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ABSTRACT

Recent observations have revealed that most proto-planetary discs show a pattern of bright rings and dark gaps. However, most

of the high-resolution observations have focused only on the continuum emission. In this paper, we present high-resolution

ALMA band 7 (0.89 mm) observations of the disc around the star CI Tau in the 12CO & 13CO J = 3–2 and CS J = 7–6 emission

lines. Our recent work demonstrated that the disc around CI Tau contains three gaps and rings in continuum emission, and we

look for their counterparts in the gas emission. While we find no counterpart of the third gap and ring in 13CO, the disc has a

gap in emission at the location of the second continuum ring (rather than gap). We demonstrate that this is mostly an artefact

of the continuum subtraction, although a residual gap still remains after accounting for this effect. Through radiative transfer

modelling, we propose this is due to the inner disc shadowing the outer parts of the disc and making them colder. This raises a

note of caution in mapping high-resolution gas emission lines observations to the gas surface density – while possible, this needs

to be done carefully. In contrast to 13CO, CS emission shows instead a ring morphology, most likely due to chemical effects.

Finally, we note that 12CO is heavily absorbed by the foreground preventing any morphological study using this line.

Key words: accretion, accretion discs – planets and satellites: formation – protoplanetary discs – circumstellar matter – stars:

pre-main-sequence – submillimetre: planetary systems.

1 IN T RO D U C T I O N

The Atacama Large Millimeter/Submillimeter Array (ALMA) is

rapidly revolutionizing the field of proto-planetary discs thanks to

transformational improvements in sensitivity and spatial resolution

compared to the previous generation of sub-millimeter interferome-

ters. One of the most important discoveries of the last few years is the

realization that most proto-planetary discs are not smooth, but have

a wide variety of sub-structures such as gaps (ALMA Partnership

2015; Andrews et al. 2016), spirals (Pérez et al. 2016; Boehler et al.

2018; Rosotti et al. 2020a) and crescents (Casassus et al. 2013;

van der Marel et al. 2013; Cazzoletti et al. 2018), at least for what

concerns the dust emission.

While there is huge variety in disc structures, the results so

far suggest that the most commonly found feature is azimuthally

symmetric, colloquially called ‘gaps and rings’. One of the best

example is the DSHARP survey (Andrews et al. 2018), a high-

resolution (35–50 marcsec) continuum survey. Considering only the

18 discs in the survey around single stars, they all show azimuthally

symmetric structures (Huang et al. 2018b), with three also showing

spirals and two showing crescents. Another example is a 120 marcsec

⋆ E-mail: rosotti@strw.leidenuniv.nl

survey in Taurus (Long et al. 2018), which found rings in 12 discs

out of 32. While lower resolution than DSHARP, the Taurus survey

is less biased towards bright objects and therefore suggests that gaps

and rings are common across the whole disc population. The discs

in which no sub-structure was resolved are all compact (Long et al.

2019; see also Facchini et al. 2019), possibly indicating that the

spatial resolution of the observations was not sufficient to find sub-

structure, rather than a lack of sub-structure itself.

The vast majority of observations of sub-structure so far have

focused only on the continuum. At the moment of writing, confirmed

gaps using optically thin CO isotopologues as gas tracers have been

observed only in HD169142 (Fedele et al. 2017), HD163296 (Isella

et al. 2016), and AS 209 (Favre et al. 2019) (see also Teague et al.

2017 for a gap in TW Hya using the CS molecule) at resolutions of

0.2–0.3”, much lower than the 0.05” available in the continuum. This

is easily understood since the continuum requires shorter integration

times than line emission and therefore is more readily accessible

by observations. However, it is well known that most of the proto-

planetary disc mass is in the gas phase, and studying the continuum

will therefore always offer a biased view of discs.

Opening a complementary view into the gas will be the task of

the upcoming years. This is needed to answer the very questions

opened by these continuum surveys. For example, the origin of

C© 2020 The Author(s)
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3428 G. P. Rosotti et al.

the observed sub-structure is still unclear. Annular structures are

naturally produced by planets (Paardekooper & Mellema 2004;

Dong, Zhu & Whitney 2015; Rosotti et al. 2016) and could therefore

be a powerful tool to study planet formation in action. On the other

hand, other possibilities have been formulated, such as MHD effects

(e.g. Flock et al. 2015; Suriano et al. 2018; Riols & Lesur 2019) or

opacity effects at snowlines (Zhang, Blake & Bergin 2015; Okuzumi

et al. 2016). The latter option has been criticised in the last few years

because in most cases it predicts that the rings should be at different

spatial locations from where they are observed (Huang et al. 2018b;

Long et al. 2018). However, a recent suggestion that snowlines can

be thermally unstable (and therefore change location in the disc)

may increase the viability of this explanation (Owen 2020). In the

snowline interpretation, dust structures should be not accompanied

by a similar change in the gas density and high-resolution gas

observations can therefore rule out this possibility. In the planet case,

deriving a planet mass only from the dust is extremely degenerate

(Zhang et al. 2018) and information on the gas can greatly reduce

this degeneracy (Facchini et al. 2018).

