective photodissociation in a self-
consistent manner. More detailed modeling of the object is still needed, how-
ever.

In the future we will model TW Hya and other disks in more detail. In addition,
a wider set of parameters will be explored in a larger grid of models, to provide mass
estimate corrections for all kinds of disks when multiple lines are observed.
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OBSERVATIONS
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Abstract - Despite intensive studies of protoplanetary disks, there is still no re-
liable way to determine their total (gast+dust) mass and their surface density distri-
bution, quantities that are crucial for describing both the structure and the evolution
of disks up to the formation of planets. The goal of this work is to use less-abundant
CO isotopologues, such as *CO, C'80 and C'7O, detection of which is routine for
ALMA, to infer the gas mass of disks. Isotope-selective effects need to be taken into
account in the analysis, because they can significantly modify CO isotopologues’
line intensities. CO isotope-selective photodissociation has been implemented in the
physical-chemical code DALI (Dust And LInes) and more than 800 disk models have
been run for a range of disk and stellar parameters. Dust and gas temperature struc-
tures have been computed self-consistently, together with a chemical calculation of
the main atomic and molecular species. Both disk structure and stellar parameters
have been investigated by varying the parameters in the grid of models. Total fluxes
have been ray-traced for different CO isotopologues and for various low J— tran-
sitions for different inclinations. A combination of '*CO and C'®O total intensities
allows inference of the total disk mass, although with non-negligible uncertainties.
These can be overcome by employing spatially resolved observations, that is the
disk’s radial extent and inclination. Comparison with parametric models shows dif-
ferences at the level of a factor of a few, especially for extremely low and high disk
masses. Finally, total line intensities for different CO isotopologue and for various
low-J transitions are provided and are fitted to simple formulae. The effects of a
lower gas-phase carbon abundance and different gas-to-dust ratios are investigated
as well, and comparison with other tracers is made. Disk masses can be determined
within a factor of a few by comparing CO isotopologue lines observations with the
simulated line fluxes provided in this paper, modulo the uncertainties in the volatile
elemental abundances.!

Tables A.4 and A.5 are only available in electronic form at the CDS via anonymous ftp to cdsarc.u-
strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?] /A+A/
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3.1 Introduction

Protoplanetary disks are known to be the birth places of planets, but the process
of grain growth, and ultimately planetesimal formation depends sensitively on the
physical structure of gas in disks (see e.g., Armitage 2011, for a review). This struc-
ture is still poorly constrained from observations (e.g., Williams & Cieza 2011). In
particular, there is not yet a reliable way for determining the total disk mass (gas +
dust) and its radial distribution, which is one of the crucial parameters needed to
describe disks’ structure and evolution.

The traditional way of measuring disk masses has been through the detection
of the cold dust, which dominates disk emission at millimeter wavelengths and is
readily observed (e.g., Beckwith et al. 1990; Natta et al. 2004; Ricci et al. 2010; Testi et
al. 2014). The dust component typically accounts for only 1% of the total disk mass,
as the bulk of it is in the molecular gas. A conversion factor of 100 is generally taken
for translating from dust to gas mass. However, as recent observations have shown,
often the dust distribution does not follow that of the gas (e.g., Pani¢ & Hogerheijde
2009; Andrews et al. 2012; Casassus et al. 2013; van der Marel et al. 2013; Walsh et al.
2014; Perez et al. 2015). In addition, major assumptions on dust particle size, shape,
and composition need to be made in order to convert dust emission into dust mass.
Finally, as a result of disk evolution, the gas-to-dust ratio may deviate significantly
from 100 (Gorti & Hollenbach 2009; Alexander et al. 2014). In order to overcome
these uncertainties, a direct measurement of molecular gas is preferred in order to
determine the total gas mass, its spatial distribution and that of the gas-to-dust ratio
of protoplanetary disks.

Ideally, one would like to directly trace molecular hydrogen (H;), the most abun-
dant species, whose rotational lines are, however, difficult to detect. This molecule
has no permanent dipole moment, requires higher temperatures for excitation and
emits at wavelengths where the dust is optically thick. A solution comes from the
detection of the less abundant isotopologue HD, whose far-infrared transitions were
covered with the Herschel space ibservatory. Observations of HD lines have been
published only for the closest protoplanetary disk, the well known TW Hya disk
(Bergin et al. 2013), and no current facility is sensitive enough to detect HD in disks
not covered by Herschel. These limitations lead to the need of other gas-mass tracers.

The second most abundant molecule, carbon monoxide (CO), is on the other hand
readily detectable through its pure rotational lines at millimeter (mm-) wavelengths.
However the main isotopologue, *CO, becomes optically thick at low column den-
sities and only traces the surfaces of protoplanetary disks. Thus, in order to trace
the bulk of the mass, one needs to observe less-abundant CO isotopologues such as
13CO and C'®0O, that become optically thick much deeper and trace the gas down
to the midplane of the disk (van Zadelhoff et al. 2001; Dartois et al. 2003). Recently
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Williams & Best (2014) have shown that through a combination of observations of
multiple CO isotopologues (e.g., 1*CO and C'80) it is possible to determine disk gas
masses with a grid of parametric models, even if the disk properties are not known.
These models do not model chemistry, however, but use a parametrized temperature
structure and CO abundance with fixed [*2C]/[*3C] and ['°0O]/[*®O] ratios.

Although the CO chemistry is well studied and easily implemented in chemical
models of disks (e.g., Aikawa et al. 2002; Hollenbach et al. 2005; Gorti & Hollen-
bach 2009; Nomura et al. 2009; Woitke et al. 2009), this is not the case for isotope-
selective processes (Visser et al. 2009), which may affect the correct determination of
disk masses. Miotello et al. (2014) have implemented isotope-selective photodisso-
ciation in a thermo-chemical and physical code, DALI (Dust And LInes, Bruderer et
al. 2012; Bruderer 2013), exploring a set of parameters in a small grid of disk mod-
els. This study shows that isotope-selective processes may significantly affect CO
isotopologues abundances, line emission and, accordingly, the determination of disk
masses, especially as inferred from C!80 and C'7O alone.

In this paper we expand on Miotello et al. (2014b) and provide conversion fac-
tors to go from CO isotopologue line fluxes to the disk gas mass. A larger grid of
disk models, 840 in total, is presented. After running a thermo-chemical calcula-
tion including isotope-selective photodissociation, CO isotopologues line intensities
have been ray-traced for all models and lines are provided in Appendix 3.A and in
electronic tables. These values can be used to infer disk masses, in particular if in-
formation about surface density distributions is derived from spatially resolved CO
isotopologues observations. We also compare with alternative gas mass tracers such
as the atomic fine structure lines (e.g. Kamp et al. 2011; Dent et al. 2013; Woitke et al.
2016).

3.2 Model

In this work, 2D disk models have been run to relate gas mass to CO isotopologues
emission. Our models are computed using the physical-chemical code DALI, exten-
sively tested with benchmark test problems (Bruderer et al. 2012; Bruderer 2013) and
against observations (Bruderer et al. 2012; Fedele et al. 2013; Bruderer et al. 2014).
The inputs needed by the code are the disk density structure and the stellar spec-
trum, which provides the central source of heating and dissociating radiation. First,
the continuum radiative transfer is solved with a 2D Monte Carlo method which
calculates the dust temperature Tq,s and local continuum radiation field from UV
to mm wavelengths. The following step is the determination of the chemical com-
position of the gas, obtained by a time-dependent chemical network simulation: the
abundances of the main atoms and molecules are computed and subsequently the
molecular excitation is obtained through a non-LTE calculation. Then the gas tem-

58



perature T, is obtained from the balance between heating and cooling processes.
Since both the chemistry and the molecular excitation depend on T,s, the problem
is solved iteratively until a self-consistent solution is found. Finally, spectral image
cubes are created with a raytracer.

As in Miotello et al. (2014b), we have included a complete treatment of isotope-
selective processes. In the chemical network different isotopologues are taken as
independent species (e.g. 12CO, 13CO, C'®0, and C!70) and reactions which regulate
the abundance of one isotopolog over the other are included. Mutual (from H, Ho,
CO) and self-shielding factors for different CO isotopologues from Visser et al. (2009)
have been implemented in the chemical calculation.

3.2.1 Physical structure

In our models the disk density structure is parametrized by a power-law function,
following the prescription proposed by Andrews et al. (2011). Physically this repre-
sents a viscously evolving disk, where the viscosity is expressed by v o« RY (Lynden-
Bell & Pringle 1974; Hartmann et al. 1998). The surface density follows:

R\ R\*7
Yigas = X (RC) exXp |— (Rc> ] ) 3.1

where R, is the critical radius and . is the critical surface density. A fixed gas-to-
dust ratio equal to 100 is employed to set the relation between the gas and the dust
surface densities.

The vertical density structure follows a Gaussian with scale height angle h =
he(R/R.)¥. For the dust settling, two populations of grains are considered, small
(0.005 - 1 pum) and large (1 - 1000 um) (D’Alessio et al. 2006). The scale height is &
for the the small grains and x for the large ones, where 0 < x < 1. The fraction of
surface density distributed to the small and large population is (1 — fiarge) Zdust and
fiarge Ddust, respectively. In Miotello et al. (2014b) the ratio of large to small grains
was varied: flarge = 0.99 was chosen in order to simulate a mixture of large and small
grains (most of the dust mass in large grains) and fiarge = 1072 was set for the situ-
ation of only small grains (only 1% of dust mass in large grains). Since small grains
are much more efficient in absorbing UV radiation, the output CO isotopologues
abundances and lines were different in the two cases. However, no significant differ-
ences were found between the case of fiarge = 0.9 and of fiargc between 0.1 and 0.99.
Since grains are expected to grow to mm-sizes in protoplanetary disks (e.g., Testi et
al. 2003; Rodmann et al. 2006; Lommen et al. 2009; Ricci et al. 2010), for this work we
assume only one case, fiuge = 0.9. In contrast with Miotello et al. (2014b), the gas
vertical density structure is coupled only to the small grains distribution. The gas-
to-dust ratio is enforced on the total column of gas and dust (both small and large
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grain populations).

Other parameters of the model are the stellar radiation field and the cosmic-ray
ionization rate. Particularly important is the FUV (6 -13.6 eV) part of the stellar
radiation field. In order to study the effects of different amounts of FUV radiation
compared with the bolometric luminosity, the stellar spectrum is assumed to be a
black-body at a given temperature T, with excess UV due to accretion. The X-ray
spectrum is taken to be a thermal spectrum of 7 x 107 K within 1 - 100 keV and the X-
ray luminosity in this band Lx = 10*° erg s™!. As discussed in Bruderer (2013), the
X-ray luminosity is of minor importance for the intensity of CO pure rotational lines
which are the focus in this work. The cosmic-ray ionization rate is set to 5 x 1077
s~!. We account for the interstellar UV radiation field and the cosmic microwave
background as external sources of radiation.

The calculation is carried out on 75 cells in the radial direction and 60 in the ver-
tical direction. The spectral grid of the continuum radiative transfer extends from
912 A to 3 mm in 58 wavelength-bins. The wavelength dependence of the photo-
dissociation and photo-ionization cross sections is taken into account using data
summarized in van Dishoeck et al. (2006).

