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ABSTRACT

Context. The extent of the gas in protoplanetary discs is observed to be universally larger than the extent of the dust. This is often
attributed to radial drift and grain growth of the millimetre grains, but line optical depth produces a similar observational signature.
Aims. We investigate in which parts of the disc structure parameter space dust evolution and line optical depth are the dominant drivers
of the observed gas and dust size difference.

Methods. Using the thermochemical model DALI with dust evolution included we ran a grid of models aimed at reproducing the
observed gas and dust size dichotomy.

Results. The relation between Ry, and dust evolution is non-monotonic and depends on the disc structure. The quantity Ry, is directly
related to the radius where the CO column density drops below 10'* cm™ and CO becomes photodissociated; Ry, is not affected by
dust evolution but scales with the total CO content of the disc. While these cases are rare in current observations, Rgas/Raus > 4 is
a clear sign of dust evolution and radial drift in discs. For discs with a smaller Rg,s/Raus, identifying dust evolution from Ry /Raust
requires modelling the disc structure including the total CO content. To minimize the uncertainties due to observational factors requires
FWHMyeam < 1X the characteristic radius and a peak S/N > 10 on the 12CO emission moment zero map. For the dust outer radius to
enclose most of the disc mass, it should be defined using a high fraction (90-95%) of the total flux. For the gas, any radius enclosing
>60% of the 2CO flux contains most of the disc mass.

Conclusions. To distinguish radial drift and grain growth from line optical depth effects based on size ratios requires discs to be
observed at high enough angular resolution and the disc structure should to be modelled to account for the total CO content of the disc.

Key words. protoplanetary disks — astrochemistry — molecular processes — radiative transfer — line: formation — methods: numerical

1. Introduction

Observations of exoplanetary systems have revealed that they
come in a large range of sizes, from multiple planets in the cen-
tral ~0.3—-1 AU of the system (e.g. TRAPPIST-1 or Kepler-90;
Gillon et al. 2017; Cabrera et al. 2014) to systems with Jupiter
mass planets in ~70 AU orbits around their host star (HR 8799;
Marois et al. 2008). The diversity in planetary systems is linked
to the diversity in protoplanetary discs from which these planets
have formed.

To better understand this link, measurements of the prop-
erties of these discs are required. Of particular interest are the
spatial extent of the gas, which sets the evolution of the disc, and
the behaviour of the millimetre grains, which form the building
blocks of the planets.

Observations have shown that the gas, traced by the '>CO
emission, extends further out than the millimetre grains traced by
the (sub)millimetre continuum emission. Two physical processes
contribute to the observed size dichotomy. The first is a differ-
ence in optical depth, with the line optical depth being much
higher than the continuum optical depth (e.g. Dutrey et al. 1998;
Guilloteau & Dutrey 1998; Facchini et al. 2017). Depending on
how rapidly the density profile drops off in the outer disc, the
optically thin continuum emission will drop below the detection
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limit before the optically thick '>CO emission. Based on the self-
similar solution of viscous evolution, an exponentially tapered
power law profile has been proposed to simultaneously fit the
extent of the gas emission and the extent of the dust emission
(e.g. Hughes et al. 2008; Andrews et al. 2009, see also Pani¢
et al. 2008).

The second physical process setting the observed size
dichotomy is grain growth and the subsequent inward radial drift
of millimetre-sized grains. There is already extensive observa-
tional evidence that grains can grow to at least millimetre sizes
(e.g. Testi et al. 2003; Natta et al. 2004; Lommen et al. 2007,
Andrews & Williams 2005, 2007; Ricci et al. 2010). The large
grains have decoupled from the gas. The gas is partly sup-
ported by a pressure gradient and therefore moves at slightly
sub-Keplerian velocities. Gas drag causes the large grains, mov-
ing at Keplerian velocities, to slow down and move inwards.
In addition, the maximum grain size seems to be decreasing as
function of radial distance from the star, which is supported by
both observations (e.g. Guilloteau et al. 2011; Pérez et al. 2012,
2015; Menu et al. 2014; Tazzari et al. 2016; Tripathi et al. 2018)
and theoretical modelling results (e.g. Birnstiel et al. 2010, 2012).

Both radial drift and radially dependent grain growth cause
the millimetre-sized grains to be confined in the inner regions of
the disc, resulting in compact continuum emission at millimetre
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wavelengths. Dust evolution also affects the CO chemistry and
gas temperature and could therefore also change the observed
gas disc size, determined from the 12CO emission. Facchini et al.
(2017) found that grain growth and settling results in colder
gas with respect to the dust at intermediate disc heights, which
reduces the CO excitation and emission.

The Atacama Large Millimeter/submillimeter Array
(ALMA) is transforming our understanding of disc sizes. High
resolution observations have shown that for several discs the
dust outer edge drops off too sharply with radius and cannot be
explained with the same exponential taper that reproduces the
12CO emission (e.g. Andrews et al. 2011a, 2016; de Gregorio-
Monsalvo et al. 2013; Piétu et al. 2014; Cleeves et al. 2016).

In addition, complete surveys of discs with ALMA have
made it possible to study these disc properties not only for indi-
vidual discs but also for the full disc population (e.g. Taurus:
Andrews et al. 2013; Ward-Duong et al. 2018, Lupus: Ansdell
et al. 2016, 2018, Chamaeleon I: Pascucci et al. 2016; Long et al.
2017, Upper Sco: Barenfeld et al. 2016, 2017, o Ori: Ansdell
etal. 2017, IC 348: Ruiz-Rodriguez et al. 2018 ). One of the main
findings of these surveys is that most discs have very compact
millimetre emission. For example, in the Lupus Survey (Ansdell
et al. 2016, 2018) ~45% remain unresolved at ~20 AU radius
resolution. It should be noted that the integration time used by
these surveys is short, i.e. 1-2 min per source, resulting in a low
signal-to-noise ratio (S/N) on the gas lines.

Observations show that the outer radius of the gas disc,
traced by the '>CO emission, is universally larger than the mil-
limetre dust disc, as traced by the millimetre emission. Ansdell
et al. (2018) measured gas and dust outer radii for 22 discs
from the '>2CO 2-1 emission and 1.3 mm continuum emission.
They found gas-dust size ratios Rg,s/Raus ranging from 1.5 to
3.5, with an average (Rgas/Raust) = 1.96 + 0.04] . Larger gas-
dust ratios (Rgas/Raust > 4) have been found for a few individual
discs (e.g. Facchini et al. 2019). It should be noted that measure-
ments of disc sizes are biased towards the most massive discs.
Gas-dust sized differences for the faint end of the disc popula-
tion are not well explored with current sensitivities and angular
resolutions.