Another question that can only be answered with a complementary

view of gas in a disc is what is the potential for sub-structures to be the

site(s) of planet formation? By collecting large amounts of dust, the

observed sub-structures are natural places where the planetesimal

formation process could take place (Eriksson, Johansen & Liu

2020) by triggering the streaming instability (Youdin & Goodman

2005; Johansen et al. 2007), instigating either a second-generation

(if structures are created by planets) or first-generation (if other

mechanisms are responsible for structures) round of planet formation

(although this is not without its own challenges, see Morbidelli 2020).

Whether the conditions to trigger the instability are met, though,

depends on how the dust behaves relative to the gas. This can be tested

with gas observations (Dullemond et al. 2018; Rosotti et al. 2020b).

In this context, CI Tau is a source which shows three gaps and

rings (Clarke et al. 2018; Long et al. 2018). It has a bright continuum

disc (Guilloteau et al. 2011) and several molecular species have been

detected at sub-millimetre wavelengths (Guilloteau et al. 2014, 2016;

Bergner et al. 2019; Le Gal et al. 2019; Pegues et al. 2020), making

it a natural target for sensitive line studies. In this paper, we report

the results of high-resolution (100–150 marcsec) observations of this

source in the 12CO & 13CO J =3–2 and CS J = 7–6 emission lines.

The paper is structured as follows. We first present the obser-

vations, data reduction, and imaging parameters in Section 2. We

then present the continuum results in Section 3 and the line results

in Section 4. In Section 5, we introduce radiative transfer models

to interpret the 13CO observations and in Section 6 we discuss

our results in the wider context of the field. Finally, we draw our

conclusions in Section 7.

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

We obtained ALMA Cycle 5 DDT observations (Project ID:

2017.A.00014.S, PI: G. Rosotti) of CI Tau in band 7 on the 2017

December 11 under very good weather conditions (with a mean

precipitable water vapour column of ∼0.8 mm). Our target was

observed with 43 antennas with baselines ranging from 15 to 3320 m,

and a total on-source integration time was 1 h 18 min. The correlator

was set up to use four spectral windows, centred on 330.73, 333.18,

342.98, and 345.70 GHz, respectively. The first spectral window was

set to time division mode (TDM) to observe the continuum with a

bandwidth of 1.875 GHz. The other spectral windows were set to fre-

quency division mode (FDM) with a spectral resolution of 564 kHz,

corresponding to ∼0.5 km/s velocity resolution, to observe the 13CO

J = 3–2, CS J = 7–6 and 12CO J = 3–2 transitions. The bandwidth

of each one of these three spectral windows was 937.5 MHz.

To calibrate the visibilities, we used the ALMA pipeline and the

Common Astronomy Software Applications (CASA, version 5.1.1).

In addition to pipeline calibration, three rounds of phase-only self-

calibration (with solution interval maximal for the first round, and

then 360 and 180 s for the second and third round, respectively) were

performed on the continuum data resulting in greater image fidelity

in the outer disc, and improvement of the peak signal-to-noise (SN)

by a factor of ∼2.0. Amplitude self calibration was attempted but it

did not improve the SN. These self-calibration solutions were then

applied to the line data. In the paper, we will analyse the resulting line

data both with and without continuum subtraction. When continuum

subtraction was applied, we performed it using the task UVCONTSUB

by fitting a first-order polynomial to the line-free channels.

Continuum imaging was performed with the TCLEAN task. Using

Briggs weighting with a robust parameter of 0.5, the resulting beam

size for the dust continuum at a mean frequency of 338.2 GHz (886

μm; 0.89 mm in the rest of the paper for simplicity) is 0.11 × 0.08
′′

(15.4 × 11.2 au assuming a distance of 140 pc1) with a position angle

(PA) of 326◦. We use the multi-scale deconvolve option with scales

of 0, 6, 10, and 30 pixels, where a pixel is 0.016
′′

. We measure an

rms noise level of 0.045 mJy beam−1 from emission-free regions.

Line imaging was performed with a robust parameter of 1.0

and a channel spacing of 0.5 km s−1. The multi-scale deconvolve

option was used with scales of 0, 5, 15, and 30 pixels (where a

pixel is 0.′′01). We utilized Keplerian masks during the cleaning

process (which are overlaid on the channel maps in Appendix D)

and cleaned to a threshold of 4σ (where σ = 2.98 mJy beam−1 is

the theoretical per channel sensitivity for observations made with

the above settings under these conditions2). These parameters were

found to provide the best trade-off between spatial resolution and

sensitivity, particularly in the outer regions of the disc. The resulting

final beam size was 0.′′16 × 0.′′12 (PA = 324.5◦), with an rms noise

level of 3.0 mJy beam−1 measured from line-free channels.

During imaging, we noticed that the clean beam was slightly non-

Gaussian. We applied the ‘residual scaling’ method of Jorsater & van

Moorsel (1995, their Appendix A) in order to mitigate some of the

effects of this on the final image quality. Briefly, the process involves

scaling the image residuals by a factor ǫ, which is the ratio of the

area of the clean beam (Gaussian) to the dirty beam (non-Gaussian).

These are then added to the model image to produce the image cube

used for analysis. Our measured values of ǫ were 0.32 for the 12CO,
13CO, and CS image cubes, with final rms values of 1.1, 1.8, 1.2 mJy

beam−1, respectively.

