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Abstract

It is still unclear whether the evolution of protoplanetary disks, a key ingredient in the theory of planet formation, is
driven by viscous turbulence or magnetic disk winds. As viscously evolving disks expand outward over time, the
evolution of disk sizes is a discriminant test for studying disk evolution. However, it is unclear how the observed disk
size changes over time if disk evolution is driven by magnetic disk winds. Combining the thermo-chemical code
DALT with the analytical wind-driven disk-evolution model presented in Tabone et al., we study the time evolution of
the observed gas outer radius as measured from CO rotational emission (Rco 90%)- The evolution of Rco 904 is driven
by the evolution of the disk mass, as the physical radius stays constant over time. For a constant oy, an extension of
the o Shakura—Sunyaev parameter to wind-driven accretion, Rco 099 decreases linearly with time. Its initial size is set
by the disk mass and the characteristic radius R, o, but only R, affects the evolution of Rco 009, With a larger R, o
resulting in a steeper decrease of Rco.909. For a time-dependent apw, Rco 909 Stays approximately constant during
most of the disk lifetime until Rco 999 rapidly shrinks as the disk dissipates. The constant apy models are able to
reproduce the observed gas disk sizes in the ~1-3 Myr old Lupus and ~5-11Myr old Upper Sco star-forming
regions. However, they likely overpredict the gas disk size of younger (0.7 Myr) disks.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Circumstellar disks (235); Astrochemistry
(75); Astronomy data modeling (1859); CO line emission (262)

1. Introduction

Planets are formed in gas-rich disks around young stars. The
processes through which these planets are formed are still not
fully understood (see, e.g., Benz et al. 2014; Morbidelli &
Raymond 2016; Morton et al. 2016; Mordasini 2018). A key
ingredient of planet formation models is the behavior of the gas
in these planet-forming disks. Being the dominant mass
component in disks, the gas plays a critical role in nearly all
processes that lead to planet formation. The total gas mass
represents the reservoir available for forming giant planets. The
gas density and local gas-to-dust mass ratio regulate the
dynamics of dust grains and larger solid bodies in the disk,
setting the rate at which the dust grows, settles toward the
midplane and drift inwards toward the star (e.g., Wada et al.
2008; Birnstiel et al. 2010, 2012; Krijt et al. 2015).
Furthermore, these same processes also affect how quickly
planets can accrete solids in the pebble-accretion view (see,
e.g., Bitsch et al. 2015; Ormel & Liu 2018). Understanding the
evolution of the gas is therefore crucial for increasing our
understanding of planet formation.

The evolution of the gas is set by the transport of angular
momentum that drives the stellar mass-accretion flow. Two
mechanisms have been proposed to drive this process: turbulent
viscosity and magneto-hydrodynamical (MHD) disk winds. Of
these two, viscosity is commonly thought to be the dominant
process (see, e.g., Armitage 2019). In the viscous-evolution
framework the disk evolves as a result of turbulence acting as
an effective viscosity that redistributes the angular momentum
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(see, e.g., Shakura & Sunyaev 1973; Lynden-Bell & Pringle
1974; Pringle 1981). Most of the angular momentum is
transported outward radially with a small fraction of the mass,
which results in the remaining mass moving inward, where it is
accreted onto the star. This behavior is often referred to as
viscous spreading. Viscous evolution has been successfully
used to explain the observed correlation between stellar mass-
accretion rate and disk mass (see, e.g., Manara et al. 2016;
Lodato et al. 2017; Rosotti et al. 2017). The high levels of
turbulence required to drive stellar accretion have been
explained by the magneto-rotational instability (MRI; Balbus
& Hawley 1991, 1998). However, numerical simulations
including detailed microphysics show that MRI is quenched
in large regions of the disk due to nonideal MHD effects (so-
called “dead-zones”; see, e.g., Gammie 1996; Bai 2011; Bai &
Stone 2011). Furthermore, recent observations show that
turbulence in the outer parts of protoplanetary disks is minimal,
making it unclear whether disks are turbulent enough to drive
the observed accretion rate (see, e.g., Flaherty et al.
2015, 2018, 2020).

MHD disk winds appear to be a compelling alternative to
drive stellar mass accretion. A magnetic field with a net flux
present in the disk could launch material from the surface disk
along field lines, resulting in a rotating disk wind (see, e.g.,
Blandford & Payne 1982; Turner et al. 2014; Lesur 2020). The
launched material extracts angular momentum from the disk,
causing the remaining material to spiral inward toward the star.
Simulations and (semi)analytical models show that these winds
are able to extract enough angular momentum to drive stellar
accretion (see, e.g., Ferreira et al. 2006; Bai & Stone 2013;
Béthune et al. 2017; Zhu & Stone 2018; Lesur 2020). However,
observations of these rotating disk winds are sparse and it is
unclear to what degree they contribute to disk evolution on
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average (see, e.g., Tabone et al. 2017; de Valon et al. 2020).
Note that, in contrast to viscous evolution, MHD wind-driven
evolution does not require the disk to be turbulent. Whether
disk evolution is driven by viscosity or disk winds therefore has
a profound effect on planet formation.

Direct detections of the processes that drive disk evolution
have proven difficult (see, e.g., Flaherty et al. 2015,
2018, 2020; Tabone et al. 2017; Najita et al. 2021), leading
us to instead study the effect of disk evolution on the global
properties of the disk (see, e.g., Manara et al. 2016; Lodato
et al. 2017; Rosotti et al. 2017). In a recent study, Tabone et al.
(2021b) show that MHD disk winds can account for the fast
disk dispersal (following the pioneering work of Armitage et al.
2013), and the correlation between stellar mass-accretion rates
and disk masses. In particular, observations of the evolution of
the size of the gas disk can provide a discriminant diagnostic.
Both evolutionary scenarios, viscous and wind driven, make
different predictions on how the gas disk size changes over
time. For a viscously evolving disk, the aforementioned
viscous spreading will cause the outer part of the disk to
expand outward; in other words, the disk will grow in size over
time (but see Yang & Bai 2021 for the possibility of wind-
driven disks growing over time). For a MHD wind-driven disk,
this is not the case. Disk accretion is driven by the angular
momentum extracted vertically by the wind, meaning there is
no need for viscous spreading. Instead, a wind-driven disk is
expected to stay the same size or even shrink over time. To
distinguish between these two scenarios, we need to measure
disk sizes for a large number of disks that spread a wide range
of disk ages.

Recently, these observations have started to become
available, thanks in no small part to large surveys of disks
carried out with the Atacama Large Millimeter/submillimeter
Array (ALMA). Using the ALMA, gas disk sizes, defined as
the radius that encloses 90% of the >CO J=2 — 1 emission,
have been uniformly measured for 35 disks in the 1-3 Myr old
Lupus star-forming region (Ansdell et al. 2018; Sanchis et al.
2021). Similarly, Barenfeld et al. (2017) measured gas disk
sizes for nine disks in the older 5-11 Myr Upper Sco star-
forming region.

Analyses of these observed gas disk sizes have so far focused
predominantly on viscous evolution. Najita & Bergin (2018)
collected and analyzed a sample of disk sizes from the literature.
They showed that older Class II protoplanetary disks are overall
larger than younger embedded Class I disks, which is consistent
with the prediction for viscous evolution. However, the variety
of different observational tracers and definitions for observed gas
disk size in their sample makes it difficult to quantify their
results. To address this issue, Trapman et al. (2020) used
physical-chemical models to perform a quantitative analysis of
the link between Rcoops and owise, the dimensionless «
parameter often being used to parameterize viscosity in disks
(see Shakura & Sunyaev 1973). They show that the observed
Rco.009 of disks in Lupus are consistent with having evolved
viscously with a low viscosity (ayisc = 107%-10"3). However,
they also show that the observed Rco 909 0f disks in older Upper
Sco, which are on average smaller than disks in Lupus, cannot
be explained by viscous evolution alone. Some other process,
such as external photoevaporation, is required to explain the
combined set of Rco g0 Of disks in Lupus and Upper Sco with
viscous evolution.

Trapman et al.

A similar analysis of Rco 009 from the perspective of MHD
disk wind-driven evolution is currently lacking. While the disk
wind is not expected to have an effect on the physical size of
the disk, it does affect the evolution of the disk mass, gas
surface density, temperature structure, and chemistry, which all
affect the emission from which Rcpopg 1S measured in
observations. It is therefore not immediately clear how the
observed disk size changes over time for a MHD wind-
driven disk.