Both optical depth and radial drift contribute to the observed
gas-dust size ratio. Quantitative comparison of how much these
two effects affect the gas-dust size ratio has so far been limited
to a single disc structure appropriate for the large and massive
disc HD 163296 (Facchini et al. 2017).

In this paper, we expand the quantitative analysis of opti-
cal depth to a range of disc structures including dust growth
and radial drift. In particular we focus on how disc mass, disc
size, and dust evolution affect the gas-dust size difference. Addi-
tionally, we address what role observational factors such as
resolution and sensitivity play in the observed gas-dust size dif-
ference. The set-up of the method and the models used in the
paper are described in Sect. 2. The results are presented in
Sect. 3. In Sect. 4 the connection between dust evolution and
the dust outer radius is discussed. The conclusions are presented
in Sect. 5.

2. Models
2.1. DALTI with dust evolution

To study the effects of radial drift, grain growth, and optical
depth on the gas-dust size dichotomy we use the thermo-
chemical model DALI (Bruderer et al. 2012; Bruderer 2013) with
dust evolution included by Facchini et al. (2017).
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For a given physical structure, this version of DALI first
calculates the radial dependence of the grain size distribution
following the reconstruction routine from Birnstiel et al. (2015).
This semi-analytical prescription provides a good representation
of the more complete numerical models in Birnstiel et al. (2010).
Birnstiel et al. (2015) divide the dust in the disc into two regimes:
in the inner part of the disc, dust evolution is fragmentation dom-
inated and the maximum grain size is set by the fragmentation
barrier. In the outer disc, the maximum grain size is set by radial
drift. The dust evolution is run for 1 Myr. Tests with models run
for 10 Myr showed that the dust evolution timescale has only
minimal effect on the dust outer radius (less than 17%).

Next, dust settling is calculated by solving the advection-
diffusion equation in the vertical direction for each grain size
bin at every radial point in the model. Opacities are calculated at
each (r, z) point of the model using the resulting local grain size
distribution.

It should be noted that the local gas-to-dust mass ratio (Agq)
in the models is kept fixed at Agq =100, i.e. only the dust
properties are changed.

The DALI thermo-chemical computation can be split into
three consecutive steps: first the continuum radiative transfer
equation is solved using the input stellar spectrum and the grain
opacities calculated in the previous step. This is done using a
3D Monte Carlo method. Next the abundances of atomic and
molecular species are calculated by solving the time depen-
dent chemistry at each point in the model. In this step the local
grain size distribution is taken into account when computing the
dust surface area available for processes such as gas-grain colli-
sions, H, formation rate, freeze-out, thermal and non-thermal
desorption, and hydrogenation. Using a non-LTE formulation
the excitation of levels of the atomic and molecular species are
calculated and the resulting gas temperature is determined by
balancing the heating and cooling processes. Both the chemistry
and the excitation are temperature dependent. The calculation
is therefore performed iteratively until a self-consistent solution
is found. A more detailed description of DALI can be found in
Appendix A of Bruderer (2013). The implementation of dust
evolution in DALI is described in Facchini et al. (2017).

2.2. Model set-up

The gas surface density profile of the models is described by
a tapered power law that is often used to describe protoplane-
tary discs (e.g. Hughes et al. 2008; Andrews et al. 2009, 2011b;
Tazzari et al. 2017). This simple parametric structure is based
on the assumption that the gas structure is set by viscous accre-
tion, where v oc R” (Lynden-Bell & Pringle 1974; Hartmann et al.

1998), i.e.
R\
R_C .

In this case, R, is the characteristic radius where the surface
density profile transitions from a power law to an exponential
taper.

Under the assumption of vertical isothermality and hydro-
static equilibrium the vertical structure is given by a Gaussian
density distribution (Kenyon & Hartmann 1987)

Z:gas [ 1z 2}
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where h = h.(R/R.)¥, ¢ is the flaring power-law index and . is
the disc opening angle at R..
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2.3. Grid of models

Both the characteristic size R. and the total disk mass Mg
are expected to affect the observed extent of the disk. A set of
models was run varying both parameters: R, = 20,50 AU and
Mgy = 1072,1073,107%, 107 M. No models with larger R
were run as we aim to reproduce the bulk of disk population,
most of which are found to be small. For each of these phys-
ical structures three models are run with & = 1072,1073,107*.
For reference, a model with the same (R, M) is run using
DALI without dust evolution (no drift). In this model the dust
is split into two grain populations: small grains with sizes rang-
ing between 50 A and 1 um and large grains with sizes between
1 ym and 1 mm. These large grains are restricted to a scale height
of yh, where y < 1, simulating that these grains have settled
towards the midplane. The mass ratio of the large to the small
grains is given by fiarge.

Standard volatile [C]/[H] = 1.35x 10™* and [O]/[H] = 2.88 x
10™* are assumed in all models and the chemistry is evolved
over a timescale of 1 Myr, which is a representative age for pro-
toplanetary disks. For longer timescales, CO is converted into
CH,4/C,H,, as shown in Bosman et al. (2018) (see also Schwarz
et al. 2018; Dodson-Robinson et al. 2018). This results in a over-
all underabundance of volatile CO, which has been found in
a number of disks (e.g. Favre et al. 2013; Kama et al. 2016a;
Cleeves et al. 2016; McClure et al. 2016; Miotello et al. 2017).
To investigate how such an underabundance in CO affects the
observed gas disk size, a subset of models was run with a lower
[C]/[H] and [O]/[H]. These models are discussed in Sect. 4.1.

T Tauri stars are expected to have excess UV radiation as a
result of accretion onto the stellar surface. This UV radiation is
added to the spectra as a blackbody with 7 = 10000 K, with a
luminosity computed from the accretion rate assuming that the
gravitational potential energy is released as radiation with 100%
efficiency (see also Kama et al. 2016b).

For analysis, the disks are assumed to be face on (i = PA =
0°). The effect of inclination is discussed in Appendix A and is
found to be minimal for i < 50°. In total 32 models are run. Their
parameters are found in Table 1.