The chemistry is solved in a time-dependent manner, up to a chemical age of
1 Myr. The main difference to the steady-state solution is that carbon is not con-
verted into methane (CH,) close to the mid-plane, since the time-scale of these re-
actions is longer than > 10 Myr and thus unlikely to proceed in disks. CO line
intensity results are not sensitive to this choice of age for values between 0.5-5 Myr.
As in Miotello et al. (2014b) we run models both with isotope-selective processes
switched on (ISO network) or off (NOISO network). The NOISO models do not in-
clude isotopologues in their chemical network and for the calculation of line fluxes,
for example by '*CO, the abundance is scaled by a constant factor given by the ISM
isotope-ratio ['*C]/[*2C].

3.2.2 Chemical network

Our chemical reaction network is a reduced version of the ISO network presented
by Miotello et al. (2014b), which is based on the UMIST 06 network (Woodall et
al. 2007; Bruderer et al. 2012; Bruderer 2013). It includes Hy formation on dust,
freeze-out, thermal and non-thermal desorption, hydrogenation of simple species
on ices, gas-phase reactions, photodissociation, X-ray and cosmic-ray induced re-
actions, PAH/small grain charge exchange/hydrogenation, and reactions with vi-
brationally excited Hy. The details of the implementation of these reactions are re-
ported in Appendix A.3.1 of Bruderer et al. (2012), while the implementation of CO
isotope-selective processes is discussed in Miotello et al. (2014b). Specifically, a bind-
ing energy of 855 K was used for pure CO ice (Bisschop et al. 2006). The elemental
abundances are also the same as those in Bruderer et al. (2012). The isotope ratios are
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taken to be ['2C]/['3*C]=77, [°O]/[**O]=560 and ['°O]/[*"O]=1792 (Wilson & Rood
1994).

Since CO is the main carbon-bearing species in protoplanetary disks, its abun-
dance is strictly related to that of atomic carbon. As shown in Bruderer et al. (2012),
Favre et al. (2013), Bergin et al. (2014), Du et al. (2015) and Kama et al. (2016b), some
protoplanetary disk observations show evidence for carbon and/or oxygen deple-
tion. So, CO isotopologue line intensities may be fainter because carbon is locked
in more complex organics (see e.g., Bergin et al. 2014). In order to quantitatively
explore the effects of carbon depletion on CO isotopologues line intensities, a small
set of models has been run with a reduced initial carbon abundance. The standard
value assumed for the whole grid, X¢ = C/H = 1.35 x 10~4, has been reduced by
factors of three and ten. Accordingly, the initial atomic abundance of *C has been
reduced by the same factors. These results and a more detailed discussion about the
effects of carbon depletion on CO isotopologues lines are reported in Sec. 3.4.4 and
in Appendix 3.B.

In order to be able to run a significantly larger number of models in a feasible
amount of time, the ISO chemical network presented in Miotello et al. (2014b) has
been reduced. It was possible to identify which species and reactions channels did
not have an impact on CO chemistry, after running some test models with different
versions of the chemical network. In particular, sulfur chemistry was found to have
negligible influence on the CO chemistry. Accordingly, all sulfur-baring molecules
were removed by the list of the accounted species. Sulfur atoms and other metals
like Si, Mg and Fe, are kept in the chemical network for allowing charge transfer. The
simplifications applied to the chemical network do not bring significant variations in
COisotopologues abundance distributions and modify their resulting line intensities
by less than 1%.

Finally, the total number of species has been reduced from 276 to 185 and the
number of the reactions from 9755 to 5755. Since the time consumed is driven mainly
by the number of the species in the chemical network, this reduction allows us to
explore a much larger set of parameters, discussed in Sec. 3.2.3. From now on,
we will refer to this chemical network such as the ISO network; all models have
also been run without accounting for isotope-selective processes, using the NOISO
network presented in Miotello et al. (2014b).

3.2.3 Grid of models

The physical structure of protoplanetary disks is difficult to constrain from observa-
tions without significant degeneracy in model parameter combination. In particular
the vertical structure has been constrained only in few cases directly by observations
(e.g., Rosenfeld et al. 2013). On the other hand, the structure of a disk may strongly
affect the location and the intensity of the molecular emission. We explore to what
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extent CO isotopologues lines trace Mg by varying the radial and the vertical struc-
ture of the disk.

Radial structure. In a disk model the surface density distribution sets how the bulk
of the gas mass is radially distributed inside the disk. Varying the values of differ-
ent parameters in Eq. (5.1) influences the simulated line intensities. For exploring
different scenarios, the following parameters have been varied:

i. The critical radius R, has been assumed to be 30 au, 60 au and 200 au, in or-
der to simulate disks with different radial extents. At R > R, the exponential
controls the surface density distribution. Indirectly, R regulates the disk outer
radius.

ii. The power-law index v determines the disk radial size, too. This parameter
mainly determines how the mass is distributed along the radial extent of the
disk. Shallower power-laws allow the bulk of the mass to be further out in the
disk. In this paper + is taken to be 0.8, 1.0, and 1.5.

These ranges of R. and vy cover those found observationally by Andrews et al. (2012).
Very extended disks with R. = 200 au are, however, expected to be extreme cases.

Vertical structure. From a modeling point of view, different vertical structures can
strongly affect the disk temperature structure and the chemistry. Changes in the
temperature structure affect the molecular composition and thus alter the emitting
CO column density.

i. The scale height h., defined by h = h¢(R/ R.)Y, regulates the vertical extent of
the disk. In this grid of models h. is allowed to be either 0.1 or 0.2.

ii. The flaring angle 1 indicates how much the disk spreads in the vertical direc-
tion and thus how much direct stellar radiation it is able to intercept. Also 1
has been taken to have two values, 0.1 and 0.2 rad.

Mass and radiation field. Finally, the total disk mass is the main parameter gov-
erning CO isotopologues column densities and line intensities. At the same time, the
amount of photodissociating photons plays an important role for the survival of CO
isotopologues. In order to explore different combinations of column densities and
FUYV fluxes, disk masses and stellar spectra have been varied.
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i. The total disk mass has been covered for seven values in a realistic range:
Maige = 1075,1074,5 x 1074,1073,5 x 103,102, 10~ M.

ii. The stellar flux has been assumed to be a black body with an effective tempera-
ture Teg = 4000 K or Teg = 10000 K to simulate either a T Tauri or a Herbig star,
as in Miotello et al. (2014b). Excess UV radiation due to accretion is taken into
account for T Tauri stars as follows.The gravitational potential energy of ac-
creted mass is assumed to be released with 100% efficiency as blackbody emis-
sion with 7=10000 K. The mass accretion rate is taken to be 10~8M, yr~! and
the luminosity is assumed to be emitted uniformly over the stellar surface. An
accretion rate of 1078 My yr~! is the typical value measured in classical Class II
disks (Hartmann et al. 1998; Mohanty et al. 2005; Herczeg & Hillenbrand 2008;
Alcald et al. 2014; Manara et al. 2016a) and lack of significant accretion variabil-
ity was found for these kinds of objects (Costigan et al. 2014). This results in
Lyuv/Lvo= 1.5:1072 for the T Tauri and Lpyv/Lpoi= 7.8:1072 for the Herbig
stars. The interstellar radiation field is also included.

Finally, two values for the inclination angle i have been chosen for the ray-tracing,
10° and 80°. Line luminosities are not expected to vary significantly for intermediate
inclinations, i.e., up to 70° (Beckwith et al. 1990). The results obtained for i = 10°
can be considered for the analysis of typical disks. On the other hand, line intensities
are extremely reduced in the rare case of an edge-on disk, that is, with an inclination
close to 90°. In order to account for such objects, disk models with ¢ = 80° have been
run. For the ray-tracing all the modeled disks are assumed to be at a distance of 100
pc from Earth.

All parameters explored with this grid of models are summarized in Table 3.1.
The gas-to-dust ratio is generally kept fixed to 100 because it is not in the scope of
this paper to compare dust-based and gas-based disk mass determinations. How-
ever, this parameter can and should be set as variable when interpreting combined
continuum and line observations and some initial exploration of the effects of low-
ering the gas-to-dust ratio are presented below. We note that one can study these
effects by either keeping the gas mass or the dust mass constant. Here the former
approach is taken: keeping the gas mass fixed. Other studies have explored the sen-
sitivities of line intensities by keeping the dust mass fixed and changing the gas mass
(e.g., Bruderer et al. 2012; Kama et al. 2016a; Woitke et al. 2016).
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Figure 3.1: Sketch of a section of a disk. On the left hand side the region in red shows where
CO isotopologues are expected to survive, if isotope-selective dissociation is not included.
On the right hand side isotope-selective effects are included and the emitting region in red is
reduced. Panel (a) shows the case of a warm disk, where CO isotopologues do not freeze-out
anywhere in the disk, while panel (b) shows the case of a colder disk where freeze-out occurs

in the midplane. The combination of freeze-out and isotope-selective photodissociation (panel
(b), right hand side) drastically reduces CO isotopologues emission.
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Table 3.1: Parameters of the disk models.

Parameter Range

Chemistry

Chemical network ISO / NOISO
Chemical age 1 Myr

[C]/[H] 1.35x1074

[PAH] 1072 ISM abundance
Physical structure

v 08,1,15

P 0.1,0.2

he 0.1, 0.2 rad

R. 30, 60, 200 au

Mygas 1075,107%,5 x 104,103,

5x1073,1072,107 1 M
Gas-to-dust ratio 100, 10, 1

flarge 0.9

X 1

i 10°, 80°

Stellar spectrum

Tor 4000 K +Accretion UV,
10000 K

Lo 1,10 Lo

Lx 1030 ergs—t

Dust properties

Dust 0.005-1 pm (small)

1-1000 pm (large)

3.3 Results

3.3.1 Abundances

Photodissociation is the main process that regulates the abundance of gas phase CO
in the emitting layer of disks and it is also the main isotope-selective process (see
Visser et al. 2009, and references therein). The UV absorption lines, that initiate the
dissociation process, can become optically thick and CO can shield itself from pho-
todissociating radiation. For the main isotopologue, 2CO, UV absorption lines be-
come optically thick even at the surface of the molecular layer in disks. On the other
hand, less abundant isotopologues (e.g., 1*CO, C!*O and C'7O) shield themselves at
higher column densities, that is deeper in the disk and closer to the midplane. As
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shown in Miotello et al. (2014b), this results in a region where '2CO is self-shielded
and able to survive, while less abundant isotopologues are still photodissociated.
In these regions the rarer isotopologues (e.g., C'80) are underabundant when com-
pared to the correspondent ISM isotopic ratio (['*0]/['°O]), that is usually adopted
for predicting CO isotopologue abundances.