In this work we combine the analytical model for MHD
wind-driven disk evolution recently developed by Tabone et al.
(2021a), with the thermo-chemical code DALI (Bruderer et al.
2012; Bruderer 2013) to investigate how Rcpoog €volves in
this scenario. This manuscript is structured as follows. In
Section 2 we outline the analytical model and explain how we
link it to DALI. In Section 3 we examine the evolution of
Rco9o%. first using a toy model to discuss the differences
between viscous and wind-driven disk evolution and next using
DALI models to include the effects of CO chemistry and
excitation. We compare our models to the observations in
Lupus and Upper Sco in Section 4, where we also discuss the
assumptions and caveats in our modeling approach. Finally, we
summarize our results in Section 5.

2. Model Setup
2.1. Disk Wind o Formalism

In this work we use the analytical model for disk evolution
driven by MHD disk winds presented by Tabone et al. (2021a).
Here we briefly summarize the assumptions they have made to
derive their model and show the results relevant for this work.
For a more detailed description we refer the reader to Tabone
et al. (2021a). Their model is a one-dimensional global
evolutionary model for MHD wind-driven disk evolution
similar to the model for viscous evolution presented by
Shakura & Sunyaev (1973) and Lynden-Bell & Pringle
(1974). As with the viscous-a model, it makes minimal
assumptions on any physical processes that drive the transport
and removal of angular momentum, but instead provides a
framework to quantify their average efficiency.

The MHD disk wind has two effects on the evolution of the
surface density of the disk. The wind extracts angular
momentum from the disk, which causes material to move
inward and drives the mass accretion onto the star. In order for
the angular momentum to be extracted some material must also
be carried away. The second effect is therefore the mass-loss
rate caused by the wind. Combining these two effects with the
turbulent transport of angular momentum known from viscous
evolution, the time evolution of the surface density, >, can be
written as (Equation (10) in Tabone et al. 2021a; see their paper
for its derivation)

oY = iar[ia,(ﬂassic?)] (D
r r§)

3 ()éDVVZC2
-9, === 2
+ 2r [ Q) ] @

2

. 3aDWEc32 - (3)

4N — DHr=Q

Here the first term on the right-hand side describes the radial
redistribution of angular momentum by turbulent viscosity,
where Q = \/GM,/r? is the Keplerian orbital frequency, c; is
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Figure 1. Evolution of the disk mass for different disk-evolution scenarios. The
solid blue line shows viscous evolution and the orange line shows disk-wind
evolution with constant «py. The dashed line shows the scenario where apy is
time dependent (apw () o< X.(¢)~“; see Section 2.2). Note that in this case the
disk fully dissipates in a finite time.

the sound speed, and «gg is the dimensionless parameter
introduced by Shakura & Sunyaev (1973) to quantify the
turbulent transport of angular momentum. The second term
describes the angular momentum extracted vertically by the
magnetic disk wind and the third term gives the mass loss
induced by the disk wind.

Along the same lines as agg, the dimensionless parameter
apw has been introduced to quantify the wind torque exerted
on the disk, defined such that the local accretion rate driven by
the wind can be written as

371'26‘3 Qpw

To first order, apy is proportional to the disk magnetization,
that is, the ratio between magnetic and thermal pressure. In this
framework the ratio of the local mass-accretion rates driven by
turbulence and MHD disk winds is approximately equivalent
to the ratio between their respective « parameters:
Ma]gzv(r)/Mavcicsc(r) ~ aDW/aSS (see Tabone et al. 2021a).
Finally, the magnetic lever arm parameter, A, is introduced:

L
ReoQReo)

- DW
M. (r) =

“)

A

)

where L is the total specific angular momentum extracted by
the disk-wind streamline launched from R., (see, e.g.,
Blandford & Payne 1982). Using this definition, and the
conservation of angular momentum, the wind-driven mass-loss
rate, ZW, is given by (see Equation (9) in Tabone et al. 2021a)

3apwe? 1 Mgl (r)
40— D2 200 — 1) 4mr?

Swr) = (6)

2.2. Analytical Solutions for the Disk Surface Density

Equation (1) shows the time evolution of the surface density
in its most general form, where both viscous evolution and
wind-driven evolution are considered. In this work we will
focus purely on the disk-wind evolution by setting agg to zero.
For simplicity we will also assume that A is constant.

Trapman et al.

For apy we will consider two prescriptions. The first is that
apw 1s constant with radius and time, similar to what is
commonly assumed for agg. This simple model, which we will
refer to as our fiducial model, captures the main features of
wind-driven disk evolution. The second is that oy is constant
with radius but scales with the characteristic surface density as
apw (1) o< X.¥(¢). This prescription makes apy time depen-
dent, as the surface density decreases through mass accretion
onto the star and mass loss due to the disk wind. The
prescription mimics the time evolution of the magnetic field
strength (see Section 3.4 in Tabone et al. 2021a). It can be
shown that for this definition of apyy the disk fully dissipates in
a finite time 74;5p = 2f5cc.0/w (see Armitage et al. 2013; Tabone
et al. 2021a). Tabone et al. (2021b) show that this prescription
of aupw can reproduce observed stellar-accretion rates and disk-
dispersal timescales.

In either case a self-similar solution of Equation (1) for a
disk of finite size takes the following form (see Appendix C in
Tabone et al. 202121):4

—1+¢
S0, 1) = T(E + 1)zc(z)(R’ ) exp[—R:O] 7)

c,0

“14€
Maisk (O 7 r
=T+ 1) —=| — exp| — . 8

« ) 27TRc2,o (Rc,O) p[ RC»O] ®

Here > (f) and My (f) are the time-dependent characteristic
surface density and disk mass, respectively, R.o is the
characteristic disk size, which does not change with time for
wind-driven disk evolution, and I' is the gamma function. The
parameter £ is the mass-ejection index (Ferreira & Pelletier
1995; Ferreira 1997)

dinM,e. 1

dlnr 20— 1) 2

§

Note that £ > 0, meaning that due to the mass loss caused by
the MHD disk wind the disk will have a flatter slope of the
surface density (X ocr'"¢) compared to a purely viscously
evolving disk.

For our two prescriptions of apy the time evolution of the
disk mass takes the following form:

Mg (1) = My expruces [apwest], (10)

Maisi (1) = Mo(l —w ) [apw () oc ()] (11)

Tace,0
Here M, is the initial disk mass. Note that for a purely wind-
driven disk, i.e., where ags = 0, R. o does not change with time,
meaning the disk mass is the only disk parameter that evolves.
A comparison of the disk-mass evolution for the different
models discussed is shown in Figure 1. Full derivations can be
found in Tabone et al. (2021a). The evolution is controlled by
the accretion timescale

Rc,O

_— (12)
3e0¢s(Re0) apw

tacc,O =

where €y = Ho/R. is the disk aspect ratio at R .

4 Note that self-similar solutions can also be found for o parameters that vary
as a power law with radius. For a full discussion, see Tabone et al. (2021a).
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2.3. Initial Conditions of the Models

The evolution of the surface density of a wind-driven disk is
described by four parameters: the initial disk mass, M, the
initial disk size, R. o, the magnetic lever arm, A, which sets the
slope of the surface density through the & parameter, and the
accretion timescale, f,.. o (Equation (12) implies we could use,
instead, any two parameters from {R.o, opw, tfacc0}; here we
chose to use f,..o and R. ).

As will be discussed in Section 4.2, A has only a small effect
on the measured outer radius. We therefore fix A =3 for this
work, which corresponds to &=0.25. Similarly, we set the
accretion timescale of all models to 7,.. =5 x 10° yr. As can be
seen in Equations (7) and (10), the evolution of the surface
density is given in terms of 7/t,.. o, meaning that our choice of
tacc,0 does not matter if our results are discussed in terms of the
dimensionless time 7/t,..o. However, this becomes difficult
when we include the thermo-chemical model in our analysis, as
in that case the time, ¢, also enters in the computation of the
chemistry (see Section 2.4). See Section 4.2 for a discussion to
what extent our results are affected by our choice of f,.co.