3 O BSERVATI ONA L R ESULTS: C ONTI NUUM

EMI SSI ON

3.1 Band 7 (0.89 mm)

3.1.1 Image analysis

We present the continuum emission at 0.89 mm in the left panel of

Fig. 1. The image is broadly similar to the one at 1.3 mm previously

1According to Gaia DR2 (Gaia Collaboration 2018), the distance to CI Tau

is 158 pc. In this paper, we adopt though 140 pc because it was the distance

assumed by Clarke et al. (2018) and it simplifies the comparison with their

results.
2https://almascience.eso.org/proposing/sensitivity-calculator

MNRAS 501, 3427–3442 (2021)
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High-resolution gas observations of CI Tau 3429

Figure 1. Left-hand panel: continuum image from the 0.89 mm dataset we present in this paper. The emission is characterized by three dark, concentric rings.

Right-hand panel: continuum image from the dataset previously published by our team (Clarke et al. 2018) at 1.3 mm degraded at the same resolution as the

0.89 mm data.

published in Clarke et al. (2018) and shows a series of three dark

concentric gaps. At this resolution (a factor of ∼2.4 lower than

Clarke et al. 2018), the innermost gap is only barely resolved along

the minor axis of the disc (which by a fortunate coincidence is almost

aligned with the beam major axis), but still clearly present along the

disc major axis. Recently, also Long et al. (2018) presented 1.3 mm

observations of the source. Their resolution is 0.13 × 0.11
′′

, slightly

lower than what we present here. With their resolution, the innermost

gap was not directly visible in the image, but they were still able to

infer it through visibility modelling.

Qualitatively, when one considers the lower resolution of the

0.89mm dataset we present in this paper, the emission is largely

similar to the 1.3mm data. This is confirmed by the right panel of

Fig. 1, in which we plot the 1.3 mm data degraded to the same

resolution of the 0.89 mm data. This has been accomplished using

the restoringbeam option in the tclean task.3

To better quantify if there is any difference between the two

images, we present in Fig. 2 a comparison between the two de-

projected radial profiles (using an inclination of 49◦ and a position

angle of 101◦, Clarke et al. 2018). The shaded area around each line

shows the 1-σ uncertainty, quantified as the standard deviation along

each (de-projected) circle, divided by the square root of the number

of beams along the circle. We plot the profiles only up to the radius

where the profile SN ratio is 3. The two radial profiles show the three

gaps and rings that we have previously described; for reference we

have indicated them on the plot as the dashed and solid black vertical

lines, respectively. Their locations are 12, 45, and 114 au for the gaps,

marked as G1, G2, and G3 on the plot, and 23, 54, and 136 au for the

rings marked as R1, R2, and R3 on the plot. Finally, for clarity, in

the figure we also show the 1.3 mm continuum profile multiplied by

an arbitrary factor, to better illustrate the differences from the 0.89

mm data. The figure shows that, while broadly the same, there are

in fact some differences between the two images. In particular, the

emission profile at 0.89 mm appears to have a slightly steeper drop

in the outer part of the disc (i.e. outside the second gap, beyond ∼70

au). We will analyse more in detail these differences in Section 3.2.

3We also experimented with an alternative method, consisting in using the

uvtaper option to achieve a similar beam and then the imsmooth task to

obtain exactly the same value, but we found no significant difference between

the two methods.

Figure 2. Comparison between the deprojected radial profiles of the 0.89 and

1.3 mm continuum data. Dashed (solid) lines mark the central locations of the

gaps (rings), which have been marked using the letter G(R). The shaded area

represents the observational uncertainty; we plot the observational profiles

only up to the point where the S/N ratio is 3. The two profiles are largely

the same, but there is some difference; most notably, the emission profile

decreases more steeply at 1.3 mm than at 0.89 mm in the outer parts of the

disc.

3.1.2 Visibility modelling

In order to better characterize the emission, we fit the continuum

visibilities with an axisymmetric parametric model consisting of

an envelope and three gaps. The analysis largely follows Clarke

et al. (2018) and we refer the reader to that work for a more

extensive discussion. In summary, we describe the emission as

the superposition of a background, represented by an exponentially

tapered power-law, and three gaps, that we describe using logistic

functions (a functional form chosen for its flexibility). The envelope

is described by five free parameters, while each gap is described by

6. Since we also fit for the disc inclination, position angle and offset

from the phase center, we have a grand total of 27 free parameters.

We fit the parameters of the model using the Bayesian Markov-

Chain sampler EMCEE (Foreman-Mackey et al. 2013), which

enables us to estimate both the best-fitting and the uncertainties on the

parameters. For each model realization, we use the code GALARIO

MNRAS 501, 3427–3442 (2021)
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3430 G. P. Rosotti et al.

Figure 3. Comparison between the two GALARIO fits to the visibility data

at 0.89 and 1.3 mm. The shaded area represents the uncertainty in the fit. The

result of the fit confirms the steeper decrease in emission in the outer parts of

the disc.

(Tazzari, Beaujean & Testi 2018) to compute synthetic visibilities

and compare them to the measurements.

In Fig. 3, we show the comparison between the resulting best-

fitting profiles to the 1.3 mm (Clarke et al. 2018) and 0.89 mm

(this work) data. The shaded area around each line illustrates the

statistical uncertainty in the best fit and is the standard deviation

computed from 1000 random draws from the chains in the sampler.

