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5 CO ISOTOPOLOG LINE FLUXES OF
VISCOUSLY EVOLVING DISKS: COLD
CO CONVERSION INSUFFICIENT TO
EXPLAIN OBSERVED LOW FLUXES

L. Trapman, A. D. Bosman, G. Rosotti, M. R. Hogerheijde and E. F. van Dishoeck,
subm. to A&A
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Abstract

Context: Protoplanetary disks are thought to evolve viscously, where the disk
mass - the reservoir available for planet formation - decreases over time as material
is accreted onto the central star over a viscous timescale. Observations have shown
a correlation between disk mass and stellar mass accretion rate, as expected from
viscous theory. However, this happens only when using the dust mass as proxy of
the disk mass, while the gas mass inferred from CO isotopolog line fluxes, which
should be a more direct measurement, show no correlation with the stellar mass
accretion rate.

Aims:We investigate how 3CO and C'®*0 J = 3 — 2 line fluxes, commonly
used as gas mass tracers, change over time in a viscously evolving disk and use
them together with gas disk sizes, previously studied in Trapman et al. (2020), to
provide diagnostics of viscous evolution. In addition, we aim to determine if CO
conversion through grain surface chemistry combined with viscous evolution can
explain observations of disks in Lupus.

Methods: We ran a series of thermochemical DALI models of viscously evolving
disks, where the initial disk mass is derived from observed stellar mass accretion
rates.

Results: While the disk mass Mgjq decreases over time, the 3CO and C'®0
J = 3 — 2 line fluxes instead increase over time, due to their optically thick emitting
regions growing in size as the disk expands viscously. For the disk structures exam-
ined here the C'¥0 emission becomes optically thin when Mg < 3 x 1073 Mg,
at which point the C'®O flux decreases with time similar to the disk mass. Based
on the stellar mass-disk mass relation this corresponds to disks around stars with
M, < 0.3 Mg. Observed *CO and C'80 3-2 fluxes of the most massive disks
(Mgisk = 5 x 1072 Mg) in Lupus can be reproduced to within a factor of ~ 2 with
viscously evolving disks where CO is converted into other species through grain-
surface chemistry with a moderate cosmic-ray ionization rate (e ~ 10717 s71. The
C'0 3-2 fluxes for the bulk of the disks in Lupus (with Mg <5 % 1073 Mg) can
be reproduced to within a factor of ~ 2 by increasing (o ~ 5x 1071710716 571 al-
though explaining the stacked upper limits requires a lower average abundance than
our models can produce. In addition, increasing (., cannot explain the observed
13CO fluxes for lower mass disks, which are more than an order of magnitude fainter
than what is predicted. In our models the optically thick *CO emission originates
from a layer higher up in the disk (z/r ~ 0.25 — 0.4) where photodissociation stops
the conversion of CO into other species. Reconciling the 13CO fluxes of viscously
evolving disks with the observations requires either efficient vertical mixing or low
mass disks (Mgust < 3 X 107° M) being much thinner and/or smaller than their
more massive counterparts.

Conclusions The '*CO model flux predominantly traces the disk size, but
the C'®0 model flux traces the disk mass of our viscously evolving disk models if
chemical conversion of CO is included. The discrepancy between the CO isotopolog
line fluxes of viscous evolving disk models and the observations suggests that CO
is efficiently vertically mixed or that low mass disks are smaller and/or colder than
previously assumed.



CHAPTER 5 129

5.1 Introduction

With over 4200 exoplanets detected! in a multitude of planetary systems, it has be-
come clear that the formation of planets around young stars is a common occurrence
(see, e.g., Borucki et al. 2011; Winn & Fabrycky 2015; Morton et al. 2016). Under-
standing the processes behind the formation of planets has proven challenging. A
key ingredient is the total amount of material available in the protoplanetary disks in
which these planets form and grow (see, e.g., Benz et al. 2014; Armitage 2015; Mor-
dasini 2018). The disk mass determines how much raw material can be accreted onto
the forming planets. The disk mass is also not static, as accretion onto the central star
slowly decreases its mass over time. Combined, the disk mass and the stellar mass
accretion rate determine the lifetime of the disk and therefore set an upper limit to
the duration of planet formation. Determining disk masses and how they evolve over
time is therefore crucial for our understanding of planet formation.

It is commonly assumed that protoplanetary disks evolve viscously (see, e.g. Lynden-
Bell & Pringle 1974; Shakura & Sunyaev 1973). Viscous stresses in the disk transport
angular momentum outward, causing the outer parts of the disk to spread out. To
conserve angular momentum this causes material to be transported inward where it
is accreted onto the central star. While still debated, the physical process behind this
effective viscosity is commonly assumed to be the magnetorotational instability (see,
e.g. Balbus & Hawley 1991, 1998). In the framework of viscous evolution the disk
mass Myg;sk and the stellar mass accretion rate Macc follow a linear relation, with the
disk mass being accreted onto the star on a viscous timescale (Mgjskx ~ Macctvisc).

Alternatively, it has been suggested that the angular momentum in disks can be
removed by magnetic disk winds rather than transported outward by viscous stresses
(see, e.g Turner et al. 2014). These magnetic disks winds form in the presence of a
vertical magnetic field in the disk and they are able to remove material from the disk
surface, thus reducing the total angular momentum in the disk. What fraction of the
angular momentum can be carried away by disk winds is still a matter of debate (see,
e.g, Ferreira et al. 2006; Béthune et al. 2017; Zhu & Stone 2018). Magnetic disk winds
have been detected in observations but predominantly in the inner part of the disk and
it remains unclear how much disk winds affect disk evolution (see, e.g, Pontoppidan
et al. 2011; Bjerkeli et al. 2016; Tabone et al. 2017; de Valon et al. 2020).

Recently, several combined observing campaigns have performed large surveys of
the full disk population, allowing the simultaneously study of properties of protoplan-
etary disks and the young stellar objects that host them. Several star-forming regions
have been covered by Atacama Large Millimeter /sub-millimeter Array (ALMA) disk
surveys, providing high angular resolution observations of disk continuum emission
and carbon monoxide (CO) rotational line emission (e.g Ansdell et al. 2016; Ansdell
et al. 2017, 2018; Barenfeld et al. 2016, 2017; Pascucci et al. 2016; Long et al. 2017;
Cazzoletti et al. 2019; Cox et al. 2017; Cieza et al. 2019; Williams et al. 2019. Using
spectra from X-shooter spectrograph (Vernet et al. 2011) at the ESO Very Large Tele-
scope, stellar properties such as stellar mass accretion rate have also been measured for
a large fraction of disk-hosting stars in star-forming regions like Lupus, Chamaeleon I
and Upper Sco (Alcala et al. 2014, 2017; Manara et al. 2017, 2020).

Combining observations for the disk population in Lupus, Manara et al. (2016b)
found a correlation between observed stellar mass accretion rate Macc and the disk dust

Thttp://www.exoplanet.eu
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mass Mgust derived from millimeter continuum emission. If an interstellar medium
(ISM) gas-to-dust mass ratio Agq = 100 is assumed, the observations, i.e., .MacC and
Maisk = 100 X Mgyst, are consistent with viscous disks having evolved for 1-3 Myr,
which matches the approximate age of the sources (see also Rosotti et al. 2017). In-
terestingly, they find no correlation between Mpee and the disk gas mass Mg, derived
from 13CO J =3 — 2 and C'0 J = 3 — 2 line fluxes. This seems to contradict their
first finding, suggesting that the disk gas mass, which is expected to make up most of
the total disk mass, is not related to the stellar mass accretion rate.