This leaves two free parameters: M, and R.,. For these
parameters we explore a range of values to study how the initial
conditions affect the evolution of measured gas disk sizes for a
wind-driven disk. In particular, we use My € [107*, 1073, 1072,
10*1] M, and R, € [5, 20, 40, 65, 90] au, giving us a total of
20 different combinations of initial conditions for our models.

2.4. The Thermo-chemical Code DALI

In order to link the evolution of the surface density described
by Equation (7) to the resulting evolution of the observed gas
disk size we use the thermo-chemical code Dust And Llnes
(DALI, Bruderer et al. 2012; Bruderer 2013). The setup used
here is very similar to the approach used in Trapman et al.
(2020) to study the effect of viscous evolution on the observed
gas disk size.

For each combination of initial disk mass, M, and size, R,
we calculate the current surface density at 10 consecutive disk
ages between 0.1 and 10 Myr using Equation (7). These are
then used as input for DALI. For each model, DALT first solves
the continuum radiative-transfer equation using a Monte-Carlo
method to determine both the dust temperature and the
radiation field at each point in the disk. Next, the code
computes atomic and molecular abundances by solving the
time-dependent chemistry for the same disk age that is used to
calculate the surface density. The atomic and molecular
excitation levels are then determined using a non-LTE
calculation. The code then calculates the gas temperature by
balancing heating and cooling processes. Because of their
interdependence, the chemistry, excitation, and heating and
cooling are computed iteratively until a self-consistent solution
is found. As a final step, the model is ray traced to produce
synthetic emission maps of the '*CO J=2 —1 line. A more
detailed description of the code can be found in Appendix A of
Bruderer et al. (2012).

To focus on how the wind-driven evolution of the surface
density affects the observed gas disk size, we fix the other
parameters of the models that, for example, describe the
vertical structure of the disk or the distribution of large dust
grains. To facilitate the comparison with viscous evolution, we
adopt the same parameters as used in Trapman et al. (2020)
(see Table 1).

Trapman et al.

Table 1

Fixed DALI Parameters of the Physical Model
Parameter Range
Chemistry
Chemical age 0.1-10*"Myr
[C]/[H] 135-107*
[0]/[H] 2.88-107*
Physical structure
~¢ 1.0
& —0.25
P 0.15
he 0.1
R.o [5, 20, 40, 65, 90 ] au
Mo 1077-107"° M,
Gas-to-dust ratio 100
Dust properties
flargc 0.9
X 0.2
Composition Standard ISM*
Stellar spectrum
Tetr 4000 K + Accretion UV
L 0.28 L,
Cor 10-17 ¢!
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.

These parameters evolve with time.
¢ Note that for a wind-driven disk the slope of the surface density is given by
¥ o r~ "¢ (see Equation (7)).
d Weingartner & Draine (2001); see also Section 2.5 in Facchini et al. (2017).

For the vertical structure, the disk is assumed be to vertically
isothermal and in hydrostatic equilibrium, resulting in a
Gaussian vertical density structure (e.g., Chiang & Goldreich
1997)

Pgas(R 2
Peas (R, 2) = é_T(M)lexp [—%(Z/TR) ] (13)

where & is the scale height of the disk, parameterized by a
power law h = h.(R/R.)" to include disk flaring.

The settling of large dust grains is included by splitting the
dust grains into two populations, following Andrews et al.
(2011). Small grains (0.005-1 um) are included with a mass
fraction 1 — fiyee and are distributed vertically in the same
manner as the gas. Large grains (1-10° ym) make up the
remainder of the dust mass (fiaree X Mqys)- These grains are
limited to a vertical region with a scale height x4 (x < 1) to
simulate the effect of dust settling.

Finally, the stellar spectrum is a blackbody with an effective
temperature of T.;=4000 K. The spectrum was scaled to a
stellar luminosity of L, =0.28 L.. Excess ultraviolet (UV)
radiation, in the form of a 10,000 K blackbody, was added to
the spectrum to account for stellar accretion. The luminosity of
this component was determined by taking a stellar mass-
accretion rate of 107 °M.yr ' and assuming that the
gravitational potential energy of the accreted mass is released
with 100% efficiency (see, e.g., Kama et al. 2015). For our
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Figure 2. Top panels: time evolution of the surface density for three different evolutionary cases: a viscously evolving disk (left), a wind-driven disk with constant
apw (middle), and a wind-driven disk with a time-dependent apy (£) o< Xc(¢)~!. Colors show different times in the disk evolution. Note that for the time-dependent
apyw different time steps have been chosen to highlight the effect of disk dispersal. The black dashed line denotes the column density cut used to calculate R, which
is shown in the bottom panels (see also Section 3.1). Bottom panels: time evolution of R, (gray) and R, (black) for the three evolutionary cases shown in the top

panels.

models this results in a total far-UV (FUV) luminosity of
2.7 x 10> ergs~' between 0.0911 and 0.206 micron.

We note that we do not include the evolution of stellar mass-
accretion rate as a result of our disk evolution. Our tests show
that the effect of the stellar FUV luminosity on the observed
outer radius is minimal. This is because in the outer disk, the
region most important for the observed outer radius, the UV
radiation is dominated by the interstellar radiation field. For
completeness, we have also tested the effect of the external UV
field on the observed outer radius. We find that an increase
from 1 Gy to 30 G, decreases the observed outer radius by less
than 40%. We note, however, that this not include the effect of
external radiation on the density structure in the outer disk. All
assumed parameters are summarized in Table 1.

3. Results
3.1. Viscous versus Wind-driven Evolution: a Toy Model

Before moving to the DALT models, let us first compare the
size evolution of a wind-driven disk to that of a viscously
evolving disk using a simplified toy model. The size of a gas
disk is commonly measured from '*CO rotational emission
(see, e.g., Barenfeld et al. 2017; Ansdell et al. 2018; Sanchis
et al. 2021). For observations with a high enough sensitivity the
observed outer edge of the disk would be the point in the outer
disk where the CO column density drops below the thre-
shold where it is able to effectively self-shield against

photodissociation by FUV photons (see, e.g., van Dishoeck
& Black 1988). Assuming that the vertically averaged CO
abundance is approximately constant, this would imply that the
observed outer radius lies at a fixed surface density. We will
revisit this approach in more detail in a forthcoming paper.

For now, to get a feeling for how the observed size of the
disk evolves over time for different evolution scenarios, we
define the observed outer radius as the radius where the surface
density drops below 5 x 10*'cm™? and examine how this
radius evolves over time for a viscously evolving disk and two
wind-driven evolving disks: one with a constant apy, and one
with a time-dependent apy (1) o< S ().

The top panels of Figure 2 show how the surface density
evolves for these three scenarios. Each model starts with
My =My (t=0)=0.1 M, and R.o=R.(t=0)=40au. The
black points mark the location of the observed gas outer radius,
R, using our surface-density-based definition. The bottom
panels show, for each evolutionary scenario, how R, and the
characteristic radius, R., change over time. For the viscously
evolving disk both R, and R, increase with time, a process
commonly referred to as viscous spreading.

In contrast, the middle and rightmost panel of Figure 2
shows that R, decreases with time for a wind-driven disk. As
R. o stays constant in this case, the time evolution of R, for a
wind-driven model is solely determined by the evolution of the
disk mass. As a result of the decreasing disk mass the radius at
which the surface density equals 5 x 10*' cm ™2 moves inward,
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Figure 3. Top panels: CO abundance distribution for a wind-driven disk model with My = 0.1 M, R. o = 65 au, shown for three different time steps. Shown in orange
are the emitting regions that enclose 75% of the total flux (solid contour) and 7 = 1 surface (dashed line) for the '>CO 2-1 emission line. The radius enclosing 90% of
the CO 2-1 emission is marked by a black vertical line. Bottom-left panel: time evolution of CO 2-1 intensity profile for the model shown in the top panels. Here the
various colors indicate different disk ages between 0.1 and 10 Myr (0.2-20 X t,.. o). The crosses at the bottom of the panel mark Rcc 904, the radius that encloses 90%
of the total CO 2-1 flux. Bottom-right panel: Rco 99¢, Vs. disk age for the same model shown in the other panels (M, = 0.1 M., R.o = 65 au). The right-hand side

shows the evolution of the disk mass of the model.

meaning R, decreases with time. For a constant apy, Rou
decreases steadily over time, driven by the exponential
decrease of the disk mass. In contrast, if apy scales with the
characteristic surface density, R, does not change significantly
over most of the disk lifetime (7/f,.c0~0— 1.6) until Ry,
rapidly drops as the disk starts to dissipate (/fscc0 = 1.9-2.0).
This highlights how the evolution of the disk mass can
significantly alter the evolution of Ry,.