2.4. Measuring the outer radius

To investigate the gas-dust size difference we have to measure the
size of a disc from observations. A disc size metric that is often
adopted for these purposes makes use of the cumulative intensity
profile, i.e. the flux is measured in increasingly larger apertures.
The outer radius (Ryg) is defined as the radius that encloses 90%
of the total flux (Fy) of the disc

Roo
09= 2 f L") dr. 3)
F tot JO

This method has the advantage that it can be easily and
homogeneously applied to a large number of discs, even if
these discs show signs of substructure (see e.g. Tripathi et al.
2017; Ansdell et al. 2018; Andrews et al. 2018). In addition, the
method can be applied to the short integration observations used
in recent surveys, where the limited sensitivity hinders a more
complex analysis.

It should be noted that the resulting outer radius is an obser-
vational outer radius. How well this observational radius is
related to underlying physical size of the disc is examined in
Sect. 4.3.

In this work, the gas outer radius is measured from the
extent of the '2CO 2-1 emission in the moment zero map

Table 1. DALI parameters of the physical model.

Parameter Range

Chemistry

Chemical age 1 Myr

[C)/[H] 1.35x 107

[O)J/[H] 2.88 x 107

Physical structure

0% 1.0

v 0.1

h. 0.1 rad

R. [20, 50] AU

Mgy [1073,1074,
1073,107%] M,

Gas-to-dust ratio 100

Dust properties — no drift

ﬁarge 0.85

X 0.2

Dust properties — dust evolution
Qurb

[1072,1073,1074]

Per 2.5gcm™

Ufrag 10ms™!

Composition standard ISM("

Stellar spectrum

Tet 4000 K + Accretion UV
L. 05 Lg

Observational geometry

i 0°

PA 0°

d 150 pc

References. "Weingartner & Draine (2001), see also Sect. 2.5 in
Facchini et al. (2017).

and the dust outer radius is measured from the extent of the
1300 yum continuum emission. Gas outer radii measured using
the '2CO 3-2 emission differ from those measured using the
12CO 2-1 by less than 10%. For comparison, gas outer radii
measured instead from the '*CO 2-1 emission are shown in
Appendix B.

We note that the moment zero map is a velocity integrated
intensity (in Jybeam™' kms™!). This puts additional weight at
the centre of the disc, where the line widths are larger. It would
be more comparable to the continuum emission to use the peak
intensity map, defined as the peak intensity of the spectrum at
each spatial point. In Appendix C we compare gas outer radii
derived from the moment 0 and the peak intensity map and find
them to be nearly identical.

3. Results

In this section we investigate how dust evolution shapes the con-
tinuum and line emission and how it affects the dust and gas
outer radii. This effect is quantitatively compared to the influence
of other disc parameters (Mgis, R.) and observational factors
(signal to noise, size of the beam).

3.1. Dust radial intensity profiles

Dust evolution changes the distribution of the grains responsible
for the millimetre continuum emission, resulting in a different
radial intensity profile. Through Eq. (3) the dust outer radius is
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Fig. 1. Radial intensity profiles of the 1.3 mm continuum emission, nor-
malised to the peak intensity, for the models with R. = 50 AU. Crosses
at an arbitrary height above the line denote the dust outer radii, defined
as the radii enclosing 90% of the total flux. The resulting cumulative
intensity curves are shown in Fig. E.1.

affected by the radial profile. In this section we investigate this
link.

Figure 1 shows the normalised dust radial profiles of the
models with R, = 50 AU on a logarithmic intensity scale. The
radial profiles of the models with R, = 20 AU are shown in
Fig. D.1. Starting with the lowest disc mass (Mg, = 107 Mp),
all intensity profiles fall off steeply in the inner 10 AU. For discs
with aup = 107°-107 the intensity profile flattens between
10 to 25 AU and then steepens again. The dust outer radii
of these two models are located at the second steepening off.
For the model with @4 = 1072 and the so-called no drift model,
the intensity profile is more extended and the dust outer radii of
these models are larger.

For the discs with Mg = 107* M, all intensity profiles
of the dust evolution models are similar within 25 AU and
their outer radii therefore lie close together. At higher disc mass
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(Mgisc > 1073 M) and low viscosity (@b < 103) a plateau of
emission can be seen. The prominence of this plateau increases
as b decreases. For Mgisc = 1072 Mg, and @y = 10™* about
75% of the emission is in the plateau and it has a large effect on
the cumulative flux and the location of Rog gust (cf. Fig. E.1).

The emission plateau is directly linked to the presence
of millimetre grains in the outer disc. When ayyy, is low, the
timescale for collisions that result in fragmentation is longer
than the drift timescale and the size of the grains in the outer
disc is set by radial drift (cf. Birnstiel et al. 2015). This causes a
pile up of millimetre grains in the outer parts of the disc. Thus,
the shape of the intensity profile is affected in a complex way by
dust evolution.

3.2. 2CO radial intensity profiles

The gas outer radius is measured from '>CO 21 line emission,
which is expected to be mostly optically thick throughout the
disc. Dust evolution could affect the >?CO emission by altering
the temperature structure (Facchini et al. 2017).

In Fig. 2 the '>CO 2-1 line emission profiles of the models
with R, = 50 AU are examined. Within each mass bin, the pro-
files are very similar in shape, suggesting that the effect of dust
evolution on the '>CO emission is neglible. The emission pro-
files drop off relatively slowly, which is expected for optically
thick line emission that follows the temperature profile. At a cer-
tain radius the emission profile drops off steeply. In the model
this radius corresponds to where the CO column (N¢o) density
drops below 10'> cm™2. Below a CO column density of Nco <
10" cm™2, CO is no longer able to effectively self-shield against
photodissociation and is quickly removed from the gas phase
(van Dishoeck & Black 1988). Defining the radius at which
Nco = 10" cm™2 as Reo qisk, this radius effectively encloses all
of the CO emission and all of the volatile CO in the disc.

Using simple arguments, the observed gas outer radius Rog gas
can be related analytically to Rco gisk- Assuming that the CO
emission is optically thick (Ico ~ Tgs(R) o« R#) and that
Rco dgiscencloses all '2CO flux, we can write (full derivation can
be found in Appendix F)

1 1
Rg0,gas = 0.977 Rco disk = f 7 Rco disks “4)

where f represents a more general case where the gas outer
radius is defined using a flux fraction f.