Fig. 3.1 shows a sketch of a disk section. On the left hand side the red re-
gions show where CO isotopologues survive if isotope-selective dissociation is not
included. On the right hand side isotope-selective effects are included and the emit-
ting region in red is reduced. Panel (a) shows the case of a warm disk, where CO
isotopologues do not freeze-out anywhere in the disk, while panel (b) shows the case
of a colder disk where freeze-out occurs in the midplane. The combination of freeze-
out and isotope-selective photodissociation (panel (b), right hand side) drastically
reduces CO isotopologues column densities. Warmer disks, generally found around
Herbig stars, are, however, also exposed to stronger UV fluxes compared with T
Tauri disks. This causes photodissociation to be more efficient in Herbig disks and,
accordingly, CO isotopologue abundances are strongly decreased. A more quantita-
tive discussion on the competition between temperature effects and UV irradiation
is presented in Sec. 3.3.2.

Comparison of models with the same disk parameters but run alternatively with
the ISO and the NOISO network show that isotope-selective photodissociation has
more effects on C'*0 and C'7O abundances, than on *3CO survival. C'¥0 and C!"O
present regions of significant underabundance (more than one order of magnitude) if
isotope-selected processes are implemented in the models, while 13CO shows a slight
overabundance of a factor of two (see Figs. 3 and 6 in Miotello et al. 2014b). C'®O
and C!70O behave in an almost identical manner, therefore C'7O results are omitted
in the following discussion. On the other hand, C'7O integrated line intensities are
reported in Table 3.6.

3.3.2 Line intensities
Line intensities and disk masses

The results from our model show that a combination of disk spatially integrated
13CO and C'O observations allow to assign a value for the total disk gas mass for
a given carbon abundance. This result is similar to that found in Williams & Best
(2014), with important differences described in Sec. 3.4.1. Fig. 3.2 presents the J =
2 — 1 transitions of '3CO vs C!®O for the entire grid of models with colors indicating
the different disk masses. It is seen that the points in this diagram show a clear
disk mass segregation of the results, no matter which parameters are assumed in the
disk models. This is particularly true for low-mass disks, Maix = 1075 — 1073 M,
while in the higher mass regime the separation becomes less clear. Here disk mass
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Figure 3.2: Line luminosity of C**0O vs *CO (J = 2 — 1) obtained implementing isotope-
selective processes. Different colors represent models with different disk gas masses. The
scatter of the points is due to the exploration of various disk parameters (y, Rc, 9, hc, and 7).
Models shown in the left panel represent T Tauri disks , while those in the right panel represent
Herbig disks, all located at a distance of 100 pc.
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determinations are degenerate up to two orders of magnitude. This is caused by
the high level of CO freeze-out in more massive disks. Only a small fraction of CO
is left in the gas-phase in the outer disk and increasing the disk mass does not add
much emission, defining an upper threshold for CO isotopologues line intensities.
Accordingly, warmer Herbig disks (right panel of Fig. 3.2) present a lower level
of freeze-out and reach higher line luminosities. In Fig. 3.2 results for all models
are reported, while in the following plots some of them (those with Mgy = 5 X
10~*and 5 x 1073 M) are removed to better visualize the trends. Also, for all disk
models transitions of different CO isotopologues up to J = 6 — 5 are ray-traced for
different disk inclinations, and are reported in Appendix 3.A.

The trends are similar for higher J transitions. As shown in Fig. 3.11, the scatter
is, however, enhanced compared with that found for J = 2 — 1 line intensities (Fig.
3.2). Higher J transitions, such as J = 6 — 5, indeed trace warmer gas in upper
disk layers that are more sensitive to disk structure, while lower transitions are ex-
cited where most of the gas disk mass lies. Accordingly, lower J transitions of less
abundant CO isotopologues are better mass tracers.

It is possible to determine how line intensities depend on the disk mass by com-
puting the medians of the '3CO and C'®O J = 2 — 1 line intensities obtained by
models in different disk mass bins. These trends are presented in Fig. 3.3, both for T
Tauri and Herbig disks. For high-mass disks (Maisx > 1073), line intensities do not
increase linearly with mass, but tend to converge to a constant value. As discussed
above, this is caused by the high level of CO freeze-out in more massive disks. Ac-
cordingly, this convergent trend occurs earlier (i.e., at lower disk masses) for colder
T Tauri disks, than for warmer Herbig disks.

The median values of the line luminosities for models with ¢ = 10° are reported
in Table 3.2 together with their standard deviations. The '3CO and C'*0 J =2 -1
line luminosities can be expressed by fit functions of the disk mass:

3.2)
Cy + D’/ : loglo(Mdisk) Mdisk > th

L, = {Ay + By - Maisk Mgigx < My,

where y = 13 or 18, for '*CO and C'®0 respectively. For low mass disks the line

luminosity has a linear dependence on the disk mass, while for more massive disks

the trend is logarithmic. The transition point M, is different for the two isotopo-

logues because 3CO becomes optically thick at lower column densities than C#O.

The polynomial coefficients A,, By, Cy, and D,, as well as the transition masses M,
are reported in Table 4.2.

Finally it is worth investigating how the implementation of isotope-selective ef-
fects changes the obtained line intensities. Results for both T Tauri and Herbig disk
models obtained with the NOISO network are reported in Sect. 3.4.1. The ratios
NOISO/ISO of the 13CO and C*®O median J = 2 — 1 line luminosities for each disk

68



10° F 5co ® 3 10°F sco 3
®
G0 E 4 10°F 4
2 4
4 L o E -
£ 10 10
B
- 3 L -
=10k 1 10
102 | TTauri ] 402k Herbig ]
101 | | 1 | 1 101 | Ir |7 |7 |7
10°  10* 10° 10® 10" 10°  10* 10° 10® 10"
107 gor T T T T 107 g T T T T
10°F 031 10°F _——°
c'% = oo O
_ . (¢} J//a/@"m . (o} \’,/"9
o 10° F 71 10°F E
g o* e
€ 10°F ) 4 10°F / 4
iv3 o 4
2 10° F g 3 10°F ( 3
— e/ T Tauri /’/
10? F Isotope-selective Freczeout 3 102 _é Herbig ]

photodissociation

1 01 |
10°

| 1 | d 1 01 | | /| | |
10* 10 10® 10" ° “10° 10? !
Mdisk [MO] Mdisk [MO]

Figure 3.3: Median of the '*CO (in red) and C**O (in blue) J = 2—1 line intensities in different
mass bins for models with ¢ = 10° are presented with filled circles. Solid lines show the fit
functions presented in Eq. 4.3. Results for T Tauri disks are shown in the left panel, while
those for Herbig disks in the right panel. The filled regions show the maximum range of the
line luminosities obtained with different models.

mass bin can be used to quantify this behavior. The ratios are presented in Table
3.2 together with the standard deviations of the line luminosities for different mass
bins. We see that if isotope selective effects are not implemented in the models C'*O
lines are overestimated, in particular in the low mass regime. A similar behavior is
found for the less abundant isotopologue C!7O. On the other hand, *CO line inten-
sities are slightly underestimated by the NOISO network, except for very low mass
disks (Maisk = 107°Mg) where they are slightly overestimated. Finally, we find
that isotope-selective effects are more effective for Herbig than for T Tauri disks, in
particular in the low mass regime (see fifth column of Table 3.2).
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Table 3.2: Median CO isotopologues line luminosities, L1 in Jy km/s pc2, obtained implement-
ing isotope-selective photodissociation (ISO network) together with their standard deviations
(first and third columns). The second and the fourth columns list the medians of luminosity
ratios, obtained by dividing the results from the simple NOISO and ISO networks. Results for
both T Tauri and Herbig disks are reported.

Maisi [M)] 13CO (2-1) C80 (2-1)
Ly Ln/Ly Ly Ln/Ly
T Tauri
10~° 1.440.5-10% 14 3.0+1.3-102 14
10~ 1.54+0.4-10° 0.7 56+23-103 43
10-3 5.6+2.6-10° 04 7.5+29-10* 0.9
102 1.24+0.7-10° 0.4 3.6+1.9-10° 0.9
10~ 1.9+1.0-10° 0.4 7.243.8-10° 0.4
Herbig
10~° 3.7+3.4-103 33 544+4.1-10% 29
10~¢ 1.24+0.5-10° 1.4 3.0+2.7-103 18
10-3 7.6+2.8-10° 0.7 8.5+ 2.6-104 23
102 1.940.6-10° 0.5 53+2.1-10° 0.6
107! 3.3+1.7-10 0.5 1.3+ 0.4- 106 0.5

Line ratios

An alternative way to present the results is to plot the ratios of C'*0/13CO J =2—1
line intensities, L1s/L13, as functions of the disk mass (see Fig. 3.4). Line ratios ob-
tained by disk models with same R, show a clear trend with disk mass, as shown in
Fig. 3.4. Therefore, if R, can be determined by spatially resolved observations these
trends can be employed for determining the disk gas mass with lower uncertainties.
More precisely, as done for line luminosities, the line ratios L1g/L13 for models with
1 = 10° can be fitted by functions of the disk mass,

Apg, + Br, - Majsk Maisx < My,

(3.3)
Cr. + Dr, -log,,(Maisx) Maisx > M,

LIS/LIS = {

The coefficients Ar,, Br., Cr,, and Dpg_ vary for different values of R, and are
listed in Table 3.4. Similarly to Eq. 4.3, the transition from the linear to the logarith-
mic dependence of the line ratios on the disk mass varies for different values of R..
The values for the transition masses M, are reported in Table 3.4. If R, is known, the
degeneracy in disk mass determinations, shown by the shaded regions in Fig. 3.3, is
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Figure 3.4: Line ratios of C0Q/13CO (J = 2 — 1), defined as Lis/L13, as function of disk
masses for models where ¢ = 10°. The top panels report the results for T Tauri disk models
and lower panels those for Herbig disk modelsl. Left, middle and right panels present results
for models with respectively R. = 30 au, R. = 60 au, and R. = 200 au. Each point reports
the result for the median line ratio in each mass bin. The continuous solid lines show the fit
function reported in Eq. (3.3). The filled regions show the standard deviation from the median
values.

reduced by a factor between two and five.

Dependence on disk and stellar parameters

It is interesting to investigate how CO isotopologues line intensities depend on some
disk parameters (see Fig. 3.10). From an observational point of view the radial disk
extent can be constrained with spatially resolved data. In this context the first pa-
rameter to check is the critical radius R.. Line intensities for models with different
values of R, are compared in the upper panels of Fig. 3.10 for the case of T Tauri
disks. Very extended disks (R. = 200 au, see panel c) have lower C**O and 3CO
line intensities than more compact disks (R, = 30 au, see panel a) in the low mass
regime. Keeping Mgjsc unchanged, more extended disks have lower column den-
sities at each radius and FUV photons can penetrate easier. As a consequence the
gas temperature is higher, the photodissociating radiation field is stronger and CO
isotopologues are more efficiently dissociated and less abundant. These effects are
illustrated in Fig. 3.5, which shows C'80 abundances and column densities as func-
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tions of radius for two disks with R. = 30 and 200 au, respectively.

On the other hand, in the high mass regime (Maisx = 107! M) more extended
disks show higher line luminosities than more compact disks. Given the high col-
umn densities, CO isotopologues can shield themselves and survive to high abun-
dances at larger radii, if the disk is more extended. The bulk of the emission comes
from the outer regions. This holds true in particular for '3CO line emission which is
optically thick.