3.2. Time Evolution of the '>CO Emission Profile and Observed
Gas Outer Radius for Constant opw

We now examine the time evolution of a wind-driven disk
using a representative DALT model with a constant apyy. The
model discussed here has an initial disk mass of My=0.1 M,
an initial size of R.o=65au and an accretion timescale of
tace,0 = 0.5 Myr.

The top panels of Figure 3 show the CO abundance structure
at three times during the evolution of the disk: 0.1, 1, and
5 Myr, which correspond to 0.2, 2, and 10 accretion timescales.
As time progresses the CO-rich warm molecular layer can be
seen moving closer toward the disk midplane. This is not
related to a decrease in the height of the disk, which is kept
fixed, but rather it is related to the decreasing disk mass. For a
disk with a lower disk mass stellar radiation is able to penetrate
deeper into the disk, meaning FUV photons are able to
photodissociate CO at a lower scale height, thus moving the
CO-rich layer downward. The stellar radiation also heats up the
disk, increasing the temperature around the midplane of the
disk and thus reducing how much CO freezes out. Figure 3

shows that most of the '>CO J=2 — 1 emission originates
from the CO-rich molecular layer and is optically thick
throughout most of the disk. At approximately 200-300 au,
depending on the disk mass, the molecular layer ends and the
CO column density drops, resulting in the CO 2—-1 emission
becoming optically thin beyond this radius. The observed outer
radius, Rco 909, defined as the radius that encloses 90% of the
CO 2-1 flux, lies approximately at this transition point between
optically thick and optically thin CO emission. Note that
Rco.909 marks the radius in the disk at which CO is largely
removed from the gas, which was the assumption we made for
our toy model.

The full evolution of the CO emission is presented in the
bottom-left panel of Figure 3, which shows the CO 2-1
intensity profile at 10 time steps between 0.1 and 10 Myr
(similar profiles for models with different M, and R., are
shown in Figure 14 in Appendix A). The inner ~200 au
corresponds to the optically thick portion of the emission. The
transition from optically thick to optically thin emission is also
clearly visible as a drop of approximately an order of
magnitude in intensity at ~300-400au. The optically thin
emission beyond ~400 au is linked to the xco~ 107> gas
around the disk midplane that can clearly be seen at a radius of
~500 au in the middle-top panel of Figure 3. For most of the
midplane of the disk CO is frozen out. The increase in CO
abundance at the midplane in the outer disk is the result of
external radiation photodesorbing CO from the grains.
Compared to the optically thick CO in the inner disk, the
optically thin CO only makes up a small fraction of the total
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CO flux and therefore only has a small effect on the location of
Rco.90%-

The observed outer radii, Rco 90, for each of the time steps
is marked by a cross shown in the bottom-left panel of
Figure 3. As discussed previously, Rcooog approximately
coincides with the drop in the intensity profile resulting from
the CO emission becoming optically thin. The bottom-right
panel of Figure 3 shows that Rco 90 decreases over time. This
decrease becomes linear with time for disk ages much larger
than the accretion timescale. This gives some credence to our
approximation of R, in Section 3.1. If we assume that Rco 909
is linked to a fixed surface density, >y, and Rcogo9 lies in
exponential taper, we obtain My exp(—Rco,90%/Rc.0) = cst
(see Equations (7) and (10)). This equation can be rewritten to
show that

Rco.00% X Reo(In[MoR:G Sot] — t/2tacc0)- (14)

Note that this example applies for a constant apy. We will
investigate the relation between Rco 909 and R, o in more detail
in a forthcoming paper.

3.3. Effect of the Initial Disk Mass and Size

Having shown the results for a single model in the previous
section, we now investigate the effect of the initial disk mass
and size on the evolution of the gas disk size.

3.3.1. Constant opw

Let us first consider the case where «py is constant. Figure 4
shows how the initial mass and size affect the way Rco 909
changes over time. As mentioned at the end of Section 3.2,
Rcooo9 decreases linearly with time for ¢>> #,..o. Note that
models with M < 1073 M., at 10 Myr are not shown, as their
CO 2-1 emission has dropped to negligible levels (see
Figure 14 in Appendix A). The top panel highlights that the
Rco.00% 18 related to the mass of the disk. A more massive disk
has a larger CO column further out in the disk, meaning that the
CO emission remains optically thick up to larger radii (see also
Trapman et al. 2019, 2020). Interestingly, the evolution of
Rcooo% for models with different M, is almost parallel,
indicating that changing M, does not significantly affect the
evolution of Rcogps. We note that this is what we would
expect based on Equation (14). The bottom panel of Figure 4
shows that models with a different R. o are not parallel, with the
slope being more steep for a model with a larger R.o. If we
divide Rco00% by R.o the models become parallel again (see
Figure 15 in Appendix B), indicating that Rco g09%/Reo X
— t/2tec0 (see Equation (14)).

3.3.2. X -dependent apw

In Section 3.1 we saw that changing the evolution of the disk
mass can have a drastic effect on the the time evolution of
Rcooon. Here we move from a constant opy, where
the disk mass decreases exponentially, to assuming that
apw X 2.(1)"¢, where X, is the surface density at R.o. For
simplicity we only examine w =1, which corresponds to a
constant magnetic flux. In this case the disk mass decreases
linearly with time (see Equation (10)).

Rather than running a new set of models to investigate this,
we use our existing models, take the disk mass at each of the
time steps and calculate, using Equation (10), at which time
t/tacco the disk would have this disk mass, given the new
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Figure 4. Rco 909, Vs. time for constant opy models with different initial disk
mass (top panel) or different initial disk size (bottom panel). All models in the
top panel have R.o=65au and all models in the bottom panel have
My = 0.1 M. In the top panel two models are not shown, namely those with
My <107 M., at r=10Myr. For these disks the CO 2-1 emission has
dropped to negligible levels (see Figure 14). Note that the apparent
convergence seen in the bottom panel disappears if Rco 909 1S expressed in
terms of R, (see Figure 15 in Appendix B). For reference, the top axes of both
panels show the dimensionless time #/f,.c o that goes into the evolution of Mj,.

disk-mass evolution (see Figure 5). Note that this will result in
the chemical age, i.e., the time used in the time-dependent
chemistry in DALT, being different from the age of the disk.
However, we will show in Section 4.2 that this only has a
minimal impact on Rco 90%-

Analogous to Figure 4, Figure 6 shows the evolution of
Rco.909 for a range of initial disk masses and sizes for the case
where apy (¢) o< Xc(t)~!. Similar to Figure 2, Rcooos
decreases slowly for most of the disk lifetime. However, at
~1.85 X tyec.0 Rco.v0% suddenly decreases rapidly until the disk
is fully dispersed at =2 X t,.. 0. Increasing My and R, o both
increase the initial Rco 9. Both also slightly increase the rate
at which Rcooos decreases, but the predominant feature
remains the sudden drop in Rco g0 as the disk disperses. The
observational implication of this would be that disks of
different ages will have very similar disk sizes until they
rapidly disappear as their age reaches two times their accretion
timescale. In other words, the size distribution of a disk
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Figure 5. Example of remapping the mass evolution of the constant cpy model
to a mass evolution where apw () < Xc(¢)~!. The crosses show how the
Rco.90% from the original time steps were remapped to the disk-mass evolution
as a result of a time-dependent apy (see Section 2.2).

population will be set by the initial size and mass distributions
and will not significantly evolve over time, apart from disks
disappearing from the population as they disperse.

4. Discussion
4.1. Comparison to Observations

There are currently few large samples of protoplanetary disks
for which the gas disk size has been measured in a
homogeneous manner. Disks in the Lupus star-forming region
have been observed with the ALMA by Ansdell et al. (2018)
and Sanchis et al. (2021). Of the 74 disks detected in the
millimeter continuum 51 were also detected in '*CO 2-1.
Ansdell et al. (2018) measured the gas disk size from the 2co
emission for 22 disks (30%), but due to the low signal-to-noise
(S/N) of the observations they were not able to measure gas
disk sizes for the remaining 29 disks. Recently Sanchis et al.
(2021) were able to increase the number of measured gas disk
sizes to 35 disks (43%) in Lupus through a careful analysis and
fitting of the '2CO emission.