The cause for this discrepancy might lie with the tracer used to measure the disk
gas mass. For most disks the gas masses derived from optically thin CO isotopologs
like ¥CO and C'80 are found to be low compared to their dust mass, with Agq =
Mgas/Maust = 1 — 10 for most disks (see, e.g. Ansdell et al. 2016; Miotello et al.
2017; Long et al. 2017). Herschel Space observatory observations of the hydrogen
deuteride (HD) J =1 — 0 rotational line towards a handful of disks has provided an
independent measurement of the disk gas mass (Bergin et al. 2013; McClure et al. 2016;
Trapman et al. 2017; Kama et al. 2020). These observations find a gas-to-dust mass
ratio of ~ 100, suggesting that the low CO-based gas masses are a sign that disks
are underabundant in CO. This underabundance is in addition to well-understood
processes such as CO freeze-out and photodissociation. Several processes have been
suggested to explain the extra underabundance of CO, such as chemical conversion of
CO in the gas or on the grains into more complex species (e.g., Aikawa et al. 1997;
Bergin et al. 2014; Bosman et al. 2018; Schwarz et al. 2018), or locking CO up in larger
bodies (see, e.g., Bergin et al. 2010; Bergin et al. 2016; Kama et al. 2016b; Krijt et al.
2018).

In this work we use an alternative approach to investigate the lack of a correlation
between M,.. and the CO-based M., by taking a step back and examine what R160)
and C'80 line fluxes are expected for viscously evolving disks. Over time the disk
spreads out and the disk mass decreases, changing *CO- and C'®O-column densities
distributions and the resulting line fluxes. Furthermore, by using the initial gas masses
that can explain the observed stellar mass accretion rates, we can examine if the
observed *CO and C'80 line fluxes are consistent with viscous evolution.

Recently, Trapman et al. (2020) used the same modeling framework to examine
if observed gas outer radii of disks in the Lupus and Upper Sco star-forming regions
can be explained with viscous evolution (see also Ansdell et al. 2018; Barenfeld et al.
2017). They showed that gas outer radii of disks in Lupus are consistent with viscously
evolving disks that start out small, i.e. an initial characteristic radius of ~ 10 AU,
and that have a low viscosity (ayise = 107% —1073). Combining their results with our
analysis of the CO isotopolog line fluxes, we can examine if disks are in agreement
with viscous theory in terms of both their size and their mass.

The structure of this work is as follows: In Section 5.2 we discuss the setup and
initial conditions of our models. Here we also outline the implementation of CO
conversion through grain-surface chemistry. In Section 5.3 we first show how *CO
and C'®0 line fluxes change over time in a viscously evolving disk and how they shift if
grain-surface chemistry converts CO into other species. Next we compare our models
to observations in Lupus and discuss the cosmic-ray ionization rates that are required
to match the observed fluxes. In Section 5.4 we look in more detail at the 13CO and
C'80 fluxes that are overproduced by our models and we discuss the impact of vertical
mixing and alternative explanation such as small disks. We conclude in Section 5.5
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that reconciling the 1*CO and C'®O fluxes of viscously evolving disks models with the
observations requires either that CO is efficiently mixed vertically or that low mass
disks are small.

5.2 Model setup

Our approach for setting up our models is the following. Based on observed stellar
accretion rates we calculate what the initial disk mass must have been, assuming that
the disk has evolved viscously. From the initial disk masses we compute the surface
density profile (X(R,t)) analytically at 10 consecutive disk ages. At each time-step
the thermochemical code Dust and Lines (DALI; Bruderer et al. 2012; Bruderer 2013)
is used to calculate temperature and chemical structure of the disk and the model is
ray-traced to obtain 3CO J = 3 — 2 and C'®*O J = 3 — 2 integrated line fluxes.
This modeling approach was previously used by Trapman et al. (2020) to study the
evolution of measured gas disk sizes.

5.2.1 Viscous evolution of the surface density

While the physical processes underlying the viscosity in disks are still an open question,
it is common to describe the kinetic viscosity v using the dimensionless parameter
Qvise, defined as v = acsH, where ¢, is the sound speed and H is the height above
the midplane (the a—disk formalism, see Shakura & Sunyaev 1973; Pringle 1981).
In this formalism a self-similar solution for the surface density ¥ can be calculated
(Lynden-Bell & Pringle 1974; Hartmann et al. 1998)
R \*7
(7m) ] B

(2—7) Maia(t) ( R\
Yeas(R) = €
gas(F) mR.(0)?  \Rt)) P
where v enters by assuming that the viscosity varies radially as v o< RY and Mg;sx and
R, are the disk mass and the characteristic radius, respectively.

The evolution of the surface density depends on how Mjy;sx and R, change over
time (see, e.g. Hartmann et al. 1998)

¢\ " EE
Maisk (t) = Maisk(t = 0) (1 + ) (5.2)

tvisc

Nl

= Mgisk(t = 0)

tvisc

7 N

14+t >_ (5.3)

1

Re(t) = Re(t = 0) <1+ ! )(M (5.4)

tvisc

tvisc

— Re(t =0) <1+ ! ) (5.5)

Here t,isc is the viscous timescale. For the second step and the rest of this work we
have assumed v = 1. For a typical temperature profile this corresponds to the case
where s Stays constant with radius. The time evolution of Myjsc for our models
can be seen in Figure 5.1.
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Figure 5.1: Time evolution of the disk mass Maisk of our models. Colours indicate the

viscous alpha ayisc of the models. The black boxes show which stellar mass,
and therefore accretion rate, was used to calculate the initial disk mass of
the models (see Table 5.1). Note that we exclude models with ayisc = 1072
for M, = [0.32,1.0] My as the gas disk sizes of these models can be ruled
out by observations of disks in Lupus (Trapman et al. 2020). Also note that
models with M, = 1.0 Mg and ayise = 10~* are much more massive (Mgas 2,
2 x 107" Mg) than the disks observed in Lupus (cf. Ansdell et al. 2016; see
Figure A.1 in Trapman et al. 2020).
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5.2.2 Initial disk mass and disk size

Over time the mass of a disk decreases as material is accreted onto the central star.
For a disk that is viscously evolving with a constant ayis. the relation between the
initial disk mass Mgisk(t = 0) and the stellar mass accretion rate Macc at a given
time ¢ can be written such that the initial disk mass is a function of M, (t) (see, e.g.
Hartmann et al. 1998)

3/2
Mdisk(t = O) =2 tvisc Macc(t) ( t + 1) . (56)
V1sC

Stellar mass accretion rates have now been measured for multiple star-forming
regions like Lupus, Chamealeon I and Upper Sco (Alcala et al. 2014, 2017; Manara
et al. 2017, 2020). Based on these accretion rates we can calculate what the initial
disk masses would have been, given the viscous timescale and the average age of the
star-forming region.

To determine the initial disk masses of the models, our approach is as follows. We
take four stellar mass accretion rates (4x 1072, 4x107,2x 1072 and 1078 Mg, yr—1)
that span the range of the observations in Lupus (see, e.g. Alcala et al. 2014, 2017).
As observations have shown that MaCC is correlated to M, our selected Macc represent
the average accretion rates for stars with M, = 0.1,0.2,0.32 and 1.0 Mg, respectively.
For these stellar mass accretion rates we calculate what the initial disk mass must
have been for three different viscous timescales, assuming an average age of 1 Myr
for Lupus. The viscous timescales are calculated for three values of the dimensionless
viscosity awise = 1072,1073,1074, assuming a characteristic radius of 10 AU (a choice
which is discussed below) and a disk temperature Ty;q of 20 K (see, e.g. equation 37
in Hartmann et al. 1998)

tvie R2 10-2 R, M, \? /10K
B — e~ 8 x 10t . (5.7)
yr v Qlyisc 10 AU 0.5 Mg Taisk

The resulting initial disk masses, 12 in total, are summarized in Table 5.1. Figure
5.1 shows how these disk masses decrease over time. In our analysis we exclude three
models. Trapman et al. (2020) showed that the gas disk sizes measured from models
with a = 1072 and M, = [0.32,1.0] Mg can be ruled out based on observed gas disk
sizes in Lupus. We also exclude the model with M, = 1.0 Mg and o = 10~* which
has an initial disk mass of Mg = 2.6 x 107! Mg . At all points during its evolution
this model is factor of 5 more massive than the most massive disk observed in Lupus,
but consistent with Class 0/1 disk masses (cf. Figure A.1 in Trapman et al. 2020; see
also Tychoniec et al. 2018, 2020; Tobin et al. 2020).