At the resolution of the dataset we present in this work, the fit

is not able to constrain well the properties of the innermost gap

G1, which is reflected in the larger uncertainty around the best fit

when compared to the 1.3 mm data. That being said, considering

the difference in resolution between the two datasets (a factor of

∼2.4) and that the innermost gap G1 is barely resolved in the image

plane, the visibility modelling still performs very well. Outside

the first gap, the statistical uncertainty becomes very small and it

is likely that the true uncertainty is dominated by the systematic

uncertainty connected with chosen functional form for the parametric

fitting.

In Fig. 3, we have also plotted the 1.3 mm fit rescaled by an

arbitrary factor to better illustrate the differences between the two

wavelengths. The comparison confirms the difference between the

two bands already noted by the comparison between the two images

(Fig. 2).

3.2 The spectral index between 1.3 and 0.89 mm

Having constrained the deprojected radial profiles of the emission

from the analysis of the images and the visibilities, we now proceed

to compute the spectral index α = dlog Fν /dlog ν between the two

wavelengths. The spectral index is a useful and widely studied

quantity since it provides information about grain size and optical

depth (e.g. Testi et al. 2014). While in the pre-ALMA era it was only

possible to study spatially integrated spectral indices (Andrews &

Williams 2005; Ricci et al. 2010a, b), with few exceptions (Pérez

et al. 2012; Tazzari et al. 2016), the study of spatially resolved spectral

indices is now becoming routinely feasible both around single objects

(Tsukagoshi et al. 2016; Huang et al. 2018a; Dent et al. 2019; Macı́as

et al. 2019; Huang et al. 2020; Long et al. 2020; Tazzari et al.

2020) and for large samples of discs (Tazzari et al. 2020), though

the presence of (potentially optically thick) sub-structures and the

Figure 4. Spectral index computed between the 1.3 and 0.89 mm continuum

data using both the images and the fits to the visibilities. We have marked

the size of the systematic error in the spectral index coming from absolute

flux calibration with the black bar. After the second ring, the spectral index

increases with radius, in line with the steeper decrease of the emission

observed when comparing the 1.3 and 0.89 mm brightness profiles. Variations

between gaps and rings are hard to assess due to the limited spatial resolution.

limited angular resolution significantly complicates the interpretation

of these results.

We plot the spectral index in Fig. 4 for the two methods. Assuming

a 10 per cent flux calibration error at both wavelengths, the spectral

index has an absolute systematic uncertainty of 0.33, which we mark

on the plot with the black error bar. This does not affect however the

shape of the spectral index variation with radius. The shaded area

represents the statistical uncertainty coming from the limited S/N of

the observations. To make sure we do not introduce artefacts, for the

image plane analysis we have plotted the spectral index only up to

the radius where the S/N ratio is at least 3 for both wavelengths.

The spectral index is almost constant up to the second ring R2

and then increases with radius, confirming that the decrease of the

emission towards the outer radii is steeper at 1.3 mm than at 0.89 mm.

However, the increase is not monotonic: both methods find a local

decrease in the spectral index at the location of the third ring R3,

which could be due to either larger grains or to the increased optical

depth. For what concerns the first gap G1 and ring R1, the large

oscillations in the inner part of the disc imply that at this resolution

these datasets cannot be used to study the spectral index at these

spatial scales, with the resolution at 0.89 mm the limiting factor. The

large oscillations in the visibility fit at these distances are likely a

result of the inflexibility resulting from a chosen functional form for

the parametric fit. For the second gap G2 and ring R2, the visibility fit

indicates an increase in the spectral index in the second gap G2 and a

decrease in the second ring R2, which again can be interpreted either

as a variation of grain size or increased optical depth. Instead, the

images do not show a variation in the spectral index for the second

gap/ring, due to a lack of spatial resolution.

These results highlight that these two datasets cannot be used

to reliably study the spectral index variation in the gaps and rings,

mostly due to the limited spatial resolution of the 0.89 mm data.

On the other hand, the increase of the spectral index in the outer

part of the disc is robust. Because emission is likely optically thin

at these radii, differently from the rings, this suggests a decrease in

grain size towards the outer parts of the disc. In Section 5.3, we will

show that the disc is larger in gas emission than in the continuum.

MNRAS 501, 3427–3442 (2021)
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High-resolution gas observations of CI Tau 3431

The increase in spectral index therefore suggests that the extent of

the continuum disc is only tracing the extent of millimetre particles

rather than the true extent of the disc. However, given the large error

bar coming from the absolute flux calibration, we will not attempt

in this paper a more quantitative analysis of the spectral index. This

requires the inclusion of longer wavelength to provide more leverage

and reduce the systematic uncertainty, for example the 2 and 3 mm

bands available with ALMA or even longer wavelengths that can be

accessed only with the VLA (Guidi et al. 2016; Carrasco-González

et al. 2019). We defer such an analysis to future studies when the

relevant data will be available.

4 O BSERVATIONA L R ESULTS: LINE EMISSION

Many central channels of 12CO are severely affected by foreground

absorption (see Fig. A1), so that only part of the emission from the

disc can be recovered. Due to this, we do not perform a detailed

analysis of the 12CO emission, and instead concentrate our efforts

on 13CO and CS. We first outline how we compute emission maps

and radial profiles from the cubes, and then discuss the two emission

lines.