Based on Eq. (4) the fraction of flux f used to define the
gas outer radius should not affect the dependence of Ry g, on
disc parameters such as Mgy, or R.. To highlight this point,
Fig. 3 compares gas outer radii defined using 90 and 68% of
the total flux. Independent of Mgy, R, and @y the models
follow a tight linear relation that matches the expected relation
Re8,gas = 0.73Rgp, g4, based on Eq. (4).

Summarising, the observational gas outer radius is directly
related to the point of the disc where the CO column density
reaches Nco = 10" cm™2. This relation is independent of the
flux fraction used to define the gas outer radius.

3.3. Effect of dust evolution on Rgg qust and Rgp gas

In the previous section dust evolution was shown to change the
continuum intensity profile and the dust outer radius. Dust evo-
lution also affects the CO chemistry (Facchini et al. 2017) and
could therefore change the gas outer radius.

Figure 4 shows gas and dust outer radii as function of the tur-
bulent « for different points in our (Mgyisc—R.) parameter space.
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Fig. 2. Radial intensity profiles of the '>CO 2-1 line emission, nor-
malised to the peak intensity, for models with R, = 50 AU. Crosses above
the line denote the dust outer radii, defined as the radii enclosing 90%
of the total flux. Vertical dashed lines denote the radius at which the CO
column density drops below 10'3 cm™2, where it can be photodissociated
effectively.

5 2500 ¥ RS0A o
= ¢ Rc=50AU o
S 200F &
5 1501 o~
g 100 ‘/% 0 Qrurp = 1072 : 1072 M,
F X s ¢ ayw=10"3 1073 Mo
< ,4’ ¢ awn=10"" ¢ 107 M,
50[. & & o drift ¢ 105 M
50 100 150 200 250 300 350

Rgas using 90% of flux

Fig. 3. Comparison between gas outer radii calculated using 90% of
the flux and 68% of the flux. Dashed line shows the expected relation
between these two observational outer radii based on Eq. (4).
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Fig. 4. For models with different (Misc, Rc), Roo dust @s function of ey
Top panel: models with R, = 20 AU. Bottom panel: models with R, =
50 AU. The crosses show the Ry qys for no drift model.

Compared to the no drift model, the dust radii of the dust evolu-
tion models are smaller up to a factor 1.5. No obvious trend of
Rause With @y, is found. The dust outer radius scales with ay;gc at
high disc mass of 1072 M, corresponding to a disc dust mass of
10~ M,. The trend is negative, with a higher a corresponding
to a smaller Rog qust- At high o fragmentation sets the maximum
grain size throughout the disc, preventing millimetre grains from
forming.

For lower disc masses the behaviour of Rgpq,s as function
of ay depends on the characteristic size of the disc R.. The
intensity profile of discs with R, = 20 AU is dominated by an
inner core that is largely unaffected by @p. As a result Rop qust
remains approximately constant with . For the larger discs
(R. = 50 AU) Ry qust varies with @y, but the trends are not
monotonic for Myisc = 1072=10"* M. For Mgisc = 107 the trend
is monotonic again, but now Ry qust is larger for higher ayp.

The effect of dust evolution on the gas outer radius is shown
in Fig. 5. There are no noticeable changes in Rog gis When @
is varied, indicating that Rgg s is unaffected by dust evolution.
The gas radii of the dust evolution models are larger than the gas
radius of the no drift model.

A possible explanation is a difference in the amount of small
grains in the outer disc. In the no drift model a fixed fraction of
the dust is in small grains. In the dust evolution model the max-
imum grain size decreases with radius, representing the larger
grains drifting inwards. However, in our model framework no
mass is actually transferred inwards. As a result the amount of
small grains in the outer disc is enhanced. These small grains
can help shield the CO against photodissociation, allowing it to
exist further out in the disc.

3.4. Effect of disc mass on Rgp,gas and Rgg qust

The observed gas-dust size difference is also affected by the dif-
ference in optical depth. The value Rgg gy is calculated from the
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Fig. 5. For models with different (Mjisc, Rc), Roo,gas as function of @y
Top panel: models with R, = 20 AU. Bottom panel: models with R, =
50 AU. The crosses show the Ry g, for the no drift model.

S 150} R. =20 AU -z
< #==""

- /:;:: - Oy = 1072
é 100F 5 ”::F” Qeyrp = 1073
@ ,::” - Qi =107*
S - = = no drift
o 50f
o dust
« ?ﬁ

=
S 300 R. =50 AU ‘géfa
- -

< i
7 ,4::’

5 200} _z=2-

) o2
S =27
o 100} ¥ .
/ )
Etm | ———— S
107> 10~4 1073 1072
Mgisk (Mo)

Fig. 6. Disc outer radii vs. disc mass. Top panel: models with R, =
20 AU. Bottom panel: models with R, = 50 AU. Solid lines show dust
outer radii. Dashed lines show gas outer radii.

millimetre continuum emission, that is mostly optically thin,
whereas Rog g, 18 calculated from the optically thick 12CO line
emission. As optical depth is directly related to column density,
the mass of the disc is also expected influence the observed outer
radii.

Figure 6 shows Rggg.s as function of Mg, for our stan-
dard model and models with different . The gas outer radii
increase linearly with log;, Mgisk, from ~3 X R, at Mg =
10~ Mg up to ~8 X R, at Myis. = 1072 M,

This relation can be understood qualitatively using the results
from Sect. 3.2. Based on Eq. (4) and Fig. 6, we can write
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Rco disk ~ Roo,gas o 10g;( Misc. In the outer disc the column den-
sity scales as Nco ~ ZgasXco ~ Muisc * Xco - €xp (=R/R.). At a
radius Rco gisk the CO column density is known and the equation
can be inverted to obtain Rco gisk ~ Rc 10g (Myisc - Xco), similar
to the relation found in Fig. 6.

It should be pointed that the dependence of Rog gas 0n Mgisc
is set by the shape of the density profile in the outer disc. In
our models the density profile in the outer parts is described
by an exponential, giving rise to the logarithmic dependence of
Rop gas 0N Myisc. If some process is affecting the density struc-
ture of the outer disc (e.g. due to tidal truncation or external
photoevaporation; Facchini et al. 2016; Winter et al. 2018), the
relation Roggas o log Misc no longer holds. Instead the relation
between Rog ¢as and My;g is set by the altered shape of the density
structure in the region where Nco = 105 ecm™2.