For the initial disk size we assume that disks start out small, with an initial char-
acteristic disk size R.(t = 0) = 10 AU. Recently, Trapman et al. (2020) showed that
the observed gas outer radii of Class II disks in Lupus can be explained by viscously
evolving disks that start out small (R.(t = 0) = 10 AU) and that have a low viscosity
(atyise = 1074 —1073). More importantly, they show that the bulk of the observed gas
outer radii cannot be explained by disks that start out large (R.(t = 0) > 30 AU).

Observational constraints on the disk size of young Class 1 and 0 objects have only
recently become available. In their VANDAM II survey Tobin et al. 2020 presented
ALMA observations of 330 protostars in Orion at a resolution of ~ 0”1 (~ 40 AU in
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diameter). Their observations suggest that the majority of disks are initially small
(~ 37 —45 AU in radius), at least in the dust. It is worth mentioning that their radii
are defined as half of the full with at half maximum (FWHM) of a 2D Gaussian fit
to the observations, which is not the same as the characteristic radius of the disk.
For the gas there is similar evidence that disks start out small, albeit from a smaller
sample. Maret et al. (2020) presented NOEMA observations of 16 Class 0 protostars
as part of the CALYPSO large program. They found only two sources that show a
Keplerian disk larger than ~ 50 AU. This suggests that stars with a large Keplerian
disk at a young age, such as found for VLA 1623 (Murillo et al. 2013), are uncommon.
We therefore adopt an initial disk size of Rt = 10 AU for our models.

Table 5.1: Initial conditions of our DALI models

M., ]\LCC Qlyisc

(Mg) (Mg yr1) 1072 1073 1074
Maisk Mg) att =0

0.1 4x1071 | 45x107* 21x107* 4.1x107*
0.2 4x10710 | 36x107% 18x107% 3.9x1073
0.32 2x107°% | 2.0x 1072 1.0x107%2 2.5x 1072
1.0 1x1078 | 6.9x107% 59x1072 2.6 x 10~1

Notes. Disk masses in italic are not included in our analysis (see Sec-
tion 5.2.2). The viscous timescale in the models varies approximately
as tyisc ~ 0.5 X (10*3/avisc) x 106 yr.

5.2.3 The DALI models

Using the initial conditions discussed previously we compute how Mgjsx decreases and
R, increases over time. For 10 points in the lifetime of the disk, starting at 0.1 Myr
and ending at 10 Myr, we compute the current surface density Y,.5(t) of the disk
model.

We use the thermochemical code DALTI to compute CO isotopolog abundances and
line fluxes of our disk models. DALI is a 2D physical-chemical code that computes the
thermal and chemical structure for a given physical disk structure. For each Xgas(2),
the radiation field (from UV- to mm-wavelengths) at each point in the disk and dust
temperature structure are determined from Monte Carlo radiative transfer. Next,
the code computes atomic and molecular abundances by solving the time-dependent
chemistry. The heating and cooling balance is solved to calculate the gas tempera-
ture. These two steps are solved iteratively until a self-consistent solution is obtained.
Raytracing of the model then yields line fluxes. For a more detailed description of the
code we refer the reader to Appendix A of Bruderer et al. (2012).

To obtain a 2D (i.e., R, z) density structure for our models we assume that in the
vertical direction the disk follows a Gaussian density distribution, as motivated by
hydrostatic equilibrium (see, e.g. Chiang & Goldreich 1997). The height of the disk
is assumed to follow a powerlaw of the form H = Rh = Rh.(R/ Rc)w, where h, is the
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opening angle at R. and % is the flaring angle.

Dust settling is included in our models by splitting the dust grains into two popu-
lations. Most of the dust mass (90%) is in large grains with sizes of 1-10% pum. These
large grains follow the gas radially but vertically they are confined to the midplane by
reducing their scale height by a factor x = 0.2 with respect to the gas. A population
of small grains (0.005-1 pm) make up the remaining 10% of the dust mass in the disk.
These small grains follow the distribution of the gas both radially and vertically.

For the stellar spectrum we assume a blackbody with effective temperature for
Teg = 4000 K. A second blackbody with T.g = 10000 K is added to simulate the
excess UV radiation released by material accreted onto the star. To compute the
luminosity of this second component we follow Kama et al. (2015) and assume that
the gravitational potential energy of the accreted material is converted into radiation
with a 100% efficiency. These parameters are summarized in Table 5.2.

Table 5.2: DALI parameters of the physical model.

Parameter Range
Chemistry

Chemical age 0.1-10 Myr**
Volatile [C]/[H] 1.35 x 1074
Volatile [O]/[H] 2.88 x 1074
Physical structure

¥ 1.0

P 0.15

he 0.1

R. 10 — 3 x 103 AU
Mgas 1075 — 10~ M[,
Gas-to-dust ratio 100

Dust properties

flarge 0.9

X 0.2

composition standard ISM!
fran 0.001

Stellar spectrum

Torr 4000 K + Accretion UV
L, 0.28 L,

Lx 1039 erg s71

Cor 10717 7!
Observational geometry

i 0°

PA 0°

d 150 pc

Notes. *The age of the disk is taken into account when running the time-
dependent chemistry. TThese parameters evolve with time. ! Weingartner &
Draine 2001, see also Section 2.5 in Facchini et al. 2017.
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Isotopolog chemical network

For less abundant isotopologs of CO like 13CO, C'®0, and C'70, isotope-selective pho-
todissociation can have significant effect on their abundances (see, e.g. Visser et al.
2009; Miotello et al. 2014). Miotello et al. (2014) expanded the standard chemical net-
work of DALI, based on the UMIST 06 network (Woodall et al. 2007; Bruderer et al.
2012; Bruderer 2013), to include the isotope-selective photodissociation and chem-
istry of 12CO, C'80, and C'70O. The chemical network includes the formation of Hy
on grains, freeze-out, thermal and non-thermal desorption of species, hydrogenation
of simple species on ices, gas-phase reactions, photodissociation, X-ray- and cosmic-
ray-induced reactions, polycyclic aromatic hydrocarbon (PAH) grain charge exchange
and/or hydrogenation, and reactions with vibrationallly excited Hj. A detailed de-
scription of the implementation of these reactions can be found in Appendix A.3.1 of
Bruderer et al. (2012). A full description of the isotopolog chemical network can be
found in Miotello et al. (2014). For the initial volatile carbon and oxygen abundances,
typical ISM values of [C]/[HJispm = 1.35 - 1074, [O]/[HJism = 2-88 - 10~* were used
(Bruderer et al. 2012).

Relevant for this work is that in the DALI chemical network CO is not further
processed once it is frozen out on the grains. The only reaction included in the
network that affects CO ice is desorption back into the gas-phase.