The other region for which gas disk sizes have been
measured is Upper Sco. Barenfeld et al. (2017) presented
ALMA observations of '2CO 3-2, which was detected for 21
out of the 53 protoglanetary disks detected in the continuum.
They modeled the '*CO visibilities, but due to the low S/N of
the observations only nine of the disks (17%) have well
constrained gas disk sizes.

Due to uncertainties in the stellar-evolution models of young
stellar objects (YSOs) the individual ages of protoplanetary
disks are hard to measure. More robust are the age differences
between different star-forming regions. In order to compare our
models to the observations, we therefore assume an age of
1-3Myr for all disks in Lupus (see, e.g., Comerén 2008;
Alcal4 et al. 2014, 2017) and an age of 5-11 Myr for all disks
in Upper Sco (see, e.g., Preibisch et al. 2002; Pecaut et al.
2012).

4.1.1. Wind-driven or Viscous Disk Evolution?

Let us start by comparing representative models of wind-
driven (with constant apy) and viscous evolution to the
observations. The left panel of Figure 7 shows the observed
gas disk sizes in Lupus and Upper Sco and compares them to the
measured gas disk sizes of our wind-driven model with
My=0.01 M. and R.,=[20, 65] au. The middle panel does
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Figure 6. Same as Figure 4, but showing the evolution for apw (f) oc Z.(f)~.

the same for two viscously evolving disk models with o =
107> and 10, taken from Trapman et al. (2020). Note that the
initial disk masses of the viscous models were chosen such that
the models reproduce the observed stellar-accretion rates in
Lupus at 1 Myr (see Alcald et al. 2014, 2017; Trapman et al.
2020). An estimate of the stellar mass-accretion rate of our disk-
wind model, using M,.(1 Myr) &~ Mg (1 Myr) /tec.0, shows
that it has M. (1Myr) =7 x 107° M,yr~! which is
comparable to the accretion rate used to calculate M, for the
viscous models shown here (M,.. = 10~8 M yr—).

The left and middle panels of Figure 7 highlight the contrast
between the two evolutionary theories: Rcog0 of the wind-
driven model decreases from ~470 au at 0.1 Myr to ~80 au at
10 Myr, whereas the viscous model with ;s = 103 is almost
the direct opposite, increasing from ~110 to ~560 au over a
10 Myr time period. Comparing to the observations, the wind-
driven model can explain both the observed disk sizes in Lupus
and Upper Sco. Specifically, the model reproduces the fact that
disks in Upper Sco are on average smaller than those in Lupus.
This last fact, in particular, distinguishes the wind-driven
model from the viscous disk models. Viscous evolution can
explain the observed gas disk sizes in Lupus, but it has more
difficulty explaining the small disk sizes in Upper Sco,
especially while also explaining the larger disk sizes in Lupus.
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Figure 7. Comparison between gas disk sizes of a wind-driven disk model (left panel), viscously evolving disk models (middle panel), and observations in Lupus
(gray) and Upper Sco (purple). See Section 4.1 for a detailed description of the observations. Viscously evolving disk models were obtained from Trapman et al.
(2020). Shown here are the models with M, = 1.0 M, and a5 = 1073, 1074 Histograms of both sets of observations are shown in the rightmost panel. Top-down
views of these histograms are included in the left and middle panel, where a darker shade in a given bin corresponds to a higher count in said bin. The x-axis location
and width of these histograms corresponds to the age range of both star-forming regions. The ticked vertical line shows the mean Ry,s vanpam from the VANDAM
survey presented in Tobin et al. (2020), times a multiplier denoted by the horizontal line. For example, the line at “4x ” would show the mean Rco 909, assuming
Rc0.90%/Raust. vanpam = 4. The width of the horizontal lines is the average age range of Class I sources (see, e.g., Evans et al. 2009).

Trapman et al. (2020) suggested that the small disk sizes in
Upper Sco could be the result of external photoevaporation due
to the proximity of these disks to the Sco-Cen OB association.
Assuming that disk evolution is driven by MHD disk winds
allows us to explain the observations without having to invoke
external photoevaporation.

The comparison between observed gas disk sizes and the
representative wind-driven disk models seems to suggest that
the evolution of protoplanetary disks is driven by MHD disk
winds. There is, however, a caveat that should be mentioned
here. The disk-wind models that reproduce the observed range
in gas disk sizes at 1-3 Myr are much larger at younger ages
(Rco.90% ~ 100-600 au at <0.5 Myr). While measurements of
gas disk sizes at these young ages are limited, current
observations suggest that Keplerian disks larger than 50 au
are rare (see, e.g., Najita & Bergin 2018; Maret et al. 2020).
Measurements of the dust disk size are more common, and
while the dust disk size is not the same as the gas disk size, they
can provide some estimate of the size of the disk. In their VLA
Nascent Disk and Multiplicity Survey (VANDAM), Tobin
et al. (2020) presented ALMA 0.87 millimeter continuum
observations of Class 0, Class I, and flat spectrum sources in
the Orion star-forming region. From these observations they
measured the dust disk size, defined as the deconvolved
Gaussian 20 radius (equivalent to a radius that encloses 95% of
the flux) from the fits to the continuum images, for 108 Class
I-embedded disks. They found a mean dust disk size of 35.47373
au for sources that are not in a multiple system. A similar
average dust disk size has been found for young sources in the
Ophiuchus star-forming region (Cieza et al. 2019).

Properly comparing these observed dust radii to the gas radii
of our models is a nontrivial exercise. It would require both
radiative-transfer calculations as well as the inclusion of the
evolution of dust (see, e.g., Sheehan et al. 2020). This is
beyond the scope of this paper. Instead we limit ourselves to a
simple direct comparison where we show how much larger
Rcooog must be than the mean Gaussian 20 radius of the
VANDAM survey (Rause.vanpam) to reconcile the disk-wind
models and the observations of young disks.

Figure 7 shows Rcooo9 needs to be ~8x larger than the
observed mean Ry,s; vanpam to match the size of the disk-wind

models at the average age of a Class I disk (0.16 — 0.7 Myr; see
e.g., Evans et al. 2009). At first glance this seems at odds with
the physical radius (R, o= 65 au), which is much closer to the
mean Class I dust disk size. However, we should keep in mind
that Ryuse vanpam €ncloses most of the continuum emission
and lies close to the outer edge of the dust disk. For reference,
the radius that encloses 95% of the mass is ~3Xx larger than
R. o for a tapered surface density with a slope of one. Under the
simplifying assumption that the continuum emission traces the
surface density, we can expect that Rgus.vanpam 18 several
times larger than R.o. Among Class II disks such a large ratio
between gas disk size and dust disk size is a sign of substantial
dust evolution, which seems unlikely for these young sources
(see, e.g., Rosotti et al. 2019; Trapman et al. 2019; Toci et al.
2021). It thus seems difficult to reconcile the picture of wind-
driven disk evolution with observed disk sizes at all disk ages.

4.1.2. Constraining the Initial Mass and Size using Observed R o 909

Figure 8 compares the wind-driven model with different
initial masses and sizes to the observations in Lupus and Upper
Sco. Assuming a fixed initial disk size of R.o = 65 au, initial
disk masses between 10~* M. S My S 107" M, lie within the
observed gas disk size range. Along a similar line, if we fix the
initial disk mass to My = 0.1 M, models with initial disk sizes
between 20au SR.o<S90au span the observed range of
Rcooow. We note, however, that these are only a simple,
first-order estimate of the initial conditions that would
reproduce the observations. For example, not all of these
models will reproduce the observed stellar mass-accretion rates.