The dust radii, shown as solid lines in Fig. 6, also increase
with disc mass, but to a much smaller degree than the gas
radii. Over the mass range considered in this work the dust radii
increase by up to 1.5-2 X R.. This is likely due to the millimetre
continuum emission remaining optically thin throughout most
of the disc. As the disc mass increases, the total continuum flux
also increases, but the shape of the intensity profile and Rogo gust
derived from that profile remains largely unchanged. The small
increase with dust mass can be attributed to a core of optically
thick emission in the inner part of the disc. For higher disc
masses this core increases in size which moves the 90% flux
contour outwards. Overall we find that the effect of disc mass
and optical depth on Rog g, is much larger than the effect of dust
evolution on Rog qyst-

3.5. Dust evolution tracer: Rgg gas/Rgo aust

Combining the effects of dust evolution and disc mass (cf.
Sects. 3.3 and 3.4), we now look at the gas-dust size dichotomy,
quantified by Rog gas/Roo,qust- Figure 7 shows Rog gas/Roo.qust as
function of Mgis.. The fiducial no drift models show that R gas/
Roo,qust = 1.5-3.5, with a positive trend between Rog gas/Roo dust
and Mg;s.. Comparing to Fig. 6 this trend is a direct result of
Ropgas increasing with Mgigc.

The dust evolution models all lie above the no drift models,
indicating that for a given disc mass a model that includes radial
drift and grain growth has a larger Roqgas/Ro0,dust than a model
that only includes the effects of optical depth.

For the dust evolution models with R. = 50 AU, an over-
all positive trend of Rog gas/Roo.qust With disc mass is found, but
the trend is not monotonic and depends on ay. For the smaller
R. =20 AU models the trend becomes negative towards higher
disc masses.

From the trends in Fig. 7 it is clear that the size dichotomy
Roo,gas/Roo qust can be used to identify dust evolution if the ratio
is high enough (Rgg gas/Roo.aust > 4). Observationally, these cases
are rare (see e.g. Facchini et al. 2019). For the majority of discs,
a lower ratio is observed (cf. Ansdell et al. 2018). To identify
dust evolution in these discs requires modelling of their '2CO
and dust emission, taking into account their total CO and dust
content. The results also show that a direct determination of @,
from Rog_gas / Roo,dust 18 not possible.

3.6. Observational factors affecting Rgo gas/Roo aust
3.6.1. Effect of beam size

Observational factors such as the size of the beam and the back-
ground noise level are also able to influence the gas-dust size
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Similar figures for various Mg, and R, are shown in Fig. G.1.

dichotomy. Convolution with the beam smears out the inten-
sity profile. For a centrally peaked intensity profile this moves
Rgp outwards. We use the full width at half maximum of the
beam (FWHMyeam) as a measure of the beam size. For a beam
size much larger than the observed disc the intrinsic differ-
ences between the gas and dust emission are washed out and
Roo,ga5/Roo aust 18 expected to approach unity.

Figure 8 shows the effect of beam size on Rgg gas/Ro0,dust for
an example disc with M;sc = 10~* M, and R, = 50 AU. Similar
panels for the other models are shown in Fig. G.1. The quan-
tity Roo,gas/Roo,qust decreases with beam size, approaching unity
when the beam size becomes ~3 X R.. At a beam size ~1 X R,

4 aum= 1074
no drift

& aum= 1072
Qturb [~ 1073 __I

o

N

Rgas/Rdust

. Rc: 50, Mdlisk =10"* MIO
0 10 20

Fig. 9. Peak S/N in the moment 0 map of the '>CO emission vs.
R0 gas /Roo,dust- Similar figures for various Mg, and R, are shown in
Fig. G.2. Peak S/N vs. Ry g, is shown in Fig. H.1.

30

Ro0,gas/Roo aust has dropped below 4 and dust evolution can no
longer be unambiguously be identified using only Rgg_gas /Roo dust
(see Sect. 3.5). However, if the uncertainties on Rgggas/Roo,dust
are sufficiently small and the total CO content of the disc is
known, dust evolution can still be inferred from observations
with FWHMyeam < 2R..

3.6.2. Effect of noise level

Noise has two ways in which it can interact with the obser-
vational outer radius. Noise affects the shape of the curve of
growth, thus changing the radius that encloses 90% of the total
flux. In addition, the noise in the image sets the uncertainty on
the total flux, which propagates through into the errors on Rgy.
For the gas-dust size difference, the noise on the gas emission
is dominant. This is due to a difference in bandwidth: the gas
emission is narrow in frequency, typically ~0.5km s~!, whereas
the continuum emission uses the full bandwidth of the obser-
vations. For example, a typical ALMA band 6 observation that
has three continuum spectral windows (with a total bandwidth
AVpanawidth = 2 GHz) and 1 line spectral window centred on the
12CO line (with line width Avjj,e = 0.384 MHz), the noise on the
continuum is a factor VAvyandwidih/AViine ~ 50 lower compared
to the line emission.

To simulate the effect of noise, empty channels taken from
ALMA observations are added to the model image cube after
convolution. The size of the convolution beam used for the
model was matched to that of observations of Lupus discs (025;
Ansdell et al. 2018). The rms of the noise was scaled to obtain
the requested peak S/N in the moment 0 map for the models.

The results are shown in Fig. 9 for the same example disc
(Mgisc = 107* Mg, R, = 50 AU). The other discs are shown in
Fig. G.2. The average Roo gas/Ro0,dust measured at low S/Npomo
is smaller than the noiseless case. As the S/Nyomo increases
it converges to the value measured in the absence of noise. A
peak S/Npomo~ 10 is sufficient to recover the Rgg gas/Roodust
of the noiseless case. The uncertainties on Rgg,gas/Roo,qust are
reduced when the peak S/Nyomo increases, down to <10% at
a peak S/Nmomo of ~30. We note however that the noiseless
Roo,gas/ Roo aust 18 recovered within the error bars of the measured
R90,gas /R90,dust already at peak S/NmomO ~5.