CO conversion through grain surface chemistry

Recent observations have shown that a large fraction of protoplanetary disks have un-
expectedly low *CO and C80 line fluxes (see, e.g., Ansdell et al. 2016; Miotello et al.
2017; Long et al. 2017). Gas masses derived from these line fluxes using models that
include freeze-out and photodissociation suggest that the bulk of the protoplanetary
disks are gas poor, with gas-to-dust mass ratios (Agq) of the order of Agg =~ 1 — 10.
For a few disks the gas mass has been determined independently using HD (see, e.g.,
Bergin et al. 2013; McClure et al. 2016; Trapman et al. 2017; Kama et al. 2020). These
observations suggest instead that CO is underabundant in disks (see, e.g. Favre et al.
2013; Du et al. 2015; Bergin et al. 2016; Kama et al. 2016b; Zhang et al. 2019). This
requires some process currently not accounted for that removes CO from the gas-phase.
Two such processes have been suggested: the first proposes that when CO freezes out
on grain it can become locked up in larger bodies, preventing it from re-entering the
gas-phase (see, e.g., Bergin et al. 2010; Bergin et al. 2016; Du et al. 2015; Kama et al.
2016b; Krijt et al. 2018; Krijt et al. 2020). Radial drift of these larger bodies can
move the frozen out CO to smaller radii (see, e.g Booth et al. 2017). Several authors
have also shown that grain-surface chemistry is capable of lowering the CO abundance
in disks. In the gas collisions with He* can break apart CO molecules, allowing the
available carbon to be locked up in hydrocarbouns like CH4 and CoHg (see, e.g. Aikawa
et al. 1997; Bergin et al. 2014; Schwarz et al. 2018). In the ice CO can be converted
into other species like CO5 and CH30H on a timescale of several Myr (see, e.g. Bergin
et al. 2014; Bosman et al. 2018; Schwarz et al. 2019).
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Figure 5.2: CO abundance computed using the full chemical network in Bosman et al.
(2018) (see also Cridland et al. 2020) for the model with M, = 0.32 Mg, owisc =
1073 at 1 Myr. The chemistry was calculated using a ¢ = 107'% 57! to
show where CO can be transformed. Taken from the same model, but with
the chemistry calculated within DALI, the blue dashed line shows where the
CO outward column is 10*® cm™2. The black contour shows where 5% of the
total oxygen abundance is in OH(g) + O(g). The red contour shows where
Tyas = 35 K. The hatched region below the three dashed lines shows where the

CO abundance is recalculated using the approximate grain surface chemistry.

In this work we have implemented the chemical conversion of CO using an ap-
proximate description for CO gas and grain surface chemistry based on the results of
Bosman et al. (2018). The description simplifies the full chemical network in Bosman
et al. (2018) by only tracing the main carbon carriers, i.e., CO, CH3OH, CO4 and
CHy. The chemistry is split up into the carrier species that have long (> 10* yr)
chemical timescales and intermediates, radicals and ions, which have a short, < 100
yr, chemical timescales. The former are explicitly integrated while kinetic equilibrium
is assumed for the latter. A more detailed description can be found in Appendix A in
Krijt et al. (2020).

Using this approximate grain-surface chemistry, we recalculate the CO abundances
computed by DALI. In doing so some thought has to be put in where in the disk
our method gives an accurate approximation of the full chemical network in Bosman
et al. (2018). Based on tests where the full chemistry is computed, we identify three
boundaries beyond which the shielded midplane approximation is no longer valid:
a low outward column of CO, the presence of oxygen in the gas-phase and a high
temperature. The first is an outward column of CO of Nco outwara = 1016 cm™2 (see
also van Dishoeck & Black 1988; Heays et al. 2017). In regions with a lower outward
column CO can be photodissociated by UV photons and the CO abundance is set by
the balance between photodissociation and chemistry, which is included in DALI.

The second boundary is related to the fraction of oxygen in the gas-phase. The
approximation assumes that all gas-phase oxygen directly transforms into OH ice



138 5.2. MODEL SETUP

where it can react with CO or H to form COs ice or HyO ice respectively. The presence
of atomic oxygen in the gas-phase in the model indicates that photodissociation is still
a significant driver of the chemistry. UV dissociation reactions will dissociate carbon
carriers other than CO and push carbon back into the more photo-stable CO (see, e.g.
van Dishoeck & Black 1988). Empirically we have found the boundary where 5% of
the available oxygen exists as gas-phase O or OH encloses the region where in the full
chemical network CO is transformed into other species (see Figure 5.2).

Finally we also exclude the parts of the disk where T,,s > 35 K. Tests show
that above this temperature the conversion of CO through grain-surface chemistry is
negligible. At these temperatures CO is converted in CHy in the gas-phase (see, e.g.
Aikawa et al. 1997; Schwarz et al. 2018. This is the dominant route above ~ 25 K
and densities below < 10'% em™3. It becomes less and less effective with increasing
temperature due to the lower sticking of atomic oxygen on grains (see Figure 4 in
Bosman et al. 2018). The increased time atomic oxygen spends in the gas-phase
results in the reformation of CO through reactions of O and OH with hydrocarbon
radicals and ions, for example: CHy + O — HCO* — CO.

It should be noted that efficiency of gas-phase conversion of CO depends directly on
rate at which CO can be destroyed by Het. Changes to the assumptions made to cal-
culate this rate, for example increasing cosmic-ray ionization rate of He, could increase
the efficiency of gas-phase CO conversion. To summarize, CO abundances are recal-
culated using the approximate grain-surface chemistry for regions in the disk where
Nco,outward > 1016, < 5% of [O] is in O(g)+OH(g) and Tyas < 35 K. The abundances
of the CO isotopologs '3CO and C'30 are calculated by scaling their abundances by
factor X238 /X3 | i.e. by how much the 12CO abundance has decreased.

Figure 5.3 shows the effects of CO conversion through grain-surface chemistry on
the CO abundances at 1, 3 and 10 Myr for one of our disk models. As discussed above,
the CO abundances are only recalculated below the dashed black lines. At 1 Myr the
CO abundance is still CO/Hy ~ 10~* and CO has not been depleted significantly.
By 3 Myr the CO abundance has dropped to CO/Hy ~ 5 x 1075 higher up in the
disk and CO/Hy ~ 5 x 107° close to the midplane. For ¥CO the effect of isotope-
selective photodissociation is partly offset by the reaction 2C*+ + 2CO — 3CO +
12C+ + 35 K, which is energetically favored towards the production of '3CO at low
temperatures (see, e.g. Visser et al. 2009; Miotello et al. 2014 and references therein).

Having a lower abundance and lacking a similar back reaction, C'#0 is much more
affected by isotope-selective photodissociation. As a result, C'®O is confined to a layer
deeper in the disk. This can be seen in the figure, with the 13CO 3-2 emitting region
lying higher up in the disk, fully above the black contour. The C'#0O 3-2 emitting region
lies closer towards the midplane and crosses the black contour. We can therefore expect
the 13CO 3-2 flux not to be affected by the chemical conversion of CO, whereas the
C180 3-2 flux will be affected. After 10 Myr almost all of the available CO has been
converted, with CO/Hy < 1076 for the region where CO can be converted through

cosmic-ray-driven chemistry. The 13CO and C'®0 emitting regions have moved inward
and upward to regions of the disk that still have a high CO abundance.

In this work we raytrace the 13CO and C'®0 J = 3 — 2 lines, but tests show that
the J =2 — 1 lines show the same qualitative behavior (cf. Appendices 5.A and 5.B).
As a rule of thumb if the J = 3 — 2 lines are optically thick, i.e., at early ages when
the disk is most massive, the 1*CO 2-1 line is up to 5% fainter (in Jy km s~!) and
the C'®0 2-1 line is up to 15% fainter. If the .J = 3 — 2 lines are optically thin, the
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J =2 — 1 fluxes are up to 30% lower for both *CO and C'®0.

5.3 Results

5.3.1 CO isotopolog line fluxes: a viscously evolving disk

As the disk evolves viscously, the disk mass decreases and the disk size increases.
Figure 5.4 shows how the *CO and C'®0 J = 3 — 2 line fluxes change over time
in these circumstances. The CO 3-2 flux, shown in the top panel, increases over
time. This is found to be the case for all models except those with M, = 0.1 Mg and
Qyise > 1073 (see also Figure 5.10). A closer inspection of the models reveals that the
13CO emission is optically thick. As the disk expands this optically thick emitting
region grows in size and the '3CO flux increases. The '3CO flux is therefore more of
a disk size tracer than a disk mass tracer.