A second parameter to explore is v, the power-law index of the surface density
distribution. Models with different v values are presented separately in the lower
panels of Fig. 3.10. The line luminosities produced by models with v = 0.8 and
~ = 1 are almost indistinguishable, while differences can be found comparing these
with models with v = 1.5. In particular in the intermediate disk mass regime, models
for v = 0.8, 1 show three different populations that reflect models with different R,
values. This effect is less clear for models with v = 1.5.

Finally, it is interesting to investigate how much the central star influences the
CO isotopologues emission in the disk. Models with the same physical disk param-
eters, but irradiated by a T Tauri-like and a Herbig-like star are presented in Fig. 3.2
(respectively in the left and in the right panel) and in Fig. 3.3. For the Herbig disks,
the derived line intensities are higher for more massive disks and lower for less mas-
sive disks compared with those obtained for the T Tauri disks. Since Herbig disks
are warmer, less material is frozen-out onto grains in the higher mass regime and
can contribute to the total emission enhancing the line luminosity. Also, the higher
temperatures enhance the moderately optically thick 1*CO lines. On the other hand,
the strong UV flux coming from the Herbig star is very efficient in photodissociating
CO isotopologue molecules for lower mass disks (Maisx = 1074, 1075 M) where the
column densities are not high enough for shielding the photons. This combination
of high UV field and low column densities reduces the line luminosities, thus they
are lower than those from T Tauri disks.

Dependence on gas-to-dust ratio

To test the sensitivity of the results to the gas-to-dust ratio for a fixed gas mass,
we ran two T Tauri disk models (R, = 60 au, v = 1, ¢ = 0.2, he = 0.2, Mgk =
107%,1072 M) with reduced gas-to-dust ratios of ten and one. The ray-traced J =
3—2 line intensities for CO isotopologues are presented in Fig. 3.12 as functions of the
gas-to-dust ratio, normalized to the value at gas-to-dust=100. For the 10~* M, disk
the optically thin C'®O intensities increase by a factor of 3.5 if the gas-to-dust ratio is
lowered by a factor of 100. This can be understood by the fact that if the dust mass is
enhanced for a fixed gas mass, the FUV flux will be more efficiently attenuated. Ac-
cordingly CO and its isotopologues survive more easily and their lines are brighter
for low gas-to-dust ratios, especially if their emission is optically thin. In addition,
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Figure 3.5: Abundances of C'®*O (top panels) and column densities (lower panels) for models
with different critical radii: R. = 30 au in the left panels and R. = 200 au in the right panels.
For these particular T Tauri models the disk parameters are fixed to: Maisx = 10_5M@, v =
0.8, he = 0.1, and v = 0.1.
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if the dust opacity dominates over the line mutual shielding, isotope-selective pro-
cesses are minimized. The '*CO and 2CO emission on the other hand stay the same
within 30% because they are more optically thick. There are also small temperature
differences of order 20% between the models in the emitting layer which can affect
their line intensities.

For the 1072M, disk the trend is opposite: line intensities decrease if the gas-
to-dust ratio is lowered for all three isotopologues. This happens because the dust
column densities are increased to the point that the dust becomes optically thick to
CO isotopologues emission. Therefore reducing the gas-to-dust ratio for large disk
masses, that is, adding more dust, results in a larger fraction of gaseous CO not
contributing to the line emission.

Overall, it is important to note that the variations in the CO isotopologues line
fluxes are small for these two test cases, that is, a factor of a few or less over two or-
ders of magnitude in gas-to-dust ratios, keeping the gas mass fixed. This variation is
much smaller than if the dust mass is kept fixed but the gas mass is changed (Brud-
erer et al. 2012; Kama et al. 2016a; Woitke et al. 2016). Thus, the CO isotopologue line
fluxes remain a robust tracer of the gas mass, even for low gas-to-dust ratios.

Spatially resolved lines

Spatially integrated CO isotopologues line intensities are needed for determining the
total disk gas content, with special attention to not losing the weak emission coming
from the outer disk. However, as discussed above, disk mass determinations are
degenerate since they depend on various parameters. Spatially resolved lines may
help in breaking this degeneracy, constraining some of the disk parameters usually
fixed by the model inputs.

The disk’s spatial extent is the most straightforward characteristic that spatially
resolved observations can constrain. This allows determination of R. and +. From
an observational point of view, this is done by plotting spatially resolved optically
thin line intensities as a function of the disk radial extent (i.e., distance from the
central star). In this context, C'*O and '*CO are good tracers of the surface density,
being optically thin and detectable by ALMA. For example, Fig. 3.6 shows the radial
profile of 13CO and C'80 J = 2 — 1 lines for four models where ¢ = 0.1, h. = 0.1,
Mg = 1073 M, and R, and v assume different values. The modeled line intensities
have been convolved with a 0.5” beam in order to simulate typical moderate angular
resolution ALMA observations. We can see that the maximum radial extent of the
3CO emission is clearly different if R, = 30 au or if R. = 200 au, although deep
integrations are needed

Furthermore, the power-law spectral index of the surface density distribution
may be constrained by spatially resolved observations. As shown by the purple line
in Fig. 3.6, with an integration of around 2 hours and an angular resolution of 0.2”
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Figure 3.6: Radial profile of '*CO and C'®*0 J = 2 — 1 lines for four T Tauri models where
P = 0.1, he = 0.1, Maisk = 1073M@ and R. and v assume different values. Models with
~v = 1.5 are presented in dark blue, while those with v = 1.0 are shown in light blue. Solid
lines displays models with R. = 30 au and dotted lines represents those with R. = 200 au.
These line profiles are obtained assuming a distance of 100 pc, an inclination angle ¢ = 10°,
and by convolving the output images by a 0.5” beam. The horizontal dashed lines show
the typical ALMA sensitivity for an integration time of 1.84 hours on source for a 0.2” beam
(purple line) and for a 0.5” beam (pink line), given a spectral resolution of 1.3 km/s.

it is possible to discriminate between a power-law index v = 1.0 and v = 1.5 with
13CO line emission.

3.4 Discussion

3.4.1 Comparison with parametric models

A large grid of parametric models has been run by Williams & Best (2014) to simulate
a CO isotopologues survey for a sample of protoplanetary disks. The work presented
here has been partially inspired by their paper and is designed to have results that
could be easily compared with those by Williams & Best (2014).

The main differences between the two approaches are in how the gas temperature
structure is defined and how the CO isotopologues survival is determined. Williams
& Best (2014) do not calculate the temperature structure and do not run any chemical
model. The gas temperature profile is purely parametric, but guided by theory and
observations and is a combination of midplane and disk atmosphere temperatures,
both assumed to be radial power-laws. This temperature parametrization avoids
any assumption about stellar properties and interstellar irradiation. In order to ac-
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count both for CO freeze-out and photodissociation, gas phase CO is abundant at
a constant (ISM-like) abundance for temperatures higher than 20 K and for column
densities higher than 1.3 x 10?'Hy cm ™2, as inspired by van Zadelhoff et al. (2001);
Visser et al. (2009). Also less abundant CO isotopologues assume ISM-like abun-
dances, corrected for a fixed ['*C]/['?C] and ['®0]/[*®QO] ratio. Isotope-selective
photodissociation is accounted for empirically by decreasing the C'*O abundance
by an additional factor of three. On the other side, as in Miotello et al. (2014b), the
models presented in this paper use a star-like irradiation source for determining the
disk dust and gas temperature. Also, a full chemical calculation is run to obtain both
a self-consistent gas temperature distribution and atomic and molecular abundances.

NOISO models

First, it is important to compare the two sets of models where isotope-selective pro-
cesses have not been implemented. This allows us to find differences due only to
different methodologies, before analyzing those caused by the effects of isotope-
selective photodissociation. For this reason we refer to the line intensities obtained
without reducing the C'80 abundances by a factor of three in Williams & Best (2014)
and compare them with those obtained with the NOISO network.

Both sets of results are presented in Fig 3.7 (panel a): small dots show Williams &
Best (2014) models and solid lines outline the regions covered by the NOISO mod-
els. While the Williams & Best (2014) models present a clear mass segregation, our
model results are more degenerate, in particular for disk masses between 10~% and
107! M. This difference is caused by a temperature effect. The higher mass disks
presented in our grid are generally colder than those obtained by Williams & Best
(2014), even if a 40 L, Herbig star is taken. As the disk mass increases, the column
densities are enhanced too, deeper regions are colder and a larger fraction of CO
is frozen out onto grains. The emitting fraction of CO (isotopologues) is strongly
reduced and the line luminosities do not scale linearly with disk mass anymore, in
particular for optically thin lines (i.e., C'®O lines). By contrast, our NOISO line in-
tensities are up to one order of magnitude higher at the low disk mass end. This
is because only few NOISO models with disk masses of 10~* M, are cold enough
to cover the same range of very low line luminosity populated by Williams & Best
(2014) results. Summarizing, Williams & Best (2014) parameterize a wider range of
temperatures than in our models and consequently they find a wider range of CO
luminosities. For the stellar and disk parameters assumed in this paper, the NOISO
models do not reproduce the extreme (both cold and hot) temperature distributions
assumed by Williams & Best (2014).

Even though the uncertainties in the gas temperature determination are not im-
portant for low-J CO lines (they come from regions in the disk where Ty, is cou-
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Figure 3.7: Line luminosities of C'*0O vs '*CO. Different colors represent models with different
disk gas masses. Small dots show the results by Williams & Best (2014) and the solid lines out-
line the regions covered by our model results. Panel (a) shows models where isotope-selective
processes are not considered (NOISO). Panel (b) reports models where isotope-selective pro-
cesses are implemented (ISO) and models by Williams & Best (2014) where the C*®0 abun-
dance has been reduced by a factor of three. Observations of six well studied disks are indi-
cated by the green stars.
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pled to Tyust), there is a direct connection between the disk structure and the emitted
lines. For example, high-J CO lines are detected primarily in flared disks (Meeus et
al. 2013) and can only be reproduced if Tgas and Tyus: are decoupled (Bruderer et al.
2012). This aspect is faded out when assuming the same temperature parametriza-
tion for all disk structures. Therefore the physical-chemical approach is an improve-
ment compared with the parametric modeling method.

ISO models

As shown in panel (b) of Fig. 3.7, the implementation of isotope-selective effects in
the models affects differently the line luminosities for different disk masses. Less
massive disks are more heavily affected than more massive disks, where freeze-out
dominates. More precisely, the ISO '*CO line luminosities are similar to those ob-
tained with the NOISO network, while C'®O lines are less bright, in particular for
low mass disks (Mgisx between 10~* and 1072 M,). Williams & Best (2014) assume
instead a constant reduction of a factor 3 of C'80 abundances in each mass bin in
order to empirically consider isotope-selective effects. Comparing the two sets of
models, a factor of three reduction for C'®O reproduces well the line luminosities
for very high mass disks (Mg = 1071 M), but not for lower mass disks, where an
additional factor of four would need to be applied. In addition, Williams & Best
(2014) models do not show such a large degeneracy in the mass determination of
very massive disks, as that shown by the ISO models.