Summarising the effect of the observational factors, two
recommendations for future observations can be made. Firstly,
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differentiating between only optical depth and dust evolution in
addition to optical depth requires FWH Mpeam < 1 X R.. For a
disc with R, = 20 at 150 pc, this means a beam size of 0”14 =
20 AU. Secondly, to accurately measure the gas-dust size differ-
ence requires a peak S/N > 10 in the '>?CO moment zero. We
note that an increased sensitivity will improve the uncertainty on
the measured Rog gas /Roo,qust and can thus better distinguish cases

where Rog gas/Roo,dust 15 unambiguously >4.

4. Discussion
4.1. CO underabundance and Rgg gas

In our models we have assumed standard interstellar medium
(ISM) abundances for carbon and oxygen, resulting in an over-
all CO abundance of xco ~ 107*. However, recent observations
have found CO to be underabundant by a factor 10-100 with
respect to the ISM in several discs (e.g. Favre et al. 2013; Kama
et al. 2016a; Cleeves et al. 2016; McClure et al. 2016). The
low CO-based disc gas masses found by recent surveys suggest
that CO could be underabundant in most discs (see e.g. Ansdell
et al. 2016; Miotello et al. 2017; Long et al. 2017). As shown
in Sect. 3.4 Rogg g, is directly related to the CO content of the
disc. The observed underabundance of CO in discs causes them
to have a smaller observed gas disc size compared to our models.

To quantify the effect of CO underabundance on the mea-
sured Rog gz the models with Mg = 1072 M, were rerun, but
now the total amount of carbon and oxygen in the disc is reduced
by a factor 5c o = 0.1-0.01, mimicking the observed underabun-
dance of CO. Figure 10 shows that Rog ¢,s decreases linearly with
log, dc,0, similar to the Rog gas o log;q Maisc found earlier. This
again highlights the importance of total CO content of the disc.
As an example, let us consider two discs with the same total CO
content. The first disc has a higher disk mass but is underabun-
dant in CO (Mg, 6co ) = (1072 Mg, 0.1). The second disc is
less massive but has standard ISM abundances (Mgisc, c,0) =
(1073 My, 1). For both discs we obtain the same Rgp gas, indicat-
ing that the gas outer radius depends on the total CO content of
the disc.

A lower Rgpg,s also results in a lower Roggas/Roo dust-
Figure 11 shows Rog gas/Roo,qust as function of CO underabun-
dance ¢ . In the case of no CO underabundance (6co = 1),
Roo,gas/Roo,aust = 2.5-5.5. By decreasing the amount of CO in
the disc by a factor of 100, the gas disc size decreases leading to
Roo,gas/Roo,aust = 1.5 for the no drift model and Rog gas/Roo,dust =
2-3.5 for the dust evolution models. We note that these val-
ues are for a disc with Mgy = 107> M. For a less massive
disc that is also underabundant in CO Rog gas/Roo,dust is lower
(cf. Sect. 3.4).

For a sample of 22 discs, Ansdell et al. (2018) measured
Rop a5 from the 12CO 2-1 emission and Royo.gust from the 1.3 mm
continuum emission and found Rgggas/Roo,dust = 1.5-3.5. The
sample is skewed towards the most massive discs in their sam-
ple, where Mg, =0.5-2.7 x 10~* My, This makes these massive
discs comparable in dust content to the models discussed in
this section (Mauy = 107* Mp). A simple, first order comparison
between the models and the observations can therefore be made.
CO underabundances of the discs in the Lupus sample are calcu-
lated by assuming a gas-to-dust mass ratio of 100 and comparing
that to the ratio of Mco based/Madust, Where Mco pased 1S the CO-
based gas mass estimate from Miotello et al. (2017). For example,
a disc with Mco based = 107> Mg and Mgy = 107* My, is inter-
preted as having a CO underabundance of 6c o = %/ 100 =
0.1.
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The calculated CO abundances show that several discs in
the sample have 6c o < 1072. For the same CO underabundance,
the no drift model has Rog gas/Roo,qust = 1.5-2.0, which is at the
low end or below the observed range, suggesting that a least
for some of the sources in the sample explaining the observed
Ro0 a5/ Roo,dust TEqUires dust evolution. Modelling of the individ-
ual sources is required to provide a definitive identification of
dust evolution, which is beyond the scope of this work (but see
Trapman et al. 2018).

4.2. Effect of the surface density slope on outer radii

The surface density is governed by three parameters: R, Mgisc,
and y (cf. Eq. (1)). The slope y sets how the material is dis-
tributed in the disc and therefore affects the outer radius of
the disc. In addition, the physical processes involved in dust
evolution are also affected by y. The slope of the gas surface
density is not well constrained, having been observational con-
strained only for a few discs (e.g. Cleeves et al. 2016; Williams &
McPartland 2016; Zhang et al. 2017; Miotello et al. 2018). Most
of these studies find a value of y ~ 1.0. In this section we inves-
tigate how much Rog gas/Roo,qust depends on . Figure 12 shows
Roo,gas/Roo aust versus y = [0.5,1.0,1.5] for a set of low mass
and high mass models. For low mass discs (Mg = 107> M),
Ro,6as/ Roo aust increases drastically when v is increased from 1.0
to 1.5 and has values of Rog gas/Roo,dust = 24 for models with dust
evolution.

For the discs with dust evolution and y = 1.5, millimetre-
sized grains have been removed from the disc except for the
inner few AU. As a result, the continuum emission is concen-
trated in this inner region and a very small dust outer radius is
inferred. For the no drift model the dust radius is not similarly
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Fig. 13. Fraction of flux f used to calculate Ry and Rog ges compared
to the fraction of My, within Ryyy and Rog gas. Top panel: dust emission;
bottom panel: gas emission.

affected and the gas-dust size difference only increases to
R90,gas/R90,dust =37

Increasing vy for the high mass disc does not have a significant
effect on Rog gas/Roo,aust- For the high mass disc the trends are
similar for the no drift model and the dust evolution models. Here
dust evolution is not significantly affected by the change in y. For
both low and high mass discs, decreasing y from 1.0 to 0.5 results
in a Ry gas /Rop,dust that is lower by a factor ~2.

4.3. Match of observed Ry to physical size of the disc

In this work we have quantified the radial extent of the disc using
Rqp, a flux based measure of the size of the disc. For this radius
to be the outer edge of the disc in a physical sense, we could
require that it encloses most (e.g. 290%) of the total mass of the
disc.