The C'0 flux, shown in the bottom panel of Figure 5.4, starts optically thick and
also increases with time. For the model with ayise = 1072 this changes at ~ 2 Myr,
when the C'¥0 3-2 flux starts to decrease rapidly. At this point the increasing disk
size and decreasing disk mass have reduced the C*¥*O column densities to the point
where the C'®0O emission has become optically thin and therefore it traces the total
CO mass.

As shown here, the behavior of the CO isotopolog lines in a viscously evolving
disk depends strongly on whether the emission is optically thick or thin and therefore
the mass of the disk. Based on an extensive grid of disk models, Miotello et al.
(2016) determined that for disk masses below Mg < 2 x 107 Mg, the 3CO 3-2
flux is optically thin and traces the disk mass (see also Miotello et al. 2017). If we
compare this disk mass threshold to the disk masses required to explain the observed
stellar mass accretion rates, the *CO 3-2 emission is expected to be optically thick
for all viscously evolving disks, except for disks with awisc > 1072 around stars with
M, = 0.1 Mg, (cf. Figure 5.1, see also Figure 5.10). For C*®O the emission is optically
thin Mgie < 2.5 x 1073 Mg. Based on the disk masses required to explain observed
stellar accretion rates, we expect C'®0 emission to be optically thin, and thus trace
the disk mass, for disks around stars with M, < 0.3 Mg.

~

5.3.2 CO isotopolog line fluxes: effects of grain surface
chemistry

Before we compare our models to the observations, we first look at the effects of
conversion of CO through grain surface chemistry on CO isotopolog line fluxes. As
lowering the CO abundance decreases the '3CO and C'8O column densities, we expect
the *CO and C'®0 emission to become optically thin at an earlier disk age.

Figure 5.5 shows C'®0 and '*CO J = 3 — 2 integrated line fluxes for models
with M, = 0.32 Mg and ayise = [1073,107%]. The line fluxes without grain surface
chemistry, presented earlier in Figure 5.4, are included as dashed lines. Up to 1 Myr
there is no discernible difference between the models with and without grain-surface
chemistry, as it takes time for the chemistry to lower the gas-phase CO abundance.
We note here that the timescale for the grain-surface chemistry depends directly on
the assumed cosmic-ray ionization rate (., which we have assumed to be (,, = 1 x
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10717 s~1. For a higher (., the conversion of CO into other species will occur on a
shorter timescale (see also Section 5.3.4).

For 13CO there is almost no difference when grain-surface chemistry is included
even after 1 Myr. As can be seen in Figure 5.3 the '3CO 3-2 emitting region lies
almost completely above the region of the disk where CO can be transformed on the
grains. Grain-surface chemistry has a larger effect on the C'30 fluxes, because the
C'0 3-2 emitting region lies closer to the midplane, where the conversion of CO is
most efficient (see, e.g. Figure 5.3). For both ayisc = 1072 and 10~ the C'80 3-2 flux
starts to decrease at a disk age of ~ 1.5 Myr. This indicates that the C'¥0O emission
is optically thin for a much larger disk masses (up to Mgis ~ 2 x 1072 Mg, cf. Figure
5.1). At 10 Myr grain surface chemistry has lowered the C!*O 3-2 fluxes by a factor
of ~ 2 — 3 compared to the model without CO conversion.

5.3.3 Comparing to the Lupus disk population

Recently Ansdell et al. (2016) have carried out an ALMA survey of the protoplanetary
disk population in the Lupus star-forming region, in both continuum and 2CO, '3CO
and C'80 line emission (see also Ansdell et al. 2018). We examine whether the low
13CO and C'0 3-2 fluxes are compatible with viscous evolution.

Figure 5.6 shows the C'80 and 3CO J = 3 — 2 integrated line fluxes of our models
and observations of protoplanetary disks in Lupus (Ansdell et al. 2016; Yen et al. 2018).
To have a useful comparison, we have aligned the models and observations based on
total (estimated) disk mass. For the observations we use 100 X Mgys; as a proxy for
the disk mass. This is equivalent to assuming that disks have a gas-to-dust mass
ratio Agq = 100, the canonical value for the ISM. Note that due to radial drift, and
subsequent accretion onto the star, of larger grains, disks will likely have a Agq > 100,
moving the observations to the right in Figure 5.6. This is discussed in more detail in
Section 5.4.2. In our analysis we exclude transition disks with a resolved inner cavity
in the dust continuum, as our models do no represent their disk structure (see van der
Marel et al. 2018).

At the high mass end (Mggk > 5 x 1073 Mg) 3CO 3-2 is detected for all disks
and C'0 3-2 is detected for most disks in Lupus. The observed range of 3*CO fluxes
is reasonably well reproduced by our models, although for individual objects the flux
for the model with the corresponding mass might be a factor 2 —4x higher. There are
two disks, IM Lup (Sz 82) and HK Lup (Sz 98) that are either significantly brighter
or fainter than our models. These two disks are among the largest disks in Lupus.
Interestingly, while these two disks are of similar size and dust mass, they differ in
13CO 3-2 flux by more than an order of magnitude, suggesting that the processes that
affect the abundance of CO can be very different in two very similarly looking disks.
Note that our models are aimed at reproducing the average protoplanetary disk and
we do not expect them to reproduce outliers. In a similar study Trapman et al. (2020)
showed that a larger initial disk size of 30-50 AU is required to reproduce the gas disk
size of these large disks.

The C'¥0 3-2 fluxes detected for the high mass disks are reproduced by the models
within a factor ~ 2 for most disks. Four of the massive disks in Lupus, slightly less
than half of the disks in this mass range, are not detected in C¥O 3-2. Our models
overproduce these C'8O upper limits by a factor ~ 2 — 4, suggesting they either have
a Agq < 100 or that they have lower C'®0 abundances than our models. The C80O
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Figure 5.6: '3CO (top) and C'®0 (bottom) J = 3 — 2 line fluxes versus disk mass. Solid

lines show models that include CO conversion through grain surface chemistry.
For comparison, dashed lines show the models without grain surface chemistry.
For the observations, shown in orange, we use Mgas ™~ 100 X Myyust as a proxy for
the disk mass (see, e.g. Ansdell et al. 2016; Ansdell et al. 2018; Yen et al. 2018).
Colours show models with different viscous alpha. Models with age between 1
and 3 Myr, the approximate age of Lupus, are highlighted in red. Note that in
our models Mg;sx decreases with time, meaning that time runs right to left in
this figure for our models. Observations for which we only have an upper limit
on the *CO or C'®0 line flux are shown in gray. Stacked non-detections are
shown in black (cf. Section 5.3.3).
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fluxes in our models can be reduced by increasing the cosmic-ray ionization rate (see
Section 5.3.4 and Figure 5.12).

For lower disk masses (5 x 107% Mg < Mgige < 5 x 1073 Mg) the majority of
disks in Lupus are still detected in '3CO but only a few are also detected in C'20.
Here the 13CO fluxes of our models and the observations start to diverge. While the
brightest observed '3CO fluxes are still reproduced by the models, there is up to an
order of magnitude difference between the model 13CO fluxes and the bulk of the 3CO
detections and the 3*CO upper limits.

For C*¥0, comparing the models to the observations becomes more difficult due
to the low number of C'80 3-2 detections in Lupus. The few C'8O detections in this
mass range are reproduced by the models. However, these are the same disks whose
bright 3CO emission is also reproduced by the models. The C*30 fluxes of the models
do get low enough to match the observed C*®O upper limits (~ 0.1 Jy km s™!), but
only when the disk models are ~ 10 Myr old. This is much older than most disks in
Lupus, which are estimated to be 1-3 Myr old.