The difference between the two sets of models may be explained also through
application to existing data. Observed line luminosities of six well-studied disks re-
ported by Williams & Best (2014) are presented in panel (b) of Fig. 3.7. In the lower
mass regime, where isotope-selective photodissociation is more effective, only two
disks are reported (V4046 Sgr and TW Hya) so the comparison is not well represen-
tative. For V4046 Sgr there is agreement between the mass derivations obtained by
the two grids of models, that is, Mais ~ 1073 M. The TW Hya lines are instead just
outside the grid of models presented in this paper, while Williams & Best (2014) ob-
tain a mass of ~ 103M. TW Hya is however a peculiar disk, for which a high level
of carbon depletion has to be assumed in order to reach agreement with the derived
mass from HD observsations (Bergin et al. 2013; Favre et al. 2013; Kama et al. 2016b).
This particular disk will be treated in detail in a future paper. Turning now to the
higher mass regime, DM Tau and GG Tau are found to have ~ 10~?M, disk masses
by Williams & Best (2014), while the ISO models give values that are degenerate by
at least one order of magnitude: their mass could be between 10~2M, and 10! M.
Finally, the mass of the HD163296 disk is 10~ M, following Williams & Best (2014),
while the ISO models indicate a mass range between 1072M, and 10~ M.
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3.4.2 Analysis of CO isotopologues observations

One of the main goals of this paper is to provide outputs that can be employed by
the community for analyzing CO isotopologue observations accounting for isotope-
selective processes. For this reason integrated line intensities have been computed
and tabulated for various isotopologues and different low-J transitions (see Ap-
pendix 3.A).

Comparing the observed line intensities with the simulated intensities listed in
Table 3.6, one can find the closest models predictions to the observations and the
total disk mass can be constrained, assuming a range of other disk parameters such
as R, v, he, and . Surely, the larger the number of different isotopologues and
transitions the more secure the inferred values, although even a single line can be
used as a mass tracer in the optically thin regime (Fig. 3).

Knowledge about some disk and stellar parameters helps in identifying the “best-
fit” model. Knowing the stellar luminosity and type narrows down to either the
T Tauri or the Herbig disk models. Spatially resolved observations could help in
constraining R. and v, as explained in Sect. 3.3.2 and shown in Fig. 3.6. Finally,
any information available about the vertical structure of the disk, for example from
infrared data, assist constraining the range of scale-height values or flaring angles.

Table 3.6 also reports the continuum fluxes at 870 ym. These are computed as-
suming an dust opacity k,, = 4.2cm?g ™! at A = 870 um. Dust mass derivations based
on these fluxes will therefore scale directly with the chosen dust opacity and on the
fixed gas-to-dust ratio, set to 100.

The significant computation time of the models presented in this paper does not
allow us to highly populate the grid. However, a comparison of observed integrated
line intensities with our models will allow improved disk mass derivations, account-
ing for CO isotope-selective photodissociation and temperature structures.

3.4.3 Complementary tracers: [OI], [CI], and [CII]

A comparison with complementary disk gas mass tracers is presented in this section.
In particular, we present model results for the atomic oxygen and atomic and ion-
ized carbon fine-structure transitions. As shown in Fig. 3.8, the median luminosities
of [O]], [CI], and [CII] lines increase only slowly with disk masses. The luminosities
vary from a factor of a few to two order of magnitude over a range of five orders of
magnitudes in disk masses. In contrast, Fig. 3.3 shows an increase of CO isotopo-
logues line luminosities of at least four orders of magnitudes over the same range
of disk masses. This comparison illustrates that CO isotopologues emission is much
more sensitive to total disk mass variations than [OI], [CI], and [CII]. For example
[OI] 63 um line intensities increase by a factor of a few in our grid, in agreement with
what found by Woitke et al. (2016) using the PRODIMO code (Fig. 13). Earlier stud-
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ies using the same code (Kamp et al. 2010, 2011) find that [OI] 63 pm line intensities
increase by few orders of magnitude over the same range of masses. The reason for
the difference between these two results obtained with PRODIMO is not clear.

The [OI] P, —3 P, (A =63.2um) line has a high flux in protoplanetary disks. The
Herschel open time key program GASPS (Dent et al. 2013) has detected this line in
the majority of the observed T Tauri disks. Given its high excitation energy (227
K), [OI] 63 um line arises from the surface layers of the disk, above the CO low-J
emission regions. For this reason, [Ol] is more sensitive to temperature variations
than total mass variations. The bulk of the mass resides in much deeper regions of
the outer disks, where column densities are higher and CO low-J lines arise from.
Accordingly [OI] lines are more sensitive to the disk vertical structure and may help
in constraining the scale height and the flaring angle and in reducing the degeneracy
in CO-based disk mass determinations. As shown in Fig. 3.13, in our models median
[OI] lines are up to one order of magnitude brighter for flared disks (h. = 0.2, ¢ =
0.2) than for flat disks (h. = 0.1, ¢» = 0.1).

While CO is the main gaseous carbon carrier in the warm molecular layer, neu-
tral and ionized atomic carbon C° and C* ([CI], and [CII] when line emission is
concerned) become the main reservoirs in the UV-irradiated disk surface. The opti-
cally thin lines of these species are a direct probe of the carbon abundance in the disk
surface (Kama et al. 2016a,b). However, [CI] cannot be observed from the ground
and the data from Herschel may be contaminated by extended emission (Fedele et al.
2013; Dent et al. 2013). [CI] 3 P, —3 P, emission at 492 GHz and [CI] 3 P, —3 P; emission
at 809 GHz has recently been unambiguously detected with the Atacama Pathfinder
EXperiment (APEX) telescope in several disks, and used to constrain the gas-phase
carbon abundance, since it is not sensitive to the temperature structure (Kama et al.
2016a,b).

3.4.4 Effects of lower carbon abundance

The abundance of CO and its isotopologues depends on the total abundance of ele-
mental gas-phase carbon, which may be lower than in the ISM ([C]/[Hlism = 1.35 x
10~%) as suggested by recent observations and analyses (e.g., Bruderer et al. 2012;
Favre et al. 2013; Kama et al. 2016a,b). Thus, there is a degeneracy between the car-
bon abundance and the total gas mass inferred from CO isotopologues. To quantify
this effect, we ran ten T Tauri disk models with a reduced initial carbon abundance.
The standard value assumed for the whole grid, X¢ = [C]/[H]igy = 1.35 x 1074,
has been reduced by factors of three and ten. The total abundance of *C has been
reduced by the same factors. The other disk model parameters are kept at R. = 60
au, v=0.8, h.=0.1, 1)=0.1, and Mgisx = 107°,1074,1073,1072, 10~ M. Both the oxy-
gen and the PAHs abundances are kept as in the large grid models (see Table 3.8 and
Table 3.1).
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The results are shown in Fig. 4.5.2 and quantified in Appendix 3.B. As expected,
both the *CO and C'®0 line intensities are reduced if the initial carbon abundance
is lowered. For the more massive disks, the reduction is larger for the more optically
thin C'80 than for ¥CO lines. This difference decreases for the lower-mass disks,
where both lines scale more linearly with [C]/[H]gzas. This trend is similar to that
resulting from a reduction in disk mass, as shown in Fig. 3.2. This is to be expected
from the direct dependence of CO isotopolog abundances on both [C]/[H]gas and
the total gas mass.

An underabundace of gas-phase carbon could show up as extended scatter in
Fig. 3.2, especially along the C'®O axis which owing to its optically thin lines is ex-
pected to be more directly sensitive to the number of available carbon atoms. The
behaviour of C'*O emission with carbon abundance is shown for a subset of models
in Fig. 3.9, panels (a) and (c). We also investigated whether ratios of different-J tran-
sitions of a single isotopologue, C'80, can brake the abundance-mass degeneracy.
Panel (b) and (d) of Fig. 3.9 present the model C'**O J = 1-0/6—5and J = 2—1/6—5
line luminosity ratios as a function of the disk mass for different carbon abundances.
These four figures demonstrate that the relations are more complex than simply lin-
ear: in some regimes C'®O scales sub-linearly, in others super-linearly with carbon
abundance. The explanation for these trends is further discussed in Appendix 3.B.

Concluding, a combination of different CO isotopologues (e.g., 13CO and C'80)
and various J transitions (e.g., C'*0 J = 2 — 1 and J = 6 — 5) together with [CI]
observations would provide stronger observational constraints on the total disk gas
mass, because this could also provide some indication on the level of carbon deple-
tion. This result has to be seen as indicative, however, because the models with a
lower carbon abundances presented here only cover a small range of disk parame-
ters. A more extended grid of models is needed to quantify the predictions on line
ratios between various J-transitions of the same isotopolog.

3.5 Summary and Conclusion

We presented a grid of 840 disk models where CO isotope-selective photodissocia-
tion has been treated in a complete way. A full thermo-chemical model was run and
abundances and line intensities were obtained as outputs. The main conclusions are
listed below.

e When CO isotope selective photodissociation is considered, the abundances
of CO isotopologues are affected. In particular, there are regions in the disk
where C*®0 and C'70 show an underabundance of more than one order of
magnitude with respect to 12CO when compared with the overall elemental
abundance ratios. '*CO line intensities are instead slightly enhanced (Miotello
et al. 2014b).
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Figure 3.8: Median luminosities for [OI], [CI], and [CII] lines as a function of disk mass. Each
line transition is shown by a differently colored line. Solid lines show T Tauri disk models (top
panels), while dashed lines present Herbig disk models (bottom panels). The filled regions
show the maximum range of the line luminosities obtained with different models.

Observations of more than one CO-isotopologue, such as '*CO and C'®0, can
be employed for determining disk total masses. There is however some degen-
eracy, of order one order of magnitude, for disks more massive than 1073 M.
In the low-mass optically thin regime, where the line intensities scale linearly
with disk mass, '*CO or C'®0 alone can be employed as mass tracers and sim-
ple fit relations are presented. These species remain robust gas-mass tracers
even for much lower gas-to-dust ratios.

Constraining R. and v with spatially resolved line observations reduces the
degeneracy in disk mass determinations by a factor between two and five.

Comparison of results of our grid with parametric models shows that our '*CO
and C'0 line intensities computed with the NOISO network are up to one
order of magnitude higher at the low disk mass end than those obtained by
Williams & Best (2014). Moreover, in our models isotope-selective effect are de-
pendent on disk mass: the factor of 3 reduction for C'®0 assumed by Williams
& Best (2014) does not reproduce the line intensities for masses lower than
1073 My, where an additional factor of four would need to be applied.