In the cumulative intensity method used to define Rog g5 and
Royo qust, @ free parameter is the fraction of total flux f used (cf.
Eq. (3)). In this work the outer radius is set at 90% of the total
flux under the assumption that this radius encloses most of the
disc. We investigate the requirement on f if we want the outer
radius to enclose >90% of the mass.

Figure 13 shows, for a given f used to compute Rg g, and
Roo qust» What fraction of the total disc mass is enclosed within
this outer radius. Similar figures for the other discs in the model
grid are shown in Appendix L.

For the dust emission, show in the top panel of Fig. 13, the
fraction of enclosed disc mass (fiass) correlates with the fraction
of total flux (fhux) used to define the outer radius. The rela-
tion between fiass and fiux is roughly linear, however the exact
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trend depends on @b, Myisc, and R.. Using a flux fraction of
Sfaux = 0.9, between 75 and 90% of the total mass is enclosed
with the exact fraction depending on @yp. At fuux = 0.68 this
has dropped to between 60 and 84% of the total mass.

The bottom panel of Fig. 13 shows that for the >’CO emis-
sion, any gas outer radius Rg g, defined using a fraction of total
flux faux > 60% encloses almost all (>98%) of the total disc
mass and would thus meet our criterion of a physical outer radius
(i.e. enclosing >90% of Mgis.). According to the definition of
Eq. (3), these observational outer radii are not the same size.
For example, a radius enclosing 90% of the flux has to be larger
than a radius enclosing 75% of the flux. These observational
outer radii are all related through Eq. (4) to the same physical
point in the disc, where the CO column density equals 10'> cm™>
(cf. Sect. 3.2).

Summarising, the fraction of mass enclosed by Ry, scales
roughly linearly with the fraction of continuum flux used to
define Rgus. To have the dust radius enclose most of the disc
mass, the outer radius should be defined using a high fraction
(90-95%) of the total flux. For the gas, any radius enclosing
>60% of the flux contains most of the mass.

5. Conclusions

The gas in protoplanetary discs is found to be universally more
extended than the dust. This effect can result from grain growth
and subsequent inward drift of millimetre-sized grains. How-
ever, the difference in line optical depth between the optically
thick '2CO emission of the gas and the optically thin continuum
emission of the dust also produces a gas-dust size dichotomy. In
this work the thermochemical code DALI (Bruderer et al. 2012;
Bruderer 2013), extended to include dust evolution (Facchini
et al. 2017), is used to run a grid of models. Using these
models, the impact of dust evolution, optical depth, and disc
structure parameters on the observed gas-dust size difference
are investigated. Our main conclusions can be summarised as
follows:

— Including dust evolution leads to smaller observationally
derived dust radii and larger gas radii. Dust evolution, as
quantified by @y, has a complex effect on the dust radius,
which also depends on the disc mass and the characteristic
radius. The gas outer radius is unaffected by changes in @y;p.

— The gas outer radius Rog g, is directly related to the radius at
which the CO column density drops below 10'> cm~2 where
CO becomes photodissociated. The value Rgg g5 Scales with
the product Mg;sc - Xco, the total CO content of the disc; R,
is directly related to the radius where '2CO no longer is able
to self-shield.

— The quantity Rgg gas/Roo,dust increases with the total CO con-
tent and is higher for discs that include dust evolution. Discs
with Rog gas/Roo,qust > 4 are difficult to explain without dust
evolution. For Rog gas/Roo,dust < 4, deducing whether or not a
disc is affected by dust evolution from the size ratio requires
a measure of the total CO content. However, constraining
Qturb USING Ro0 gas/Roo,dust 15 not possible.

— Increasing the beam size and lowering the peak S/N of
the '>CO moment 0 map both decrease the measured
R90,gas / Roo aust- To minimize the effect of these observational
factors requires FWHMyeam < 1 X R and S /Npeak momo > 10.

— Ro,gas/Roo aust increases with the slope of the surface density
v. In low mass discs with high vy, dust evolution removes
almost all grains from the disc, resulting in large gas-dust
size differences (Rog gas/Roo,dust ~ 24).
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— To have the dust radius enclose most of the disc mass,
the outer radius should be defined using a high fraction
(90-95%) of the total flux. For the gas, any radius enclosing
>60% of the flux contains most of the mass.

The gas-dust size dichotomy is predominantly set by the structure
and CO gas content of the disc, which can produce size differ-
ences up to Rop gas/Roo dust ~ 4. Discs with Rog gas/Roo dust > 4 can
be directly identified as having undergone dust evolution, pro-
vided the gas and dust radii were measured with FWH Mye,m <
1 X R.. However, these discs are rare in current observations. For
discs with a smaller gas-dust size difference, modelling of the
disc structure including the total CO gas content is required to
identify radial drift and grain growth.
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Appendix A: Effect of inclination

R. =20 AU — Uy =1072 == incl = 0.0
150F € — Qup=10"3 == incl=30.0
- —_— =104 + incl = 60.0
2 — 1o drift
© 100t
o
£ s

.

" ™Y

L % .
[

103
Mgisk (Mo)

1074

Fig. A.1. Effect of inclination on measuring the dust outer radius. Discs
with a Rc = 20 AU and R¢ = 50 AU are shown in the top and bottom
panel, respectively.
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Fig. A.2. Effect of inclination on measuring the gas outer radius. Discs
with a Rc = 20 AU and R¢ = 50 AU are shown in the top and bottom
panel, respectively.

In the analysis in this work all disc radii were measured from
discs with an inclination of 0°. Inclination increases the opti-
cal depth along the line of sight. This can affect the measured
size of the disc, especially for the gas, which is determined from
optically thick emission (cf. Sect. 2.4).

Figures A.1 and A.2 show gas and dust radii measured from
images with an inclination of i = 0°,30°,60°. For the inclined
images, the cumulative flux is instead calculated using ellipti-
cal apertures to account for the projection. Between i = 0° and
i = 30° there is no noticeable difference in the outer radii. For
60° outer radii have become slightly larger, but even at the most
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extreme the effect is smaller than a 50% increase. Thus the effect
of inclination should only be considered for discs with high
inclination (i > 60°) when trying to identify dust evolution.