Ansdell et al. (2016) stacked the disks that were detected in the continuum but
not in CO 3-2 and C'0 3-2. First, stacking the 25 sources that were detected in
the continuum and **CO resulted in a mean continuum flux of 70 mJy, corresponding
to a dust mass of ~ 5 x 107° Mg, with a detected mean C'80 3-2 flux of 206 +
31 mJy km s~1. Stacking the 26 sources detected in the continuum but not detected
in both '3CO 3-2 and C'®0 3-2 provided a much deeper mean C'®0 3-2 upper limit
of 42 mJy km s~!. Note that we have scaled the fluxes to a distance of 160 pc, the
average distance to the Lupus clouds based on Gaia DR2 measurements (Brown et al.
2018; Bailer-Jones et al. 2018), instead of the 200 pc used by Ansdell et al. (2016).
This stacked upper limit lies a factor 5-10 lower than our model fluxes, similar to
what was found for *CO, suggesting that both *CO 3-2 and C'0 3-2 fluxes are
overproduced by our models, even if chemical conversion of CO is included.

For disks with Mgi = 100 x Maust < 5 x 107% Mg, only a handful of disks are
detected in '*CO and none are detected in C'®O. While the *CO fluxes of the models
have decreased for these lower gas masses, the model fluxes are still at least a factor of
5 higher than the observed '*CO upper limits. In comparison the C'®0 fluxes of the
model have decreased with Mgjsx and are consistent with the observed C'®O upper
limits.

To summarize, our viscously evolving disk models that include CO conversion are
able to explain most observed *CO and C'®0 fluxes for high mass disks (Maisk =

5 x 107° M) in Lupus. For lower mass disks the model **CO and C®0 fluxes are
up to an order of magnitude higher than what has been observed.

5.3.4 Cosmic-ray ionization rate required to match observed
CO isotopolog fluxes

The previous Section showed that for disk masses below ~ 5 x 1073 Mg the model
1BCO and C'¥0 fluxes are a factor 5—10x higher than what is observed in Lupus. The
cosmic-ray ionization rate (. is one of the main factors that determines the rate at
which CO is converted into CO5, CH4 and CH3OH. Here we examine if increasing (.,
would allow us to reproduce the observations and what (., would be needed to do so
in a 1-3 Myr time period. We focus on the mass range between Mg = 5 x 1074 Mg
and My = 1072 Mg where the difference in fluxes between the models and the
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Figure 5.7: The effect of the cosmic ray ionization rate on *CO and C'®0 J =3 — 2 line

fluxes, shown in the top and bottom panel respectively. Models shown here have
vise = 1072 and M, = [0.2,0.32] Mg. Solid light blue lines show the model
line fluxes where CO conversion through grain surface chemistry is calculated
with a cosmic ray ionization rate (e = 1 x 10717 s71. For the black dashed lines
Cor is increased up to 5 x 107¢ s71. The dashed blue line shows the upper limit
of the effect of grain surface chemistry, where we have removed all CO in the
region of the disk where CO conversion by grain surface chemistry is effective.
Observations in Lupus are shown in orange if detected and in gray if an upper
limit (Ansdell et al. 2016; Yen et al. 2018). The stacked non-detections are
shown in black (see also Section 5.3.3). The red shaded lane highlights the age
range of the Lupus star-forming region.
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observations is the largest. Similarly, we focus on models with oyisc = 1073 and
M, =10.2,0.32] Mg, which span a similar disk mass range.

Figure 5.7 shows the '3CO and C'0 3-2 fluxes after CO abundances were re-
calculated using a higher (., than is used in the models presented previously ((., =
1 x 1077 s71, see Table 5.2.) The '3CO 3-2 emission is only weakly dependent on
the cosmic-ray ionization rate, with less than ~ 10% differences in flux. Again, this
is due to the *CO emitting region (z/r ~ 0.2 — 0.35) being higher than the region of
CO removal (z/r < 0.15) In Section 5.4.1 we discuss alternative ways to reconcile the
13CO 3-2 observations with our models.

The bottom panel of Figure 5.7 shows that, in contrast to *CO, increasing (., has
a larger effect on the C'®0 fluxes, but not enough. Increasing (., from 1 x 1077 s7! to
5x 10717 — 1076571 is sufficient to explain almost all of the C'®O detections for disks
with 100 X Mgyt = 2% 1073 M. However, the figure also shows that by increasing (.,
the C'80 3-2 fluxes can reduced to at most ~ 0.2 Jy km s~!, which is still a factor ~ 2
higher than the observed C'®0 upper limits in Lupus. Moreover, the fluxes obtained
from our models remain a factor ~ 5 higher than the stacked C'®O 3-2 upper limits.
This indicates that increasing the amount of cosmic-ray ionization by itself cannot
explain the faintest C'30 3-2 fluxes.

5.4 Discussion

5.4.1 Reproducing *CO 3-2 line fluxes observed in Lupus

In Section 5.3.3 it was found that our models overproduce the 3CO 3-2 and C'®0
3-2 observation in Lupus by a factor of 5-10 for disks with Mg <5 x 1073 M. By
increasing the cosmic-ray ionization rate from (., = 1 x 10717 s71 to 10716 s~ 1 it is
possible to decrease the C'0 3-2 fluxes of our models to within a factor two of the
observed upper limits. However, the 1*CO 3-2 emission originates predominantly from
a layer higher up in the disk where CO is not being efficiently converted into other
species. As such, the '3CO 3-2 fluxes of our models remain a factor 10 — 30x higher
than the observations, even after removing all CO from region of the disk where CO
grain-surface chemistry is effective. Here, we examine the emitting regions of 13CO 3-2
and C'®0 3-2 and we discuss processes that could reduce the 3CO and C'®0 fluxes
to the point where they are in agreement with both detections and upper limits seen
in observations.

Figure 5.8 shows an example of the 3 CO and C'®0 emitting regions in a model
with maximum CO conversion. The *CO emitting region is located high up in the
disk (z/r ~ 0.25—0.4), fully above the region where CO can be removed (z/r < 0.15).
The presence of oxygen in the gas-phase in this layer indicates that it cannot be locked
up efficiently in H5O, meaning it is available to react with the carbon released from the
destruction of CO to reform CO (see also Schwarz et al. 2018). The C'®O emitting
region, shown in the bottom panel of Figure 5.8 lies much deeper in the disk, at a
height of z/r ~ 0.18. With efficient CO conversion the C*®Q emitting region is very
compact and extends only slightly above the oxygen-threshold. Unlike for '3CO it is
therefore plausible that a slight change in for example the height of the disk will push
the C'®0 abundant region below the oxygen-threshold, thus drastically reducing the
observed C'80 3-2 fluxes. In the rest of this section we therefore focus on lowering
the 3CO 3-2 fluxes, which are in stronger violation with the observations.
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Figure 5.8: '3CO (top) and C'®O (bottom) abundance structure (colors) and J =
3 — 2 emitting regions (purple contours) for an example disk model (M. =
0.32 Mg, avise = 1073 and a disk age of 1.5 Myr). The contours shown are the
same as in Figure 5.2.

Knowing the location of the '>CO emission, we can discuss processes by which the
emission can be reduced.

A colder disk: Given that the *CO 3-2 emission is optically thick, a lower disk
temperature could potentially explain the low '*CO 3-2 emission in Lupus. Lowering
Tyas would decrease the brightness of the optically thick line. The temperature of
a disk is predominantly set by its vertical structure. The vertical structure that is
assumed in our disk models is thought to be a good representation of the average disk
vertical structure, but here are only a few disks, biased towards high disk masses,
for which the disk height has been estimated using the scattering surface observed



148 5.4. DISCUSSION

in scattered light (see, e.g. Avenhaus et al. 2018; Garufi et al. 2020). It is therefore
possible that lower mass disks are much flatter, and therefore colder, than previously
thought. Reducing the scale height of the disk would concentrate the mass in the
shielded midplane, where the cosmic-ray-driven conversion of CO is efficient.