CO isotopologues emission is more sensitive to total disk mass variations than
that of [OI], [CI], and [CII]. These lines can in fact be employed to constrain the
disk vertical structure.
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Figure 3.9: Results of T Tauri disk models with carbon abundances reduced by factors of three
and ten. Panel (a) shows C'*0 J = 1 — 0 and J = 6 — 5 line luminosities as a function of the
disk mass (respectively in red and blue), and panel (c) the C'*0 J =2 —1and J = 6 — 5
line luminosities. The models with ISM-like carbon abundances are shown by the solid lines,
those with a factor of 3 of carbon depletion by the dashed lines and those with a factor of 10
depletion by the dotted lines. Panel (b) shows C'®0 J = 1 — 0/J = 6 — 5 line luminosity
ratios as a function of the disk mass, and panel (d) the J = 2 —1/J = 6 — 5 ratios. The
models with ISM-like carbon abundances are shown by the red circles, those with a factor
of 3 of carbon depletion by yellow squares and those with a factor of 10 depletion by the
blue hexagons. Model disk parameters: R. = 60 au, y=0.8, h=0.1, ¥=0.1, and Maisx =
107%,1074,1073,1072,10 ' M.
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e The degeneracy with carbon abundance has been investigated for a small set of
models. [CI] observations give some indication on the level of carbon depletion
and provide stronger constraints on the disk mass determination if combined
with CO isotopologues observations.

o Finally, different CO isotopologues total fluxes for various low-J transitions are
provided in Appendix A. They can be used for the analysis of CO isotopologue
observations, taking into account the isotope-selective effects.
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3.A Additional tables and figures

Table 3.3: Polynomial coefficients A,, B,, Cy, and D,, in Eq. (4.3)

T Tauri Herbig
Ais —8.954-10° —8.746-10%
Bis 1.477 - 10° 1.245 - 10°
Cis 2.954 - 108 5.214 - 108
D13 7.201 - 10° 1.402 - 106
My [Mg)] 2.10~* 5-10~%
Agg —2.852-10%> —8.026- 10
Bis 5.875 - 107 8.571 - 107
Cis 1.235 - 109 2.276 - 108
D1s 4.180 - 10° 8.001 - 10°

My[Mg]  2.5-1073 2.5-1073

Tables 4.2 and 3.4 report the polynomial coefficients A'® and A'® for L3 and Ly
in Eq. (4.3) and the polynomial coefficients Ag_for Lig/L3 in Eq. (3.3).

Table 3.6 reports 12CO, 3CO, C*¥0O, C!7O and [C]] total fluxes (in K km/s) sim-
ulated by the models presented in this paper. The fluxes are computed assuming a
distance of 100 pc and a beam size of 10”. CO isotopologues fluxes are computed for
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Table 3.4: Polynomial coefficients Ar,, Br., Cr., and Dg, in Eq. (3.3).

T Tauri Herbig
Aso 1.329-1072 1.008-10~2
Bso 7.503-10%  4.730- 107
Cso 4.901-107' 5.305-10"!
D3 8.724-1072 1.000-107!
M, [Mg)] 2.1074 4.1074
Aso 1.511-1072 8.492.1073
Bso 2.234-10%  1.448-10?
Cso 4.873-107! 5.934-.1071
Deo 1.117-10"%  1.550- 107"
M [M) 5.1074 5-10~%
Asoo 1.141-1072 1.026-1072
Bogo 5.104- 10"  1.662-10!
Ca00 5.561-10"' 7.109-10!
Dooo 1.640-10~t 2.250-10~*
M [Me) 2.1073 2-1073

four molecular line transitions (J =1-0,J =2—-1,J =3—-2,J =6 — 5) and for
two disk inclination angles (i = 10°,80°). This table, together with the analogue one
for Herbig disk models, is provided on-line in ascii format.

Table. A.4 reports the list of all the species considered in the ISO chemical net-
work.

Finally, additional figures are also reported in this appendix. Fig. 3.10 shows
COvs 13CO (J = 2—1) line luminosity obtained varying different disk parameters,
such as R. and 4. Fig. 3.11 shows C'®0 vs *CO (J = 6 — 5) line luminosity obtained
implementing isotope-selective processes. Fig. 3.13 shows the median luminosities
for [OI] lines as a function of disk mass for flat (h. = 0.1, v = 0.1) and flared (h. =
0.2, 9 = 0.2) disk models. Fig. 3.12 presents CO isotopologues line intensities as
a function of gas-to-dust ratio. The same T Tauri disk model (R, = 60 au, v = 1,
¥ = 0.2, he = 0.2, Maisx = 107*M) has been run with gas-to-dust mass ratios of
100,10 and 1.
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Figure 3.10: Line luminosity of C'®0 vs '3CO (J = 2 — 1) obtained implementing isotope-
selective processes. Different colors represent models with different disk gas masses. In the
upper panels models with different values for R. are presented separately. In the lower panels
models with different values for v are shown separately. Models displayed in panel (a) and
(d) are also reported in gray in panels (b,c) and (e,f) respectively in order to facilitate the
comparison.
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Table 3.5: Species contained in the ISO chemical network. Hj3 refers to vibrationally excited

H,; PAH?, PAH" and PAH™ are neutral, positively and negatively charged PAHs, while
PAH:H denotes hydrogenate PAHs; JX refers to species frozen-out onto dust grainis.

H He C 3C N
(¢) 170 180 Mg Si
S Fe H2 HQ* CH
13CH CH> 13CH, NH CH3
13CH3 NH CH,4 13CH, OH
170H 180H NH3 H>0 H,170
Hy180 CcoO Ccl70 Ccl80 13Co
13C170 13C180 HCN H'3CN HCO
HC!70 HC!80 H13CO H13C70 H13C180
NO N'70 N80 H,CO H,Cl70
HQCISO H213CO H213C17O H213C180 02
ol70 080 CO» Cco'70 Cco80
13CO2 13C017O 13col80 CN 13CN
No SiH SiO Sil70 Sil80
Ht H- Hyp ™t HY Het
HCO*t HC7O* HC80Ot H3COt H3C7O+
H13C180+ ct 13c+ CHT* 13CH*
N+ CH,t 13CHy* NH* CHy
13CHF ot 7o+ 180+ NHo+
CH4t BCH,t OHt 17OH+ 18QH+
NHs+ CHF 13CHF H,0F Hp170+
Hy180+ H3;O0t Hl"O0+ Hi8O+ Mgt
CN+ I3CN+ HCN+ HISCN+ Sit
Co+ C17O+ C180+ 13co+ 13cl80+
HCNH* H13CNHt SiHt NO*t N170+t
N8O+ SiH,t St Ot oo+
ol80+ Siot+ Sil7o0+ Sil8O+ COy*
Col7o+ C0180+ 13C02+ 13col70+ 13col8o+
Fet SiOH* Sil7OHt Sil8OH* HNy+
e PAH? PAH* PAH™ PAH:H
]jC J13C N JO 770
7180 JCH J13CH JCH» J13CH,
JNH JCH3 J'CH3 JNH, JCH4
J13CH4 JOH J17OH J180OH JNH3
JH-O JH2170 JH2180 JCO JC170
]C180 ]13CO ]13cl7o ]13cl80 ]COQ
]C017O JC018O ]13co2 ]13col7o ]13col80
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Figure 3.11: C'*0O vs '3*CO (J = 6—5) line luminosity obtained implementing isotope-selective
processes. Different colors represent models with different disk gas masses.
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Figure 3.12: CO isotopologues line intensities normalized by the intensity for gas-to-dust=100
as a function of gas-to-dust ratio. Keeping the gas mass fixed, two T Tauri disk models (R. =
60au, vy = 1,1 = 0.2, he = 0.2, Maisk = 10™*, 1072 M) have been run with gas-to-dust mass
ratios of 100, 10 and 1. Orange, blue and red circles show respectively **CO, **CO, and C**0O
lines.
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Table 3.6: Parameters assumed for each T Tauri disk model in our large grid (first five columns) and continuum emission
at 870 ym in K, 2CQ, BCO, C*O, C"0 and [C]] total fluxes simulated by these models, expressed in K km/s (remaining
columns). The fluxes are computed assuming a distance of 100 pc and a beam size of 10”. CO isotopologues fluxes are
computed for four molecular line transitions (J =1—-0,J =2—1,J =3 —2,J = 6 — 5) and for two disk inclination angles
(2 = 10°,80°). The full table is only available in electronic format.

R v he ¢ Mg I[B70pm]io I['2C0J1;° .. I[BCOE;t .. I[CBO]E;2 .. I[CY70)5°
300 08 01 01 10°° 1.50(=4) 3.16(-1) 2.21(=2) 1.46(=3) 3.00(=5)
300 08 01 01 1074 1.01(=3) 7.27(=1) 1.66(=1) 2.95(=2)




6

Table 3.7: Parameters assumed for each Herbig disk model in our large grid (first five columns) and continuum emission
at 870 ym in K, 2¢O, BCO, C*O, C"0 and [C]] total fluxes simulated by these models, expressed in K km/s (remaining
columns). The fluxes are computed assuming a distance of 100 pc and a beam size of 10”. CO isotopologues fluxes are
computed for four molecular line transitions (J =1—-0,J =2—1,J =3 —2,J = 6 — 5) and for two disk inclination angles
(2 = 10°,80°). The full table is only available in electronic format.

Re v he ¥ Mag I[870um]io I[12COl1,° .. I[COJ3;' .. I[C8OJ;% .. I[CY70l5;°

300 08 01 01 10°°
300 08 01 01 10°%




3.B Effects of carbon depletion on CO isotopologue line
intensities

The elemental composition assumed at the start of the calculation for the 800 models
presented in this work is the same as in Miotello et al. (2014b) and is reported in
Table 3.8. In this section, the impact of carbon depletion on CO isotopologues line
luminosities is further quantified. Ten disk models have been run with carbon abun-
dances reduced by factors of 3 and 10 compared with the total gas-phase elemental
carbon abundance ([C]/[H]gas = 1.35 x 10—4, both in the ISO and the NOISO net-
works). By averaging the change of fluxes seen in these models, we define a reduc-
tion factor, A, for the CO isotopolog line intensities. More specifically, if the carbon
abundance is reduced by a factor of three or ten the CO isotopologues line luminosity
are defined respectively as L(}3CO)3 and L(C*®0)3, L(*3CO);¢ and L(C'®0);o. The
line luminosities obtained with a fiducial ISM-like carbon abundance are instead de-
fined as: L(*3CO) and L(C'®0). They are related to each other as follows:

(3.4)

where the reduction factors A are reported in Table 3.9. In practice, if the carbon
abundance is reduced by factors 3 or 10, CO isotopologues line luminosities are low-
ered by factors of Az or Ajg. The superscripts 13 and 18 stand for '*CO and C'80O
line luminosities.

Figures 3.9 and 4.5.2 show the resulting C*®*O and [CI] line intensities for various
carbon abundances. It is seen, also from Table 3.9, that C!80 line intensities scale
sub-linearly with the level of carbon depletion, i.e., the relative intensity decrease is
smaller than the relative elemental abundance change. This reflects the fact that the
C'80 abundances scale sub-linearly with the level of carbon depletion in the outer
disk, and super-linearly in other regions. This in turn is due to the competing effects
of self-shielding and dust opacity, which can be illustrated as follows.

Fig. 3.15 shows the ratios of C'80 abundance obtained with a depleted level of
carbon and with an ISM-like C abundance, rescaled by the level of carbon depletion.
If the C'®O abundance scaled linearly with carbon depletion, the ratio should be
equal to unity everywhere (color: medium blue). Where the ratio is higher than unity
(colors: from light blue to red), the C'*O abundance changes more slowly than the
elemental carbon abundance. These regions are just below the Ay = 1 surface. The
carbon depletion decreases the C!*O abundance such that the dust opacity begins to
protect C'¥O from photodissociation before self-shielding becomes important. These
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Table 3.8: Elelmental composition assumed for the calculation. a(h) means a x 10°.