4.1 Analysis of line cubes

For each line cube, we use the bettermoments (Teague &

Foreman-Mackey 2018) package to compute a series of spectral

moments (see Figs A1, 5, and 6). In the first instance, these are the

integrated intensity (zeroth moment) and intensity weighted velocity

(first moment) assuming a clip of 3σ for the latter. We also collapse

each cube using the ‘quadratic’ method, which results in maps of

line peak Fν and line centre v0. These quantities are analogous to

the traditional eight and ninth spectral moments, but have the added

advantage of sub-channel velocity precision and reducing the effect

of noise, significantly improving the fidelity of the resulting maps

(see Teague & Foreman-Mackey 2018, for full details). During the

calculation of all of the above maps, we make use of the Keplerian

masks shown in Fig. D1.

The calculation of an azimuthally-averaged radial profile is com-

plicated by the fact that the line emission can originate from a surface

inclined above the midplane of the disc. This effect is particularly

noticeable in the 12CO (3–2) line peak and centre maps. We therefore

utilize the gofish package (Teague 2019b) in order to overlay a

conical emission surface on each of the intensity maps, and use this

surface to perform the azimuthal averaging. The aspect ratios (z/r) of

the emission surfaces found to best follow the line emission were 0.3,

0.1, and 0.1 for the 12CO, 13CO, and CS, respectively.4 These surfaces

are overlaid on the line centre panels in Figs A1, 5, and 6. Radial

profiles are then computed using this surface, with uncertainties

calculated as the standard deviation scaled by the number of beams

per annulus to account for correlated noise. These profiles are shown

in Fig. 7.

4.2 13CO J = 3–2

Fig. 5 shows the continuum-subtracted moment maps for the 13CO

emission. We can see that in this case we recover emission from the

whole disc, implying that the column of material absorbing the 12CO

4Attempts at more rigorous fits with the eddy code (Teague 2019a) did not

converge. We stress that the precise value of z/r does not have a significant

impact on the recovered radial profiles using gofish.

emission is too little to significantly absorb 13CO. Given that the ratio

of the isotopic abundance between the two species is large, ∼70, this

is a condition relatively easy to satisfy.

Inspection of the projected velocity map shows that in this case

the emission is coming from a surface closer to the midplane than

for 12CO. On the other hand, the intensity map (both integrated

and peak intensity) shows that the disc is larger in gas emission

than it is in the continuum (note the different scale from Fig. 1),

clearly extending beyond 2
′′

, whereas the continuum has a steep

drop beyond 1.5
′′

. In terms of morphology, the maps do not show

very conspicuous features (in contrast the continuum image), but

there is a hint of a gap around 0.4
′′

that we marked with a white,

dashed ellipse.

To better quantify the morphology of the images, we have

deprojected the two maps and studied their radial profiles, which

we show in Fig. 7. Gas emission is detected up to 2.5
′′

, after which

there seems to be a drop-off in the emission profile, although we

caution that the S/N in the outer parts of the disc is limited. To

compare quantitatively the disc size in gas and continuum, we have

estimated the 68 per cent flux radius in both cases. For the gas, the

68 per cent radius is 1.8
′′

. Conversely, for the continuum we obtain a

value of 0.8
′′

, yielding a ratio of ∼2.25. Given that our observations

have a nominal maximum recoverable scale of 1.3
′′

, our estimate of

the gas radius is most likely a lower limit and the emission could be

even more extended. It is well known that discs are in general larger

in CO line emission than in the continuum; we shall go back to the

implications of this in Section 5.3.

The radial profile also confirms that there is indeed a gap in the
13CO emission at a radius of 0.4

′′

, which can be seen both in the

integrated intensity and in the peak brightness maps. To make the

comparison with the continuum structure easier, we have overplotted

as vertical lines the location of the structures found in the continuum.

Surprisingly, the dip in emission in the line is not centred at the

location of a continuum gap, but at the location of a continuum

ring. We will discuss the physical interpretation of this structure in

Section 5.4.

4.3 CS J = 7–6

Fig. 6 shows the continuum-subtracted moment maps for the CS

emission. Also in this case we do not see evidence of foreground

absorption and the projected velocity map shows that the emission

is coming from a surface closer to the midplane than for 12CO.

The morphology of the emission is very different from 13CO. It

is clear that the emission does not peak at the center of the disc

(contrast this with the 13CO integrated intensity map). Instead, the

emission has a ring morphology, as confirmed by both the integrated

intensity and peak brightness maps. Like for 13CO, we show in Fig. 7

the deprojected radial profiles. These confirm that the emission has

a local maximum at ∼0.5
′′

.

5 A NA LY SIS O F TH E 13CO EMI SSI ON

In this section, we set up radiative transfer models that we use to

analyse and interpret the 13CO emission. We first describe the general

setup of the models and then discuss whether or not we should

perform continuum subtraction on the datacubes, using a few models

as illustrative example. We then analyse the disc extent and the 13CO

gap in comparison with the models.

MNRAS 501, 3427–3442 (2021)
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3432 G. P. Rosotti et al.

Figure 5. Maps of 13CO (3–2) emission toward CI Tau – (a) 0.89 mm continuum emission, (b) integrated line intensity, (c) line peak, and (d) line centre. The

white ellipse shows the location of the gap we discuss in the text. The line centre panel is overlaid with a conical surface of aspect ratio z/r = 0.1.