A colder disk cannot explain all of the disks observed to be underabundant in CO.
The TW Hya disk is thought to be underabundant in CO by a factor 10-100 (see,
e.g. Favre et al. 2013; Du et al. 2015; Bergin et al. 2016; Kama et al. 2016b; Trapman
et al. 2017). This disk is also known to be much more flared (¥ ~ 0.3), and therefore
warmer, than the disk models presented here (see, e.g., Kama et al. 2016b; van Boekel
et al. 2017; Schwarz et al. 2016). Although anecdotal, the example of TW Hya shows
that a colder disk cannot be the sole explanation for the low observed 3CO 3-2 fluxes
(see also Fedele et al. 2016).

Smaller disks: Another way to explain the low CO 3-2 fluxes would be that
disks are smaller than our models. Trapman et al. (2020) showed that our models
are consistent with observed gas disk sizes in Lupus, measured from the extent of the
2C0 J =2 — 1 emission. However, these observations are biased towards the most
massive disks around the most massive stars in the Lupus disk population. Comparing
their results with the observations presented in Figure 5.6 reveals that there are only
three disks below Mg = 3 x 1073 Mg for which the gas disk size has been measured:
Sz 133 (238 AU), Sz 65 (172 AU) and Sz 73 (103 AU). Of these, only Sz 73 has a *CO
flux that lies a factor ~ 2 below the predictions of our models. For the remaining disks
of similar or lower mass the gas disk size is unknown. Without knowing their gas disk
size, it could be possible that the low *CO fluxes can be explained by a compact gas
disk.

The optically thick emitting region of our disk models with Mg <5 x 1073 Mg,
has a radius of ~ 30 — 150 AU, depending on the mass and R, of the disk model. The
13C0O 3-2 flux scales with emitting area (F oc R?). To reduce the 3CO 3-2 flux of
these models by a factor 10 —30 and bring them in line with the observations, the disk
size has to be reduced by a factor 3—5, to ~ 10—50 AU. Note that this is the disk size
as measured from the 13CO 3-2 emission. Trapman et al. (2019) found that the gas
disk size measured from '2CO is 30-35% larger than the gas disk size measured from
13C0, assuming that both 2CO and *CO are optically thick. This would suggest
that disks with dust masses < 3 x 107 Mg need to have gas disk sizes on the order
of ~ 40 — 70 AU as measured from '2CO if small disks are the explanation for the low
13CO fluxes. It should be noted however that disks with similar **CO flux can have
very different gas disk sizes (e.g. Sz 129 (140 AU) and HK Lup (358 AU)), suggesting
that 13CO might not always be optically thick and that compact disks might not be
the sole explanation for the faint '>CO emission seen in observations. Deeper high
resolution 2CO and '*CO observations of low mass disks are required to test this
theory.

Vertical mixzing: It is very likely that turbulence in protoplanetary disks mixes
material both vertically and radially. Through vertical mixing the CO-rich material
higher up in the disk would be moved down toward the midplane, where the CO
can then be converted into other species via grain-surface chemistry. If the mixing
timescale is much shorter than the lifetime of the disk the CO will be well mixed and
the CO abundance higher up in the disk will match that of the CO-poor material close
to the midplane (see, e.g. Willacy et al. 2006; Semenov & Wiebe 2011; Krijt et al.
2018; Krijt et al. 2020).
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Figure 5.9: '3CO 3-2 model fluxes after applying vertical mixing (black dash-dotted lines)
compared the observation in Lupus (orange markers). Upper limits are shown
in gray. The stacked non-detections are shown in black (see also Section 5.3.3).
Shown here are disk models with avise = 1072 and M, = [0.2,0.32] Mg. For
reference, the model fluxes without vertical mixing are shown in light blue.
The black dashed and dotted lines show models where mixing is combined with
higher cosmic-ray ionization rates (see also Section 5.3.4). The red shaded lane
highlights the age range of the Lupus star-forming region.

Figure 5.9 shows the effect of vertical mixing on the '3CO and C'0 3-2 fluxes.
Here we have approximated the effect of mixing by setting the CO abundance higher
up in the disk equal to the mass-weighted average CO abundance in the region where
we compute the grain-surface chemistry. To obtain such efficient mixing requires a
mixing timescale that is much shorter than the chemical timescale of the disk, which
is likely to be the case. Based on turbulent diffusion, Krijt et al. (2020) calculate a
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vertical mixing timescale of t, ~ 2.5 x 10° yr for one scale height at 30 AU assuming
a turbulent strength corresponding to o = 10~*. We have also assumed that mixing
goes up to the ¥CO emitting layer at z/r ~ 0.25 — 0.4.

Up to 3 Myr vertical mixing does not significantly affect the >*CO and C'30 fluxes
for the standard case of (., = 1 x 10717 s~1. While the material in the upper layer of
the disk is now well mixed with the material below, the grain-surface chemistry has
not had enough time to decrease the mass-averaged CO abundance to the point where
it has a noticeable effect on the isotopolog line fluxes. After 3 Myr both the '3CO flux
has started to decrease rapidly and by 10 Myr the fluxes from the our models are at
or below the level of the observed upper limits in Lupus.

The effect of mixing on the *CO and C'®0 3-2 fluxes is limited to how quickly
the chemistry is able to decrease the mass-averaged CO abundance. It is therefore
interesting to examine whether a combination of vertical mixing and a higher cosmic-
ray ionization rate (. can explain the '3CO 3-2 observations in Lupus within 1-3
Myr age of the region. We have included vertical mixing in our models with (., =
5x10717—10716 s~! and present the resulting fluxes in Figure 5.9. With CO conversion
now occurring at an increased rate, vertical mixing has a much larger impact at earlier
disk ages. Within 3 Myr the model fluxes have decreased to the same level as the
faintest 13CO and C'80 detections and upper limits in Lupus. By combining vertical
mixing with a high cosmic-ray ionization rate of (o, = 5 x 10717 — 10716 s=! we can
explain all *¥*CO 3-2 and C'80 3-2 observations in Lupus.

This is in agreement with recent results of Krijt et al. (2020), who investigated
processes that have been invoked to explain low CO abundances inferred for disks,
such as chemical conversion of CO, turbulent diffusion of gas and small grains and
locking up CO in large bodies. They show that a combination of vertical mixing and
the chemical conversion of CO can decrease the CO abundance to 107% — 107 up to
z/r ~ 0.2, which is the upper edge of their model. This is similar to the mass-weighted
average CO abundance of the viscous disk models that reproduce the observed 3CO
and C'®O 3-2 upper limits (see Figure 5.9). We should note however that to lower
the 13CO flux mixing must be efficient up to at least z/r ~ 0.3 (see Figure 5.8). Krijt
et al. (2020) also show that including the locking up of CO ice into larger bodies in
addition to the chemical conversion of CO can further decrease the CO abundance to
below 1076 at z/r ~ 0.2 for (., = 1 x 1077 s~1. The combination of these processes
could therefore potentially explain the low observed fluxes without having to invoke a
high cosmic-ray ionization.