Appendix B: Measuring Ry gas from *CO 2—1
moment zero maps

P
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75 ~ aturb=1o_3
- aturb=10_4

= = no drift

Fig. B.1. Comparison of gas outer radii measured from '3CO 2-1
emission (solid lines) and '>CO 2-1 emission (dashed lines).
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Fig. B.2. Ratio of gas outer radii measured from '2CO 2-1 emission
(Ro0,025(1*CO)) over *CO 2-1 emission (Rog gs('*CO)). The mean ratio
of all models is shown in grey.

In this appendix, we investigate how the gas outer radius would
differ, if instead it had been defined as the radius enclosing 90%
of the 3CO 3-2 flux. '*CO is added to the model parametrically,
by taking the CO abundances and scaling them with the '>C/3C
elemental ratio, assumed to be '2C/3C = 77.
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Figure B.1 shows R9(),gas(13CO) and Rgo’gas(IZCO) as function
of disc mass. The value Rgo,gas(”CO) also with disc mass in a
similar manner to RgoygaS(IZCO), ie. Rgoygas(ISCO) ~log,o Misk-
As a result, using the '*CO emission does not change the quali-
tative results seen in this work.

Figure B.2 shows the ratio Rgo,gas(12CO)/R90,gaS(13CO) for
different disc masses. On average, RgO,gaS(IZCO) is 30-45%
larger than Ry g,('*CO) and has variations because @b, Re,
or Mgy are small. However we do not consider the effects of
isotope-selective photodissociation, which become relevant in
the outer part of the disc (cf. Miotello et al. 2014).

Appendix C: Measuring Ry gas from peak intensity
maps
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Fig. C.1. Comparison between outer radii derived from '2CO moment
0 map (/eft) and the peak intensity (moment 8) map (right). The model
shown has Mg, = 1073 Mg, R. = 50 AU, and @, = 1074,

The extent of the gas emission is measured from the moment
zero map, which is constructed by integrating in spectral image
cube over the frequency axis. As a result the gas emission has
units (Jy beam™! km s™"). This method places extra emphasis on
the inner part of the disc, where the Keplerian velocity structure
of the gas produces the widest line profiles (in velocity).
Another method would be to measure the gas radius using the
peak intensity map, which is the intensity at peak velocity. This
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Fig. C.2. Gas radii measured from the peak intensity map vs. disc mass.
Top, middle, and bottom figures: discs with inclinations of 0°, 30°, and
60°, respectively

map has units identical to the continuum emission (Jy beam™").
Compared to the moment 0 map more weight is placed in the
outer parts of the disc, moving Rop g, Outwards. By removing
the dependence on the line width the peak intensity map might
also be less affected by inclination (cf. Appendix A).

Figure C.1 shows a comparison between gas outer radii
derived from the moment 0 map (shown on the left) and the
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peak intensity map (shown on the right) for three different
inclinations. For the inclined discs (i = 30, 60°), there is indeed
more emission in the outer disc for the peak intensity map. In all
cases Roo gas(peak int.) is larger than the Rog gos(mom 0).

In Fig. C.2 Roggas(peak int.) and Rog gs(mom 0) are com-
pared as functions of disc mass and inclination. Over the mass
range examined we find that Rog gss(peak int.) > Rgp gas(mom 0).
However, apart from this offset, Rogg.s(peak int.) follows the
same trend with disc mass as Rog gas(mom 0) and is also similarly
affected by inclination.

Appendix D: Continuum intensity profiles for
R. =20 AU
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Fig. D.1. Radial profiles of 1300 um normalised to the total flux.
Crosses above the line denote the radii enclosing 90% of the flux
(heights of the crosses are arbitrary).
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Fig. D.2. 1300 um curve of growth of the profiles seen in Fig. D.1.
Dashed vertical line denotes the radii enclosing 90% of the flux.

Appendix E: Curves of growth for the R, = 50 AU
dust profiles
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Fig. E.1. 1300 um curve of growth of the profiles seen in Fig. 1. Dashed
vertical line denote the radii enclosing 90% of the flux.
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Appendix F: Deriving a relation between Ry gas
and the CO column density

In Sect. 3.2 the '2CO emission profile was found to quickly drop
off at a point very close to where the CO column density (Nco)
drops below 10> cm™2. Defining Rco gisk as the radius where
Nco = 10" cm™2, we can derive an analytical relation between
Rop,gas and Rco disk-

Using Eq. (3), Ropgas is defined as

2 RQUTgas
0.9 == f Ieo(r)r'dr’
F tot JO

(F.1)

‘I(‘)RQO.gu,\ Ico(r)r'dr’
= (F.2)

R is '
fo S Teo(rrdr

In this case we used the fact that Rco g5k effectively encloses
all of the '2CO flux (cf. Fig. 2). If we assume that the '>CO emis-
sion is optically thick, Ico(R) = 2(_—ka T(R), the equation can be
rewritten

fORQO'g“ T()rdr

R . ’
L CO disk T(r,)r,dr,

0.9 = (F.3)

where Ty, is the gas temperature in the CO emitting layer.
The temperature profile can often be well described by a
power law, T(R) = T.(R/R.)™, which can be substituted in the
integrals

Rooges (1 \ P 414
9— fO ’ (Rc) r'dr (F.4)

Reo aisk (# \ P, 1,
b () Trar

[ 1 r,z_ﬁ :IRQO‘gas
2-p 0

= [ﬁr,z_ﬁ]sco disk (FS)

— , (F.6)
2-8
R6 disk
where we assumed 0 < 8 < 2.
We find that Rop gas and Rco gisk are related through

1 1
Ro0,gas = 0.97 Rco disk = > Rco disks (ED

where f represents a more general case where the gas outer
radius is defined using a flux fraction f.

Appendix G: Beam size and peak S/N for all disc masses vs. Ry gas/ Rao,dust
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Fig. G.1. Beam size vs. Rog gas/Roo.aust- The effect of the beam scales with its relative size compared to the size of the disc. To highlight this, the

beam size is expressed in terms of the characteristic size of the disc.
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Fig. G.2. Peak S/N in the moment 0 map of the '2CO vs. Ro0,gas/ Roo dust-

Appendix H: Gas radii vs. peak S/N
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Fig. H.1. Peak S/N vs. noisy Ry g,s normalised to the Rog g5 Obtained from the noiseless case.
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Appendix I: Mass fractions and flux fractions for 100FC0 emissi C
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