Element Number fraction

H 1
He 7.59(-2)
C 1.35(-4)*
13C 1.75(-3)
N 2.14(-5)
o) 2.88(-4)
170 1.61(-7)
150 5.14(-7)
Mg 4.17(-7)
Si 7.94(-6)
S 1.91(-6)
Fe 4.27(-7)

* C abundance has been reduced by factors of
3 and 10 for ten disk models (See App. B).

regions contribute significantly to the J = 2 — 1 lines, while the J = 6 — 5 originates
closer to the star, where the described effect is less important. As a consequence the
line luminosity ratios of C'¥O .J = 2 — 1 over J = 6 — 5 transitions vary for different
levels of carbon depletion, as shown in panel (d) of Fig. 3.9. Models with a ISM-like
carbon abundance have lower 2-1/6-5 line luminosity ratios than those with lower
carbon abundance.

On the other hand, we see in Fig. 3.15 that there are regions where the C**O
abundance changes faster than the elemental carbon abundance (color: dark blue).
These regions contribute significantly to the J = 1 — 0 lines. As a consequence the
line luminosity ratios of C'¥0 J = 1 — 0 over J = 6 — 5 transitions vary for different
levels of carbon depletion, as shown in panel (b) of Fig. 3.9. Models with a ISM-
like carbon abundance have higher 1-0/6-5 line luminosity ratios than those with
lower carbon abundance. In both cases (sub-linear and super-linear dependence
on the carbon depletion) the effect on the line ratio is larger for higher mass disks
(Maisk = 1071 Mg).
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Figure 3.14: Line luminosity of C'*0Ovs '3CO (J = 2—1) (panel a) and C'®*0 vs [CI] (J = 1-0)
(panel b) for ten models, run also with a reduced initial atomic C and '*C abundances. The
standard value, X¢ = [C]/[H] = 1.35 x 10~%, has been reduced by factors of 3 and 10. The
models with ISM-like carbon abundances are shown by the outlined symbols, those with a
factor of 3 of carbon depletion by the filled symbols and those with a factor of 10 depletion by
the unfilled symbols.
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Figure 3.15: Ratios of C'®O abundance obtained with a depleted level of carbon and with an
ISM-like C abundance, rescaled by the level of carbon depletion. Where the ratio is higher
than unity (colors from light blue to red), the C'®*O abundance changes more slowly than
the elemental carbon abundance. Upper panels show a 107° Mg, T Tauri disk model, bottom
panels show a 10~*Mg T Tauri disk model. Other disk parameters are: R. = 60 au, 7=0.8,
hc=0.1, and 9=0.1. The white solid line describes the Ay = 1 surface, where photodissociating
photons are mainly absorbed by the dust.
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Table 3.9: Carbon depletion reduction factors that relates CO isotopologues line luminosities
(for three transitions: J = 2 — 1,1 — 0,6 — 5) obtained with ISM-like or reduced carbon abun-
dances. In practice, if the carbon abundance is reduced by factors 3 or 10, CO isotopologues
line luminosities are lowered by factors of A3 or Ajp. The superscripts 13 and 18 stand for
13CO and C'®0.

Mgk [Me] 1075 107%* 1073 1072 107!

J=2-1
AB 15 12 11 12 11
Al® 10 09 18 13 17
AB 49 34 31 39 23
A8 20 25 52 53 52

J=3-2
AB 32 23 19 22 19
A8 23 17 29 23 27
A3 103 65 45 68 36
A8 45 37 79 45 78

J=6-5
AP 138 71 47 5.1 4.7
A® 61 34 4.1 53 4.7
A3 401 206 104 142 104
A% 102 102 134 184 167
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LUPUS DISKS WITH FAINT CO
ISOTOPOLOGUES: LOW GAS/DUST
OR HIGH CARBON DEPLETION?

A. Miotello, E. F. van Dishoeck, J. P. Williams, M. Ansdell, G. Guidi, M. Hogerheijde, C. F. Manara,
M. Tazzari L. Testi, N. van der Marel, and S. van Terwisga, Lupus disks with faint CO isotopologues: low
gas/dust or high carbon depletion?, 2017, A&A, 599, A113
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Abstract - An era has started in which gas and dust can be observed indepen-
dently in protoplanetary disks, thanks to the recent surveys with the Atacama Large
Millimeter /sub-millimeter Array (ALMA). The first near-complete high-resolution
disk survey in both dust and gas in a single star-forming region has been carried
out in Lupus, finding surprisingly low gas-to-dust ratios. The goal of this work
is to fully exploit CO isotopologue observations in Lupus, comparing them with
physical-chemical model results, in order to obtain gas masses for a large number of
disks and compare gas and dust properties. We have employed the grid of physical-
chemical models presented previously to analyze continuum and CO isotopologue
(13CO J = 3—2and C'®0 J = 3—2) observations of Lupus disks, including isotope-
selective processes and freeze-out. We also employed the ALMA 3CO-only detec-
tions to calculate disk gas masses for a total of 34 sources, which expands the sample
of 10 disks reported earlier, where C!80 was also detected. We confirm that overall
gas-masses are very low, often lower than 1M, when volatile carbon is not depleted.
Accordingly, global gas-to-dust ratios are much lower than the expected interstellar-
medium value of 100, which is predominantly between 1 and 10. Low CO-based gas
masses and gas-to-dust ratios may indicate rapid loss of gas, or alternatively chem-
ical evolution, for example, through sequestering of carbon from CO to more com-
plex molecules, or carbon locked up in larger bodies. Current ALMA observations
of 3CO and continuum emission cannot distinguish between these two hypothe-
ses. We have simulated both scenarios, but chemical model results do not allow us
to rule out one of the two, pointing to the need to calibrate CO-based masses with
other tracers. Assuming that all Lupus disks have evolved mainly as a result of vis-
cous processes over the past few Myr, the previously observed correlation between
the current mass accretion rate and dust mass implies a constant gas-to-dust ratio,
which is close to 100 based on the observed Mgk / M, ratio. This in turn points to a
scenario in which carbon depletion is responsible for the low luminosities of the CO
isotopologue line.
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4.1 Introduction

Protoplanetary disks have been extensively studied in the past decades with infrared
(IR) surveys (Haisch et al. 2001; Hernandez et al. 2007; Evans et al. 2009). Further-
more, several attempts have been carried out to study the structure and bulk con-
tent of disks independently in gas and dust (see, e.g., Thi et al. 2001; Pani¢ et al.
2008; Pani¢ & Hogerheijde 2009; Andrews et al. 2012; Boneberg et al. 2016, Andrews
2015, as a review). However, these studies have been limited to small, not statis-
tically significant samples of mostly Herbig disks, often with partially unresolved
and limited-sensitivity observations. The Atacama Large Millimeter /sub-millimeter
Array (ALMA) now has the sensitivity and resolving power needed to image large
numbers of disks in continuum and molecular lines in a modest amount of time. The
first near-complete survey of protoplanetary disks in both dust and gas with ALMA
in a single star-forming region has been carried out in Lupus (Ansdell et al. 2016). For
the first time, about 80 disks in the same region have been observed at a resolution
of 0.3” (22 — 30 au radius for a distance of 150 — 200 pc). At the same time, the un-
precedented sensitivity of ALMA allowed detection of a fraction of these disks in the
faint CO isotopologue lines with just one minute observations per source. Moreover,
stellar properties and mass accretion rates have been estimated from VLT /X-Shooter
spectra for the same sample, allowing us to build a complete picture for the Lupus
sources (Alcald et al. 2014; Manara et al. 2016b; Alcald et al. 2017). More recently,
other star-forming regions have been surveyed with similar aims by ALMA, such
as Chameleon I (Pascucci et al. 2016) and the more evolved Upper Scorpius region
(Barenfeld et al. 2016). An era has started in which gas and dust can be observed
independently in protoplanetary disks.

Together with the physical structure of the gas, the total gas mass is one of the
crucial properties needed to describe the disk evolution. Starting from the process of
grain-growth, planetesimal formation sensitively depends on the physical structure
of the gaseous disk (see, e.g., Armitage 2011, for a review). For this reason, it is
crucial to directly observe the bulk of the gas in protoplanetary disks. CO lines are
commonly used to estimate the total disk gas mass. In particular, less abundant CO
isotopologues, which become optically thick deeper in the disk than 2CO, can trace
the bulk gas mass present in the molecular layer (van Zadelhoff et al. 2001; Dartois
et al. 2003).

The main caveat when employing CO isotopologues as mass tracers is related
to the conversion of the observed CO mass into total gas mass. There are various
arguments why CO/H; is lower than the canonical value of 10~ (Aikawa et al. 1997)
when averaged over the entire disk, as indicated by early observations (Dutrey et al.
1997). Processes such as CO photodissociation in the upper layers and freeze-out
in the disk midplane have been identified as the main cause (van Zadelhoff et al.
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2001; Aikawa et al. 2002), and these processes are well understood from a molecular
physics point of view. They are included in all recent physical-chemical disk models
(Hollenbach et al. 2005; Gorti & Hollenbach 2009; Nomura et al. 2009; Woitke et al.
2009; Bruderer et al. 2012; Bruderer 2013). When less abundant CO isotopologues are
involved, the well-understood process of isotope-selective photodissociation, which
destroys relatively more C180, needs to be taken into account (Visser et al. 2009;
Miotello et al. 2014b, 2016).

Williams & Best (2014) have shown that by combining multiple CO isotopo-
logues, such as *CO and C'¥0, and accounting in a parametrized way for photodis-
sociation and freeze-out, it is possible to estimate disk gas masses, regardless of the
disk properties. Traditionally, then a constant interstellar medium (ISM)-like overall
volatile carbon abundance is used to calculate the total H, mass (X¢ =[C]/[H]=1.35x10"%).
This assumption may be incorrect, however, as high levels of carbon depletion have
been inferred for at least one disk. This is the case of TW Hya, the closest and
probably best-studied disk, for which the fundamental rotational transition of hy-
drogen deuteride (HD) has been observed by the Herschel Space Observatory (Bergin
et al. 2013). Comparing these data with SMA C'80 data, Favre et al. (2013) found
that a carbon depletion of two orders of magnitude was needed in order to recover
the HD-based disk mass determination from C'8O. This result has been confirmed
by physical-chemical modeling of the source, which was able to reproduce, among
other lines, spatially resolved ALMA data and atomic carbon lines (Kama et al.
2016b; Schwarz et al. 2016). This result is interpreted as chemical evolution, that
is, carbon has been turned from CO into more complex species either in the gas or in
the ice (Aikawa et al. 1996; Bergin et al. 2014; Drozdovskaya et al. 2015; Eistrup et al.
2016), or alternatively, as a grain growth effect, carbon has been locked up in large
icy bodies that no longer participate in the gas-phase chemistry (Du et al. 2015; Kama
et al. 2016b), resulting in less bright CO lines. This hints at the possible existence of
a class of disks where CO is not the main carbon reservoir.