5.1 Radiative transfer general setup

We use the code RADMC-3D5 to run radiative transfer models of

the source. In the radiative transfer calculation, we use a spherical

mesh with Nr = 330 and Nθ = 80 grid cells in the radial and poloidal

direction, respectively. Because the disc does not show deviations

from axisimmetry, we only consider axisymmetric models. The grid

extent is [1300] au for the radial grid and [0,π /2] for the poloidal.

Dust is implemented using two separate populations, ‘small’ and

‘large’ grains. Small grains are always assumed to have a constant

dust-to-gas ratio, which we take to be 0.1 per cent. The surface density

of large grains and of the gas is prescribed as we will discuss later

for each specific model, but see Table 1 for a summary. Given a

surface density, we distribute the material vertically assuming that

the density ρ follows a Gaussian function ρ(z) ∝ exp (− z2/2H2).

We prescribe the initial scale-height H as H(r) = 0.1(r/100 au)0.15.

We assume that large grains are settled to the midplane and take

their scale-height to be a factor of 5 smaller than that of the gas.

We compute opacities as in Tazzari et al. (2016) following models

by Natta & Testi (2004) and Natta et al. (2007), using the Mie

5http://www.ita.uni-heidelberg.de/∼dullemond/software/radmc-3d/

theory for compact spherical grains with a simplified version of the

volume fractional abundances in Pollack et al. (1994), assuming a

composition of 10 per cent silicates, 30 per cent refractory organics,

and 60 per cent water ice. We assume that for each grain population

the grain size distribution is a power-law n(a) ∝ a−q for amin ≤ a

≤ amax with an exponent q = 3. ‘Small’ grains have amax = 1 μm,

while ‘large’ grains have amax = 1 mm.

We first perform a thermal Monte Carlo run using 50 × 106 photons

to compute the dust temperature. We then use this temperature

to update the disc scale-height and recompute the temperature

accordingly. Tests showed that already after one iteration we do not

see a significant change in the 13CO emission. Once the temperature

is known, we can populate the disc of CO. We parametrize the

behaviour of CO largely following Williams & Best (2014). First, we

assume that the gas temperature is the same as the dust temperature.

We assume that CO is frozen out on to the grains when the

temperature is smaller than 19K and we assume it is dissociated

when the vertical column is smaller than NCO < 1015 cm−2 (van

Dishoeck & Black 1988; Visser, van Dishoeck & Black 2009), which

well reproduces the results of thermo-chemical models (e.g. Trapman

et al. 2019). Where CO is neither frozen out nor dissociated, we

assume an abundance of 10−5. We do this rather than using the

MNRAS 501, 3427–3442 (2021)
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High-resolution gas observations of CI Tau 3433

Figure 6. As Fig. 5, but for CS (7–6). The line centre panel is overlaid with a conical surface of aspect ratio z/r = 0.1.

Figure 7. Radial profiles for the line emission (computed using the gofish package, Teague 2019b). Left-hand panel: integrated intensity (moment 0) map.

Right-hand panel: peak brightness map. The vertical lines represent the location of the continuum features, gaps (dashed) and rings (solid), respectively. The

shaded grey area represents the size of the beam (average FWHM of 0.14
′′
).

standard abundance of 10−4 because tests showed that using the

surface density profile of the hydrodynamic simulation presented in

Clarke et al. (2018) led to an overestimate of the 13CO emission,

implying that the CO column had to be reduced. We note that in our

setup CO abundance and total gas surface density are degenerate –

the same result could have also be obtained by reducing the total gas

mass. Considering a ratio of isotopic abundance of 70 between 12C

and 13C, we use an abundance of 13CO of 1.5 × 10−7. As a last step,

MNRAS 501, 3427–3442 (2021)
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3434 G. P. Rosotti et al.

Table 1. Dust and gas surface density for the radiative transfer models we

present in Section 5.

Model Dust surface density Gas surface density

Constant

dust-to-gas ratio

Continuum profile of

Clarke et al. (2018)


dust re-scaled by 100

Hydro Hydro simulation of

Clarke et al. (2018)

Hydro simulation of

Clarke et al. (2018)

Hydro + ring Hydro simulation of

Clarke et al. (2018) +

ring at 20 au

Hydro simulation of

Clarke et al. (2018)

we produce a synthetic datacube assuming Local Thermodynamic

Equilibrium; we use the Leiden Molecular Database6 (Schöier et al.

2005) to set the frequency and Einstein coefficients of the J = 3–2

transition. We assume an inclination of 49◦ and a position angle of

101◦ (Clarke et al. 2018) to generate the cube. Finally the synthetic

datacube is convolved with a Gaussian beam (tests with a full CASA

simulation did not reveal significant differences) matching the beam

of the observations (0.16 × 0.12
′′

).

5.2 On sub-structure in continuum subtracted maps

As we already highlighted, the location of the dip in 13CO does

not coincide with the location of a continuum gap, but rather the

location of a continuum ring. It is difficult to imagine a scenario in

which the gas would be depleted at the same location where the dust

accumulates. This begs the question of whether the observed dip can

be simply interpreted as due to a reduction in the gas surface density

or if it has a different origin.

Until now we have followed the standard practice of performing

continuum subtraction to analyse line datacubes. We argue that this

practise is not justified in this case and we show through an example

how it can lead to spurious sub-structures in emission line maps. We

provide a detailed explanation of why this is the case in appendix B.