It should be noted here that we compare our models to 56%
of the 1-3 Myr old Lupus disk population and 22% of the
5-11 Myr old Upper Sco disk population. To fully answer the
question whether disk evolution is driven by disk winds or
viscous expansion requires a more complete sample of these
regions obtained with deeper observations, such as will be
provided by a forthcoming ALMA large program, the ALMA
survey of Gas Evolution in PROtoplanetary disks (AGEPRO),
the inclusion of more star-forming regions of different ages,
and a population synthesis study that folds in information from
other parameters such as stellar mass-accretion rate.
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Figure 8. Example of the possible range of initial disk sizes and masses of a
wind-driven disk that can explain both the observations in Lupus and Upper
Sco. The top panel shows that initial disk masses between 107> M, <
My < 0.1 M, can explain both sets of observations. Note that for the models in
the top panel the initial disk size is fixed at R. o = 65 au. Similarly, the bottom
panel shows that an initial disk size of R, = 65 au matches the top end of the
observed distribution in both Lupus and Upper Sco, whereas the an initial disk
size of R. o = 20 au matches the peak of both distributions. It should be noted
here that in Upper Sco Rco 909 is measured for only ~17% of disks detected in
the millimeter continuum. The ticked vertical line shows the mean Gaussian 20
radius (Rgus, vanpam) from the VANDAM survey presented in Tobin et al.
(2020), times a multiplier denoted by the horizontal line (see Figure 7).

4.1.3. Population Synthesis using a X .-dependent apw

Recently, Tabone et al. (2021b) showed using a disk-
population-synthesis approach that a wind-driven disk evol-
ution using a X.-dependent apy can simultaneously explain
both the rate of disk dispersal, inferred from the decrease of
disk fraction with the star-forming region’s age, as well as the
observed correlation between disk mass and stellar mass-
accretion rate (see, e.g., Fedele et al. 2010; Manara et al. 2016;
Mulders et al. 2017; Manara et al. 2019). Here we examine if
their synthetic disk population also reproduces the observed gas
disk sizes in Lupus and Upper Sco. We take the synthetic disk
population model of Tabone et al. (2021b) to predict the
evolution of the median Rco 9oe. This evolution is the result of
the evolution of the disk mass and the survivorship bias due to
disk dispersal (see their supplemental material).

Figure 9 shows Rco 909 versus time overlaid on the observed
distribution of Rcp 9o of disks in Lupus and Upper Sco. As
discussed in Tabone et al. (2021b), the average disk mass
decreases slowly over time, which is also reflected in the
evolution of Rcoogo%. Over 10 Myr, Rcooos decreases only
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Figure 9. Evolution of Rco 904 using the evolution of the median disk mass of
the disk population synthesis presented in Tabone et al. (2021b; see their
supplemental material). Colors indicate different scalings between apy and
3¢ (apw x X.¥). The solid and dashed lines show initial disk sizes of
R.o =45 and 25 au, respectively. Grey and purple shaded regions show the
distribution of observed Rco 909 in Lupus and Upper Sco, respectively (see
also Figure 7).

minimally, from ~210 au to ~140 au for models with
R.o=45au and from ~150 au to ~100 au for models with
RC,O =25au.

Comparing these models to the observations, it is clear that
they cannot fully explain the difference in size between disks in
Lupus and Upper Sco. Based on Figure 9 it is conceivable that
the Rco.oo% < 200au disks in Lupus could evolve into the
disks that are observed in Upper Sco, but that does not explain
what happens with the large Rco o0% > 200 au disks in Lupus.
Explaining both sets of observations with the X.-dependent
apw would require an additional process that reduces the
observed disk size over a 5—10 Myr timescale.

As will be discussed in Section 4.3, a good candidate for
such a process is a decrease of the CO abundance over time,
caused by either chemical conversion of CO into more complex
species or the locking up of CO into larger dust bodies. Based
on the bottom panel of Figure 13 a reduced peak CO
abundance <10™° would reduce Rcooon by a factor 4,
lowering the Rco 909 presented in Figure 9 to similar numbers
as seen in observations in Upper Sco. Studies show that such a
decrease in CO abundance over a 5-10 Myr time span is
certainly feasible (see, e.g., Yu et al. 2016, 2017; Bosman et al.
2018; Schwarz et al. 2018; Krijt et al. 2020; Trapman et al.
2021). In particular, Anderson et al. (2019) showed that CO
abundances <10™° are required to reproduce the observed
N,H" and CO line fluxes of two disks in Upper Sco.
Furthermore, the disks in Upper Sco are located close to the
Upper Scorpius OB association. External photoevaporation
caused by the abundance of O and B stars near the disks in
Upper Sco could have stripped gas from the outer parts of the
disks, causing these disks to be smaller than expected from just
wind-driven disk evolution. Deeper observations would allow
us to distinguish between these two scenarios. If a low CO
abundance is the cause for the small Rco 0% in Upper Sco,
deeper observations should reveal the faint CO emission that
surrounds these disks, and their Rco 999 Would increase (see
Figure 16 in Appendix C). Conversely, external photoevapora-
tion would remove the material that produces the optically thin
CO emission and the disks would remain small.
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4.2. Caveats

In this work we have made several assumptions, such as the
values for #,..o and A and the shape of the surface-density
profile (see Section 2.3). Here we discuss how these
assumptions impact our results.

4.2.1. The Choice of Accretion Timescale t,e.o

With the exception of the population synthesis in the
previous section, we have assumed a single accretion timescale
tace0 =0.5Myr for computing the evolution of the surface
density in our models (see Section 2.3). It is likely that the
accretion timescale differs among individual disks, depending
on the physical conditions in the disk (e.g., magnetic field
strength or temperature structure; see, e.g., Bai & Stone 2013;
Suzuki et al. 2016; Tabone et al. 2021a). Note that f,..o is
constrained observationally by M ;g /MaCC to a few Myr.

As shown in Equation (10), the accretion timescale only
enters in the evolution as a ratio with the age of the disk #/f,cc.0-
This suggests that the value of 7,0 does not matter when
evaluating our results against #/f,..o. However, the age of the
disk also enters in models in the time-dependent chemistry. The
chemistry of each model is run up to the age that was used to
calculate its surface density (see Section 2.4). Here we examine
what the effect of the chemical age is on the observed gas disk
size, Rcooos- If the effect is small then sizes measured from
our models are valid for any combination of disk age and
accretion timescale that match their current #/f,cc o-

Figure 10 shows how much changing the chemical age
affects Rco 909 Four models (Mo =0.1 M, R.o = [20, 90] au
and disk ages of 1 and 5 Myr) were run again, but this time
with four different chemical ages: 0.1, 1, 5, and 20 Myr. The
newly measured Rcoogog values are then compared to the
Rco.909 of the original model. The largest differences are seen
for short chemical ages, but even then they are within 10%,
indicating that the chemical age only has a small impact on the
measured Rcoogo% At longer chemical ages the chemistry
converges and Rcogo nO longer changes. This is likely
because photodissociation is the dominant process in the
chemistry of CO in the higher-up regions of the disk that are
most relevant for the '>CO 2-1 emission from which we
measure Rco.90%-

The fact that the chemical age does not significantly affect
Rco.009% means that our results can be evaluated against #/f,cc o
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Figure 11. Effect of the slope of the surface-density profile (g, o< ™
x = —7 + &) on the measured disk size Rco 9p%. Colors show the two models
(My=0.1 Mg, R.o=[20, 90] au, disk age =2 Myr) that were rerun with a
different slope. The y-axis shows the ratio of Rco 909, compared to the original
model.

For example, the Rco 999 measured from one of our models
with a disk age of 2 Myr (#/fycc0 =2 Myr / 0.5 Myr=4) will
match the Rcooog Of a disk with f,.c 0 =2 Myr at 8 Myr or
taceo = 0.2 Myr at 0.8 Myr to within a few percent. Note that
processes such as the chemical conversion of CO over longer
timescales are not included in DALI. Their effect will be
discussed in more detail in Section 4.3.

4.2.2. The Magnetic Lever Arm X\

In a wind-driven disk ) regulates the efficiency at which the
disk wind is able to extract angular momentum from the disk.
In the model, A is one of the parameters that sets the slope of
the surface-density profile (D ocR™ "% ¢é=1 J2(A = 1)); see
also Equation (7). For our models we have assumed A\ =3 and
~ =1, which results in X xR O As A — % the slope of X
goes to zero and the surface density becomes constant. As
observational constraints of the A parameter are sparse (see,
e.g., Tabone et al. 2017; de Valon et al. 2020) it is worth
investigating how much the slope of the surface density, set by
«v and A, affect the measured Rco 009

Figure 11 shows the Rcpogog Of two sets of models
Mp=0.1 My, R.o=1[20, 90] au) that were rerun with
different surface-density slopes (0, —0.25, —0.5, -0.75, —1),
which correspond to A= 1.5, 1.67, 2, 3, and co, respectively.
Despite the large range of slopes covered, the effect on Rco 909
is minimal. Compared to the A =3 models used in the rest of
this work Rco 909 changes by less than 15%. The main reason
for this is that the '>CO emission from which Rcovon 18
measured is optically thick, meaning the emission profile
follows the slope of the temperature profile rather than the
slope of the surface density.