In this paper we apply the detailed modeling technique developed by Miotello
et al. (2016) to the ALMA !3CO and C'®O Lupus observations. Our modeling proce-
dure allows us to also employ the *CO-only detections to provide a disk gas mass
determinations for a total of 34 disks, which extends and refines the initial analysis
presented in Ansdell et al. (2016) for only 10 disks, for which both *CO and C'%0O
lines are available. Our derived gas masses are generally very low, often lower than
the mass of Jupiter, consistent with Ansdell et al. (2016). This translates into very
low global gas-to-dust ratios that often approach unity (Sect. 5.4). Low CO-based
gas masses and gas-to-dust ratios may indicate rapid disk evolution, which is usu-
ally taken to be a loss of gas. An alternative is that the CO abundance may be low,
as discussed above. Since current data cannot distinguish between these scenarios,
we have simulated both of them, but model results do not allow us to rule out one of
the two. Future ALMA observations of more complex tracers are needed to calibrate
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CO-based masses. Alternatively, Manara et al. (2016b) and Rosotti et al. (2017) have
proposed a method that allows tracing the gaseous disk component independently
of chemistry by exploiting the availability of dust disk mass and mass accretion rate
measurement. The implications of these data are discussed in Sect. 4.5.3.

4.2 ALMA observations

Lupus is one of the youngest (3 £+ 2 Myr; Alcald et al. 2014) and closest complexes
and is composed of four main star-forming regions (Lupus I-1V, see Comerén 2008,
for a review). Lupus III is located at a distance of ~ 200 pc to the Sun, while Lupus
I II, and IV are at ~ 150 pc.

The sample employed for this paper was observed in the Cycle 2 Lupus ALMA
Disk Survey, it is composed of 88 objects with 0.1 < M, /Mg < 2.84 and is presented
in detail by Ansdell et al. (2016). The observations were obtained on 2015 June 14
and 15. The disks were observed in continuum (890 pm) and CO isotopologue line
emission (}3CO and C!®O 3-2 transitions). More details on the observational settings
and data reduction are presented in Ansdell et al. (2016). Of the 88 targets, 34 were
detected in 13CO, while only 10 were detected in C**O at more than a 30 level.

4.3 Model

The observed CO isotopologue fluxes were compared with the model results pre-
sented in Miotello et al. (2016). These models are computed with the physical-
chemical code DALI, which has been tested extensively with benchmark test prob-
lems (Bruderer et al. 2012; Bruderer 2013) and against observations (Bruderer et al.
2012; Fedele et al. 2013; Bruderer et al. 2014). The dust temperature, Tg,st, and local
continuum radiation field from UV to mm wavelengths are calculated by a 2D Monte
Carlo method, given an input disk density structure and a stellar spectrum. Then the
chemical composition is obtained with a time-dependent chemical network simula-
tion (1 Myr). Finally, the gas temperature, T;,s, is obtained from an iterative balance
between heating and cooling processes until a self-consistent solution is found, and
the non-LTE excitation of the molecules is computed. The final outputs are spectral
image cubes created with a raytracer. As in Miotello et al. (2014b) and in Miotello et
al. (2016), a complete treatment of CO isotope-selective processes is included.

The grid by Miotello et al. (2016) is composed of around 800 disk models that
have been run for a range of realistic disk and stellar parameters. Disk masses var-
ied between 10> M, and 1071 M, , and stellar luminosities were set to 1 L, (plus
excess UV for mass accretion rates of 10~8 M yr—!) for T Tauri disks and 10 L, for
Herbig disks (see Table 1 in Miotello et al. 2016). Coupling of the UV excess to an
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accretion rate is merely a convenient prescription to obtain a value for the UV lumi-
nosity, which controls the thermal and chemical structure of the gas, including the
number of CO dissociating photons (Kama et al. 2016). It should not be taken here
as a measure for disk evolution timescales. A consistent description of the accretion
process and disk evolution is beyond the scope of our models. Line luminosities for
different CO istopologues and transitions have been ray traced. The majority of Lu-
pus sources detected in both CO isotopologues have stellar luminosity L, between
0.1 Ly and 1 Lg (Alcalé et al. 2017). As a check, a smaller grid of T Tauri disk mod-
els with L, = 0.1 L and excess UV for mass accretion rates of 1078 M, yr~!, which
generates about 0.2 L, of UV accretion luminosity, was run to reproduce the extreme
cases. However, we found that CO isotopologue line luminosities are reduced only
up to 25%. As this is well within the uncertainties on the CO-based gas mass deriva-
tions by Miotello et al. (2016), the original grid of T Tauri disk models with L, = 1 L,
was used for the analysis.

44 Results

4.4.1 Dust masses revisited

Continuum observations at sub-mm wavelengths are traditionally employed to trace
large (mm-sized) grains that are present in the cold midplane of disks. Since the bulk
of the dust mass is expected to be retained in large grains, their thermal emission is
generally used to derive disk dust masses, following

F, d?
KVBV(TduSt) ’

The sub-mm flux F}, is directly related to the dust mass Mgy under the assump-
tion that the emission is optically thin and in the Rayleigh-Jeans regime (Beckwith
et al. 1990). Equation 4.1 has been employed by Ansdell et al. (2016) to derive dust
masses for the Lupus disks, assuming a dust opacity x, = 3.4 cm?g~! at 340 GHz
and a characteristic dust temperature Ty,st = 20 K. This first-order analysis does
not account for the effects of disk inclination and temperature variation on the spa-
tially integrated dust emission. However, the inclination angle i has been derived for
many of the Lupus disks from continuum data by Ansdell et al. (2016) and (Tazzari
et al. 2017).

In this work we exploit the results obtained by Miotello et al. (2016) with DALI
continuum radiative transfer to estimate Lupus disks dust masses, accounting for
the disk inclination and temperature structure. The assumed dust opacity, x, = 4.3
cm?g~! at 340 GHz, is the standard value in DALI (Weingartner & Draine 2001;
Bruderer 2013) and is slightly higher than that used by Ansdell et al. (2016). Our

Mayst = (4.1)
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models assume that the dust surface density distribution follows a radial power-
law with an exponential taper and a Gaussian distribution in the vertical direction.
Two dust populations are considered: large (mm-sized) grains are settled toward the
midplane, and small (sub-um to ym-sized) grains are coupled to the gas and present
in the disk atmosphere (see Miotello et al. 2016, for more detail). Finally, grain-
growth and migration are not included in the models, except in an ad hoc fashion by
including small and large grains.

The continuum and line emission obtained with the disk models presented in
Miotello et al. (2016) were both ray-traced assuming disk inclinations of 10° and 80°.
Submillimeter fluxes are not expected to vary significantly for intermediate inclina-
tions, that is, up to 70° (Beckwith et al. 1990). On the other hand, line intensities and
dust emission are extremely modified in the rarer case of edge-on disks, that is, with
an inclination close to 90°. Lupus disks with i < 70° or with unknown inclination
are compared with models where i = 10°, elsewhere we employ models with i = 80°.

The medians of the simulated continuum luminosities at 890 ym can be calcu-
lated for different dust masses (Fig. 4.1). They can be fitted by simple functions of
the disk dust mass and be employed to estimate Lupus disk masses. In particular,
the continuum luminosity at 890 ym Lg.gmm can be expressed by

b ME Mauer < My
Lo.9mm = {a - et dust < e (4.2)

d+€'Mf Mdust > Mtr'

dust

The coefficients a,b, ¢, d, e, f, and M, are reported in Table 4.1 for disk inclina-
tions of both 10° and 80°. For dust masses below the transition mass M, the depen-
dence is linear, while for higher masses it is sublinear. This reflects the fact that the
dust emission becomes optically thick for high enough dust masses, even at 890 m.
This occurs at lower masses for edge-on disks, as the high inclination enhances the
dust column density.

Table 4.1: Polynomial coefficients a, b, c, d, e, f, and M., in Eq. (4.2)

t=10° {¢=280°

a 17 10
b 5-108 10°
c 0.95 1.0
d 76 40
e 1.3-107 2.2-10°
f 0.6 0.5

My[Mg) 3-1075  5.10°6

The Lupus disk dust masses derived in this work are generally a factor of a few
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Figure 4.1: Medians of the simulated T Tauri continuum luminosities at 890 pm for different
mass bins, presented by the green dots for disk inclinations of 10° and 80° in panel (a) and
(b), respectively. The solid lines show the fit function of the 890 ;ym continuum luminosity as
a function of the disk mass (see Eq. 4.2). The dotted black lines present the transition mass
between the two dependencies of the luminosity on the mass expressed in Eq. 4.2. The colored
bands show the maximum and minimum simulated continuum luminosities for the different
mass bins.
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Figure 4.2: Disk dust masses derived in this work compared with the dust masses obtained
by Ansdell et al. (2016). Full symbols show the current model results. Empty circles present
mass estimates corrected for the dust opacity difference at 340 GHz between the two studies.

lower than the estimates given by Ansdell et al. (2016) (see Fig. 4.2). In particular,
between 5- 1077 M, and 3- 1075 M, dust masses derived by Ansdell et al. (2016) are
a factor of 2.2 higher than those estimated by this analysis (1.7 if we correct for the
dust opacity difference at 340 GHz). For disks with dust masses higher than M, =
3x107° M, , the derivations obtained with the two methods become similar because
the emission becomes marginally optically thick. This effect is only considered by
our models and leads to higher mass determinations. Finally, a bimodality can be
seen in Fig. 4.2, with six points being displaced from the main trend. These represent
the highly inclined disks (i > 70°) with dust masses higher than M, =5 x 10~6M,.
For the most massive of these sources, the dust masses derived in this work are
generally a factor of a few higher than the estimates given by Ansdell et al. (2016).
The dust masses derived for the highly inclined disks are Mqust = 9.6 - 1074, 5.2 -
1074, 4.4-1074, 8.0-10~°, 1.7-1075, 1.6-10~°, 7.0-10~6, 3.4-10~, and 2.2-10~6M,
for J16083070-3828268, MY Lup, J16070854-3914075, Sz 133, J16090141-3925119, Sz
84, S5z 74, ]16102955-3922144, and J16070384-3911113, respectively.
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4.4.2 Gas masses

Measuring disk gas masses is essential for understanding disk evolution up to the
formation of planetary systems. The aim of this analysis is to employ the CO isotopo-
logue lines observed in Lupus for deriving gas masses for a statistically significant
number of disks. The 1*CO and C'®O model results shown by Miotello et al. (2016)
can be presented in the same way as done by Williams & Best (2014) and be com-
pared with Lupus observations (Fig. 4.3). As explained by Miotello et al. (2016), the
two sets of model results differ throughout the whole disk mass range because of
a temperature effect. Williams & Best (2014) find a wider range of CO luminosities
because they parameterize a wider range of temperatures than Miotello et al. (2016)
find in their models. Miotello and collaborators compute the disk temperature struc-
ture through full radiative transfer. Furthermore, the divergence is maximized in the
lower mass regime where the implementation of isotope-selective processes reduces
C!'80 line intensities compared with the results by Williams & Best (2014). The same
disk mass model results cover a limit