5.2.1 Spurious sub-structure

We use a disc radiative transfer model to see the difference brought

by continuum subtraction in identifying sub-structures. We have

prescribed a smooth gas density 
gas, which follows a power-law

with a slope of 0.5: 
gas ∝ r−0.5. For the dust surface density 
dust

instead, to this power-law profile we have superimposed a Gaussian

ring located at r0 = 60 au with a width σ = 10 au and an amplitude

A = 10 with respect to the background profile:


dust(r) ∝

{

1 + A exp

[

−
(r − r0)2

2σ 2

]}

r−0.5 (1)

.

We show in Fig. 8, the emission maps (integrated intensity in the

left panel and peak brightness in the right panel). As it can be seen

the continuum subtracted integrated intensity and peak brightness

maps show an artificial gap if subtracting the continuum (orange

lines). To show that this structure is spurious, we have also ray-

traced the model removing the contribution to the opacity of the

dust and plotted its integrated intensity as the blue line in the left

panel. This extra step is necessary because an integrated intensity

map is not well defined if continuum subtraction is not performed,

since the value would depend on the integration boundaries. In the

6https://home.strw.leidenuniv.nl/∼moldata/

observational case, therefore, it is not possible to recover the intrinsic

gas emission without extensive modelling. For the peak brightness

map, instead, the blue line represents the map computed without

performing continuum subtraction. This shows that this procedure

correctly recovers the fact that there is no sub-structure in the gas

emission. The procedure can easily be applied to observational

datasets; moreover, as we discuss in appendix B, integrated intensity

maps are complex because at any given location the gas emission

may be optically thick at the line center while being optically thin

in the line wings. Peak brightness map are instead easier to interpret

because they only capture the highest optical depth part of the

emission. For this reason, we will not consider further integrated

intensity maps and we will restrict our analysis to peak brightness

maps in what follows.

5.2.2 Non-continuum-subtracted 13CO profile

In light of the discussion above, we show in Fig. 9 the difference

between these two approaches for the 13CO emission on the peak

brightness map. As it can be seen, the difference is significant. The

gap in 13CO emission in this way is significantly shallower: the

brightness temperature at the local minimum has increased from 15 to

19 K. For reference, the brightness temperature at the local maximum

outside the gap is ∼21 K. This implies that most of the observed gap

in Fig. 7 was an artefact of the continuum subtraction. However,

we also note that a gap is still visible even in the non-continuum

subtracted datacube, implying it is a real dip in emission. Some

concern could be raised that the dip may be due to the absorption

of the back side of the CO-emitting layer from high optical depth

continuum. This can happen only when the (spatial and/or spectral)

resolution is poor since at a given spatial location the front and back

side fall in two different velocity channels, and the peak brightness

map ensures we are selecting the front side emission. Nevertheless,

if continuum absorption was responsible for the gap, we should see

it in models that correctly reproduce the continuum emission in the

rings, such as those we present in Section 5.4. Because this is not the

case, we discount this explanation. To confirm it even more, we also

experimented with radiative transfer models where we artificially

increased the continuum absorption, and also in this case we do not

see any gap in the models. In Section 5.4, we will analyse the possible

origin of this feature using radiative transfer models.

5.3 The extent of the disc

As mentioned in Section 5, the extent of the emission in 13CO is

larger than in the continuum. This is a common feature in proto-

planetary discs (e.g. Isella et al. 2007; Panić et al. 2009; Isella,

Pérez & Carpenter 2012; Ansdell et al. 2018) and there is a large

body of literature addressing the question of whether this is an

opacity or surface density effect (e.g. Dutrey et al. 1998; Hughes et al.

2008; Andrews et al. 2012; Cleeves et al. 2016; Facchini et al. 2017;

Trapman et al. 2019). In the former interpretation, the difference

in size is just apparent and it is due to the gas being optically thick;

therefore the emission can be traced at larger radii because the surface

density needs to decrease enough for emission to become optically

thin. In the latter interpretation, the difference in the observed size

reflects a real difference in the gas and dust surface density.

The reason why settling this issue is difficult is because it requires

knowing how sharply the continuum profile decreases in the outer

part of the disc. Even in the ALMA era, there are only few discs that

have been resolved at high spatial resolution (<100 milliarsec) in the

MNRAS 501, 3427–3442 (2021)
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High-resolution gas observations of CI Tau 3435

Figure 8. Radial profiles for an illustrative radiative transfer model, with a smooth gas surface density profile but with a bright ring in the dust. Left-hand

panel: radial profile of the integrated intensity map after performing continuum subtraction. Because the integrated intensity is not defined when not performing

continuum subtraction, we compare it with the intrinsic gas emission (i.e. setting the dust opacity to zero), although we note that this is not a quantity that is

possible to reconstruct in observations. Right-hand panel: peak brightness map, both for continuum subtracted and non-continuum subtracted case. In contrast

to the integrated intensity, both these quantities can be easily be computed from observations. In both cases, the continuum subtracted maps show a spurious

gap at the location of the continuum ring, while the non-continuum subtracted peak brightness map correctly recovers a smooth gas emission profile.