5.4.2 Alternative explanations

Assumed gas-to-dust mass ratio: In Section 5.3.3 we compared our models to obser-
vations of disks in Lupus. In this comparison we used Mg ~ 100 X Mqust, Which
is equivalent to assuming that the disk has inherited the ISM gas-to-dust mass ratio
of Agq = 100. However, most of the dust mass in protoplanetary is made up of large
grains, which are expected to radially drift inward where they are accreted onto the
star. This process would lead to Agq > 100, with simulations of dust evolution in pro-
toplanetary disks showing values as high as Agq = 10% — 10* (see, e.g. Birnstiel et al.
2012). Increasing the assumed gas-to-dust mass ratio would shift the observations to
the right in Figure 5.6, as it would increase the gas mass we associate with each of
the sources. While this could change which models the observations are compared
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to, it would not significantly affect our results. A small increase (Agq = 200 — 300)
might help the comparison between the observations and our models at the high mass
end. The main effect of increasing A,q would be increasing the gas mass threshold,
currently Mgk < 5x 1073 M, below which we require a higher cosmic-ray ionization
rate to match our models to the observations (see also Figure 5.12).

We note here that lowering the gas-to-dust mass ratio of the observed sources to
Aga = 1 — 10 would also allow us to reproduce the observed *CO and C'®0 fluxes
with our models. This is in essence the same result as was obtained by Ansdell et al.
(2016) and Miotello et al. (2017), who showed that gas masses derived from the *CO
and C'80 fluxes suggests that disks have low gas-to-dust mass ratios. However, these
lower gas masses would no longer be consistent with observed stellar mass accretion
rates under the assumption of viscous evolution (see Manara et al. 2016b).

The other side of this comparison are the initial disk masses used for our models.
As outlined in Section 5.2.2 the initial disk mass Mgk (t = 0) is set by the stellar
accretion rate Macc, for which we have taken representative M, for four stellar masses
M, =1[0.1,0.2,0.32,1.0] Mg from observations. As the observations show a spread
in Macc there should be a similar spread in Mgk (¢t = 0). Changing the initial disk
mass would, to first order, move the model curves to the left or right in Figure 5.6.
While the gas masses of both the models and observations can be varied to some
degree, changing the gas masses alone cannot explain the order of magnitude difference
between the 3CO fluxes of models and the observations.

The assumption of viscous evolution: Throughout this work we have assumed that
protoplanetary disks evolve viscously and calculated the time evolution of 13CO and
C'80 3-2 line fluxes based on this premise. However, it is also possible disk evolution is
instead driven by magnetic disk winds. While a quantitative analysis of this scenario is
beyond the scope of this work, we can discuss the expected differences. In our models
we saw that the '3CO fluxes, and to some degree the C'®0 fluxes, increase with time
while the disk mass instead decreases with time. This is attributed to a combination
of the 13CO emission being mostly optically thick and the disk viscously spreading as
it evolves. If disk evolution is instead driven by disk winds the disk is not expected to
spread out and the '3*CO and C'®0 line fluxes will not increase over time. Instead, the
BCO and C'®O fluxes are expected to remain constant with time while the emission
is optically thick. To drive the observed stellar mass accretion the disk mass has to
decrease over time. At some point the *CO and C'30 emission will become optically
thin and the line fluxes will start to decrease over time, similarly to what is seen for
C'™0 at 2 Myr in Figure 5.4. It might take more time for the emission to become
optically thin, because in contrast to a viscously spreading disk, the disk mass is not
distributed out over an increasingly larger area. Indeed, if disks start out small as
suggested by observations (e.g Tobin et al. 2020; Maury et al. 2019), it is possible that
the '3CO emission remains optically thick as most of the mass is concentrated in a
small area.

5.5 Conclusions

In this work we have used the thermochemical code DALT to run a series of viscously
evolving disk models with initial disk masses based on observed stellar mass accretion
rates. Using these models we examined how CO isotopolog line fluxes, commonly used
as to measure disk gas masses, change over time in a viscously evolving disk. We also
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compared our models to *CO J =3 — 2 and C'®0 J = 3 — 2 observations of disks in
the Lupus star-forming region, to investigate if they are consistent with disks evolving
viscously. Here we present our conclusions:

e 13CO and C'0 3-2 fluxes of viscously evolving disks increase over time due to
the lines being optically thick and their optically thick emitting area increasing
in size as the disk expands. For disks around stars with M, < 0.3 Mg the C*O

3-2 emission is expected to be optically thin and thus trace the disk mass.

e Including the conversion of CO through grain-surface chemistry does not affect
the 13CO flux. Initially the C'®0 is also not affected, but from ~ 1 Myr onward
it starts to decrease up to a factor ~ 2 — 3 at 10 Myr. This also ensures that
from ~ 1 Myr and onward C'30 3-2 emission decreases with time in a viscously
evolving disk.

e The observed *CO 3-2 and C®O 3-2 line fluxes of the most massive disks
(Maisk = 5 x 1073 M) in Lupus are consistent to within a factor of 2 with
our viscously evolving disk models where CO is converted into other species
through grain-surface chemistry, assuming a moderate cosmic-ray ionization rate

Cor ~ 10717 571

e Increasing the cosmic-ray ionization rate to (e, > 5x 10717 —10716 s~1 decreases
the C'80 fluxes to within a factor ~ 2 of the observed upper limits for disks in
Lupus with Mg <5 x 1073 Mg. Reproducing the stacked C'*O upper limit
observed in Lupus requires a lower average abundance, which could be obtained
with efficient vertical mixing.

e Our models overpredict the observed 3CO 3-2 fluxes by a factor 10 — 30 for
most disks with Mg <5 x 1073 Mg, because the '3CO 3-2 emission originates
from a layer at z/r ~ 0.25 — 0.4, which is much higher up than the region where
CO can be efficiently converted into other species (z/r < 0.15).

e The '3CO 3-2 observations can be reproduced by our models by assuming ef-
ficient vertical mixing in addition to a higher cosmic-ray ionization rate (¢, ~
5x 10717 — 10716 s~1. Alternatively, the observations can be explained if less
massive (Maust < 3 x 107° M) disks are either much flatter and colder or much
smaller (Rco, 90% ~ 40 — 70 AU) than their more massive counterparts.

Our models show that the observed C'®O fluxes in Lupus are consistent with these
disks having evolved viscously, if CO has been converted into other species under a
high cosmic-ray ionization rate. The observed CO fluxes are also consistent with
this picture, provided that the material in the disk is well mixed vertically. However,
alternative explanations for the low observed *CO fluxes such as the disks being colder
or smaller than assumed cannot be discarded based on current observations. Deeper
observations that resolve the CO isotopolog emission of low mass disks are needed to
conclusively demonstrate whether these disks are evolving viscously.



CHAPTER 5 153

Appendix

5.A Model BCO and C®*0O J =3 — 2 fluxes
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Figure 5.10: As Figure 5.5, but showing the "*CO (left) and C*®O (right) J = 3 — 2 fluxes
for all models. Colors indicate different awisc. Models with and without CO
conversion through grain-surface chemistry are shown with solid and dashed
lines, respectively. The age range for disks in Lupus is highlighted in red.
Few models show a significant decrease in *CO line fluxes, except for models
with avise = 1072 that have low disk masses. The C*®0 line fluxes do show a
decrease with age, especially at later disk ages.
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5B Model 3CO and C®0O J =2 — 1 fluxes
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Figure 5.11: As Figure 5.10, but showing the **CO (left) and C*®O (right) J = 2 —1 fluxes
for all models. Note that the range of the y-axes are the same as for Figure
5.10.
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Figure 5.12: As Figure 5.5, but now showing three sets of models. The dotted lines show

the *CO (top) and C'®0 (bottom) J = 3 — 2 line fluxes for models with
standard DALI chemistry, i.e. without CO conversion. The solid lines show
line fluxes for the models where CO has been chemically converted into other
species, as described in Section 5.2.3. The dashed lines show line fluxes for
models with maximal CO conversion, i.e. where we have removed all CO in the
region where CO conversion through grain-surface chemistry occurs (see also
Section 5.7). Observations in Lupus are shown in orange if detected and gray
if an upper limit (Ansdell et al. 2016; Yen et al. 2018). Stacked non-detections
are shown in black (see Section 5.3.3).
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