4.2.3. Shape of the Surface-density Profile in the Outer Disk

As discussed at the end of Section 3.2, the evolution of
Rco.90% 1s directly linked to the exponential taper of the surface
density. For a viscously evolving disk this is a natural feature of
the surface-density profile. Turbulence in the outer disk will
smooth out any initially sharp outer edge into the shape of an
exponential taper (see, e.g., Lynden-Bell & Pringle 1974).
However, if the disk evolution is driven by disk winds there is
no prior requirement for turbulence in the disk. An exponen-
tially tapered outer disk is therefore not guaranteed when disk
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evolution is driven by disk winds. Note that a nonzero amount
of turbulence in a wind-driven disk would also smooth out the
outer disk, even if that turbulence is not the main driver of the
evolution.

Independent of the shape of the surface density in the outer
disk the CO intensity will follow the shape of the temperature
profile while it remains optically thick. If we assume that the
transition from optically thick to optically thin emission lies
close to the radius where CO can be photodissociated in the
outer disk, which we refer to as Rco p.a., most of the emission
will be optically thick and Rco 004 is related to Rcop.q. through

Rco,90% = 0-9(ﬁ)RCO,p.d., (15)
where [ is the slope of the temperature profile (see Equation (4)
in Trapman et al. 2019). If we further assume that CO becomes
photodissociated at a fixed column density the evolution of
Rco.vos 1s directly linked to the evolution of the disk mass
through the shape of the surface density in the outer disk.

Under these assumptions we can predict the evolution of
Rco,00%- Let us write the surface density at Rcop.a. as

M gisk R
[ 2,
27TRC’0 RC’()

where f(x) describes the shape of the surface at Rcopq.. For a
fixed surface density, this can be rewritten to show that

Ycopd = (16)

Rco.90% ~ Rcopa. o -1 (Mg, (17
where f_;(x) is the inverse of the function f(x) such that
fo1(f(x))=x. For the example of an exponential taper
(f ox exp(—x)) we recover the result from Section 3.2:

Rco,90% o< —Reo1n My ()" 'Re (18)
=Reo|In| — Mo S . (19)
RC,OZCO,pAd. 2tacc,0

If instead the surface density in the outer disk follows a power
law with slope — a (foxx™ ), we would obtain

Rco.00% o< REMaisk (1)". (20)
Note that when the surface density is changed M ;s (¢) needs to
be derived again from Equation (1). Both changes will directly
affect the evolution of Rcogpg%, meaning we would need to
reevaluate the conclusions drawn from comparing our models
to observations (see Section 7). However, this would require
more observational constraints on the disk surface density
from, for example, spatially resolved CO observations (see,
e.g., Miotello et al. 2018).

It should be noted that we have made several simplifying
assumptions here. In particular, the assumption that
Rco90% ~ Rcop.a. is valid if the surface density in the outer
disk drops steeply, as is the case for an exponential taper or a
sufficiently steep power law. However, if this is not the case
optically thin emission in the outer disk could contribute
significantly to the total flux and thus affect the location and
evolution of RCO,90%'
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4.3. Impact of a Low CO Abundance on Rco 909

Some of the remarkable findings of recent disk surveys are
the low line fluxes and nondetections of optically thin CO
isotopologs like '*CO and C'™O for most disks. When
compared to the dust mass inferred from the continuum
luminosity, these faint line fluxes suggest that the majority of
disks are either gas poor (compared to the gas-to-dust ratio
found in the interstellar medium) or that they are under-
abundant in CO (but see also Miotello et al. 2021, who showed
that the faint '>CO fluxes can be explained by these disks being
very compact). For three disks the gas mass has been measured
independently using HD rotational line emission (Bergin et al.
2013; McClure et al. 2016). These measurements favor the CO
underabundance explanation (see, e.g., Favre et al. 2013; Kama
et al. 2016; Schwarz et al. 2016; Trapman et al. 2017; Calahan
et al. 2021), but note that this is a very limited sample, biased
toward massive disks. Observed stellar mass-accretion rates
also argue against low disk gas masses. The low-gas masses
would imply unreasonably short depletion timescales, in some
cases <10° Myr, suggesting we would be observing all disks
just before they disappear (see, e.g., Manara et al. 2016; Rosotti
et al. 2017). Two processes have been proposed to explain the
underabundance of CO. The first is the chemical conversion of
CO into more complex species like, for example, CO,, CHy,
and CH30H (see, e.g., Aikawa et al. 1997; Bergin et al. 2014;
Furuya & Aikawa 2014; Yu et al. 2016, 2017; Bosman et al.
2018; Dodson-Robinson et al. 2018; Schwarz et al. 2018).
Alternatively, CO can freeze out onto dust grains that grow into
larger dust bodies that lock up the CO and transport it to
smaller radii via radial drift (see, e.g., Bergin et al. 2010, 2016;
Kama et al. 2016; Booth et al. 2017; Krijt et al. 2018). Note
that, of course, it is likely that both processes contribute (see,
e.g., Krijt et al. 2020).

Neither of these processes is included in DALT but they do
affect the CO from which we measure Rcooos, SO it iS
possible, or even likely, that they affect our results. Rather than
implementing these processes into DALI (see Trapman et al.
2021) we will focus here on their main impact on Rco 909,
which is reducing the CO abundance. For a set of models
(Rcp=05au, My= 1072 M), we reduce the peak CO
abundances, xé’g‘k, in the model to 107>, 107°, and 10~ (using

X8 = min(x&S, x2&)) and recompute the CO excitation and
emission.

We note that removing CO uniformly from our models is a
simplification. While there is evidence that efficient vertical
mixing smooths out vertical variations (see, e.g., Krijt et al.
2020; Trapman et al. 2021), both observations and theory show
that the underabundance of CO varies radially (see, e.g., Zhang
et al. 2019, 2021; Kirijt et al. 2020). Given that most of the CO
emission is optically thick, the CO abundance in the outer disk,
close to Rco.009%, Will have the largest impact on Rco g9%. The
CO abundances discussed here should thus be interpreted as the
CO abundance of the outer disk.

Figure 12 shows the resulting Rco 909 as a function of disk
age. Up to ~5 Myr models with different CO abundance have a
similar Rco 909, indicating that decreasing the CO abundance
has not significantly affected Rco go%. Only after 5 Myr do the
models start to diverge. It should be noted that this transition is
linked to disk mass, such that for a lower initial disk mass the
effects of lowering the CO abundance will be seen at a younger
disk age. Interestingly, the models with a lower x2&* have a
larger Rcooo%, compared to our fiducial models with
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Figure 12. Top panel: Rco 909 as a function of disk age for models with a low
CO abundance. Colors and line styles show the peak CO abundance that was
put into the model, where a peak CO abundance of xco = 10~ * is our fiducial
model. Bottom panel: the ratio of Rco 909 measured from a low-CO-abundance
model to Rco 909 measured from our fiducial model.

X8 = 107*. Reducing the CO abundance decreases the CO
flux in the inner part of the disk, or, more accurately, it shrinks
the size of the optically thick emitting area (see Section 3.2),
making the emission from the optically thin outer disk by
comparison brighter. Given that we have defined Rco 904 as the
fraction of the total flux, reducing the flux in the inner disk will
move Rco 909 outward (see also Trapman et al. 2020). In this
way, reducing the CO abundance can increase Rcooo% by a
factor of up to 2.5.

However, when comparing to observations we also need to
consider the brightness sensitivity of the observations. The
emission coming from the outer disk is faint and it is unlikely
that all of it would be detected, especially in the 1-3 minute
snapshot from which Rco 99 is measured in Lupus and Upper
Sco (see Barenfeld et al. 2017; Ansdell et al. 2018). To account
for the limited surface brightness sensitivity we convolve the
moment-zero maps of our models with a 0”37 beam and set
any emission below a threshold of 7 mJy beam ' km s~ ' to
zero (see Figure 16 in Appendix C for an example). This
threshold roughly corresponds to the 1o brightness sensitivity
of the ALMA observations of disks in Upper Sco (see
Barenfeld et al. 2016, 2017). From these masked moment-zero
maps we remeasure Rco 999, Which is presented in Figure 13.
Going from a peak CO abundance of xZ&* = 107 to 107,

Rco.00% does not change significantly. Reducing xggak further
to <10~° shows a much bigger effect, with R 90 being up to
70% smaller compared to the fiducial x&&™* = 10~ models.
Even more so, most models have completely disappeared
below the threshold at 10 Myr (for reference, M ;s (10 Myr) =
45x 10 °and 4.5 x 107" M., for the two sets of models
shown here). In Appendix C we show similar figures using
the resolution and sensitivity of the observations in Lupus and
both resolutions but with a threshold corresponding to
approximately 1 hr of integration time (see Figure 16 in
Appendix C).

Note that the processes which decrease the CO abundance

take time to do so, meaning that we expect x2&* to decrease
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Figure 13. Same as Figure 12, but now accounting for the limited sensitivity of
observations. Rcoo09 is calculated after convolving with a 0”37 beam and
applying a sensitivity cut of 7 mJy beam ' km s~!, which approximately
mimics the observations of disks in Upper Sco (see Barenfeld
et al. 2016, 2017). The top panel shows Rco o9 as a function of disk age.
Colors and line styles show the peak CO abundance that was put into the
model, where a peak CO abundance of xco = 10~ is our fiducial model. The
blue dashed line shows the track a disk would follow if its CO abundance
decreases as xco = 10~*exp(—/0.5 Myr). The bottom panel shows the ratio
of Rco.g09 measured from a low-CO-abundance model to Rco 999, measured
from our fiducial model. Note that for most models no Rco 904 is included at a
disk age of 10 Myr, due to the fact that all of the emission from that model lies
below our sensitivity cut.

low CO

over time. This would also affect the evolution of Rco 909,
increasing the rate at which it decreases over time. To visualize
this, we have added the trajectory a disk would follow
through Figure 13 if its peak CO abundance decreases as
X8 = 10 *exp(—1/0.5 Myr). This track shows that Rco.00%
would decrease quickly, due to the combined effect of the
decreasing disk mass and the lowering of the CO abundance.
Note that there are currently few constraints on the timescale
over which xZ&* decreases, but observations suggest it occurs
quickly (see, e.g., Zhang et al. 2020).

In conclusion, a low CO abundance (xggak < 1079) can have
a significant effect on Rcp 904, reducing it by up to 70% or
even making the disk disappear in the noise after ~5 Myr if we
take into account the brightness sensitivity of current disk
surveys. Note that this also has implications for the comparison
between models and observations in Section 4.1. Constraints
on masses and sizes in this section, which do not have a
reduced CO abundance, should be considered as lower limits.

5. Conclusions

In this work we have combined the analytical model for
MHD wind-driven disk evolution presented in Tabone et al.
(2021a) with the thermo-chemical code DALI.We examine
how the measured disk size, defined as the radius that encloses
90% of the CO 2-1 total flux Rco 90%, changes with time in this
evolutionary scenario. Our conclusions are summarized below:

1. As the characteristic size R, of a disk does not evolve in
a wind-driven disk, the evolution of Rco g9 18 fully set
by the evolution of disk mass, Myisk. Rcooos lines up
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with the point in the outer disk where the '>CO emission
becomes optically thin. As a result of the decreasing
Mgisk, Rcooos decreases with time for a MHD wind-
driven disk as opposed to the increase with time seen for
a viscously evolving disk.

2. We find that Rco 909 decreases linearly with age in our
thermo-chemical models if apyy is constant. The slope is
set by the initial disk size, where a larger R. ¢ results in a
steeper decline of Rcoogo%. The initial disk mass, Mo,
does not affect the slope. Instead, a larger M, simply
shifts the evolution of Rco o9 Vvertically, resulting in a
larger Rcogos at all times. If apy is time dependent
(apw (1) o Be(®)™), Reo.oos decreases very slowly over
most of the disk lifetime, until it rapidly decreases as the
disk dissipates.

3. MHD wind-driven evolution with a constant apy can
explain the observed gas disk sizes of disks in the Lupus
and Upper Sco star-forming regions, without having to
invoke external photoevaporation. The Rcpgps Of the
bulk of the disks in these regions can be reproduced with
My~ 10722107 M., and R.o<20au. However, these
wind-driven models also require the disks to start out
large, which is not corroborated by current observations
of young, embedded disks.

4. For the synthetic disk population presented in Tabone
et al. (2021a) that uses a time-dependent «py and
reproduces the observed distribution of Mg, My, and
disk dispersal, the evolution of the median Rco 999 Of the
population does not reproduce the observations. Specifi-
cally, it overpredicts the median Rcpgpq Of disks in
Upper Sco. A reduced CO abundance, as has been
inferred from '*CO and C'®0 line fluxes for disks in other
regions, or external evaporation from nearby massive
stars could reconcile the synthetic disk population with
the observations.

5. Reducing the CO abundance counterintuitively increases
Rco.90%- It decreases the bright emission from the inner
disk, resulting in the faint outer disk becoming a
significant part of the total flux, which moves Rco 909
outward. However, if we fold in the limited sensitivity of
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existing disk surveys, decreasing the CO abundance from
10~* to 10° can reduce Rco.90% by up to 70%—100%.

Our work suggests that the observed gas disk sizes of
protoplanetary disks are consistent with a MHD wind-driven
disk evolution. However, it is unclear how the observed sizes
of younger disks fit into this picture. Furthermore, we show that
our knowledge of the CO abundance in disks, and how it
evolves, directly affects our ability to study disk evolution
using observed gas disk sizes, especially at the sensitivity of
current surveys. Deeper CO observations of disks in older star-
forming regions such as Upper Sco are required to detect the
faint outer disk expected for disks with a low CO abundance.
Detection of this faint emission is essential for measuring
the true extent of gas disks and uncovering what drives disk
evolution.
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Appendix A
12CO 2-1 Intensity Profiles

Figure 14 shows azimuthally averaged 'CO 2-1 Intensity
profiles for models with different initial disk masses and
characteristic radii.

5 http:/ /www.astropy.org
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Figure 14. Left panels: time evolution of the CO 2-1 intensity profile, shown for four wind-driven models with different initial disk masses, decreasing from
Mgy = 0.1 M, in the top panel to My = 10~* M, in the bottom panel. The disk size is kept fixed at R. o = 65 au for all models. Colors show different disk ages between
0.1 and 10 Myr. The crosses at the bottom of each panel denote the Rco 904 0f each model. Right panels: similar to the left panels, but showing models with different
initial disk sizes, increasing from R, = 20 au in the top panel to R. o = 90 in the bottom panel. For these models the initial disk mass is kept fixed at M, = 0.1 M.
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Appendix B
Extra Figures: Rco904/Rc0 Ratio

Figure 15 shows the time evolution of Rco 909 normalized to
the initial characteristic radius R .
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Figure 15. Ratio of Rco 909 over R vs. time for models with different initial different disk sizes (see also the bottom panel of Figure 4 in Section 3.3.1). All models

have My = 0.1 M,,. For reference, the top axes of both panels show the dimensionless time 7/t,. o that goes into the evolution of Mp.
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Appendix C
Extra Figures: Effect of a Low CO Abundance

Figure 16 shows the effects of a low CO abundance and
limited brightness sensitivity on the '*CO intensity profiles and
observed outer radii Rco 909%-
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Figure 16. (a) '>CO 2-1 intensity profiles for the low-CO-abundance models presented in Section 4.3. Solid and dashed lines show models with a peak CO abundance
of 10™* and 107, respectively. The emission has been convolved with a 0”37 beam. The dotted line shows the brightness sensitivity cutoff used to simulate the effect
of a limited surface brightness sensitivity in observations. (b), (¢), (d) Rco.90% as a function of disk age for low-CO-abundance models. Rco 904 Was calculated after
convolving the synthetic emission map with a beam and applying a sensitivity cut to mimic the limited sensitivity of observations (see Section 4.3, Figure 13). Colors
and line styles show the peak CO abundance that was put into the model, where a peak CO abundance of xco = 10~ is our fiducial model. Panel (b) matches the
beam size and sensitivity of the Lupus disk survey (see Ansdell et al. 2018). Panels (c) and (d), respectively, show the effect of increasing the integration time of the
Upper Sco and Lupus disk survey to 1 hr.
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