Figure 9. Radial profile of the peak intensity map from the 13CO observa-

tions, with (orange) and without (blue) continuum subtraction. If continuum

subtraction is not performed, the gap at 0.4 arcsec becomes significantly

shallower. However, the gap remains, implying it corresponds to a real feature

in the intrinsic gas emission profile. Black vertical lines indicate the location

of the continuum features, solid for rings (bright features) and dashed for

gaps (dark features). The grey shaded area marks the size of the beam.

continuum, ensuring that the drop-off is spatially resolved, and that

also have high-resolution line data. CI Tau has both continuum and
13CO high-resolution data available; it is therefore instructive to use

our high-resolution continuum observations (50 milliarcsec) to set

the dust surface density in the radiative transfer model, investigating

whether the difference in disc size could be due to the gas opacity.

To this end we have taken the best-fitting to the continuum surface

brightness profile presented in Clarke et al. (2018) and used it to set

both the gas surface density and the surface density of large grains

(see Section 5.1); in what follows we will call this model ‘constant

gas-to-dust ratio’ (see Table 1). We normalize the dust mass to recover

the continuum flux at 0.89 mm, and assume a dust-to-gas ratio of

100. The dust surface density of the model is shown in the left panel

of Fig. 10 as the orange line.

We show a comparison between this model and the 13CO observa-

tions in the right-hand panel of Fig. 10. Within 1 arcsec, the model is

a reasonable match to the observations; we also show in Fig. C1 that

the emission surface of the model is at a height z/r ∼ 0.1, in line with

what is inferred from the projected velocity map. However, it can

be seen how in this model the gas emission drops off too quickly in

comparison with the observations beyond ∼1 arcsec. For this reason,

we run an alternative model where we apply a shallower drop-off of

the gas surface density, extending the disc beyond 170 au with a

power-law with a slope of 0.5. This procedure is in no way unique

and we apply it only for illustrative purposes. The left-hand panel

shows (blue line) the surface density we use in the shallower drop-

off model and the right-hand panel the predicted emission, showing

that the model better reproduces the emission in the outer part of the

disc, although a more satisfying fit would require an even shallower

drop-off. It is also possible that the external radiation field is slightly

warmer than the 10 K we assume in the radiative transfer calculation,

slightly increasing the temperature and therefore the CO emission in

the outer parts of the disc.

On the basis of these models and of the sharp drop-off resolved

in the continuum, we can exclude in this disc the possibility that

the difference in size is due only to the gas opacity. This points

to a real difference in the dust-to-gas ratio. Note however that in

this context ‘dust’ is to be intended as the solid component with a

significant sub-millimetre opacity, and not as the total solid content.

A significant amount of dust locked up in small grains (with size

smaller than 100-200 μm) could be present in the outer disc, but

it would remain undetectable in our continuum observations. This

is due to what Rosotti et al. (2019) called ‘opacity cliff’, namely

the sudden drop in the opacity at millimetre wavelengths for grains

smaller than 100-200 μm. A reduction in grain size is also supported

by the variation in the spectral index of the continuum emission (see

Section 3.2). In the interpretation of Rosotti et al. (2019), the sharp

drop-off of the dust emission is due to the processes controlling

grain growth and therefore the dust opacity, but a significant dust

population is still present beyond the continuum outer edge. An

alternative interpretation (Birnstiel & Andrews 2014) instead is

that radial drift causes a sharp drop-off in the dust-to-gas ratio

MNRAS 501, 3427–3442 (2021)
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3436 G. P. Rosotti et al.

Figure 10. Left-hand panel: dust surface density of the ‘constant dust-to-gas ratio’ model and of its variant with a shallower drop-off. As in previous plot we

have marked the locations of the continuum features, as well as the position of the 13CO gap. Right-hand panel: predicted 13CO emission profile of the two

models in comparison with the observations. The grey shaded area marks the size of the beam. The vanilla ‘constant dust-to-gas ratio’ model clearly exhibits in

the outer part of the disc a drop-off of the 13CO emission that is too steep, implying that the decline of the gas surface density must be shallower than the one of

the dust (see text for clarifications on what dust surface density means in this context).

where the gas profile has a steep pressure gradient. Although our

observations do not suggest a steep decline in the gas surface

density at the location of the continuum outer edge, addressing this

question would require more extensive modelling. Therefore, both

possibilities remain open.

5.4 The gap in 13CO emission

As mentioned in Section 4.2, the 13CO emission shows a gap in

emission at a radius of 0.4 arcseconds. However, the spatial location

of this gap does not coincide with the location of a dust gap, but with

the location of a dust ring, making it unlikely that this structure is

due to a reduction in the gas surface density. Setting aside this issue

for a moment, we construct radiative transfer models to establish

whether a reduction in surface density comparable to that observed

in the continuum would cause a significant reduction in gas emission.

To this end, we consider two families of models (see Table 1).

The first family is the ‘constant gas-to-dust ratio’ family already

introduced in the previous section, where we assign a gas surface

density rescaling the observed continuum surface density. The second

family is the ‘hydro’ family where we use the surface density of the

hydrodynamical model containing three planets presented in Clarke

et al. (2018). This model also reproduces the continuum observations

by construction. In this model, as it is common in dusty planet-disc

interaction simulations (Paardekooper & Mellema 2004; Dong et al.

2015; Rosotti et al. 2016; Dipierro & Laibe 2017), features in the gas

surface density are shallower than in the dust. The only modification

we do to the output of the hydro simulation is that in the hydro

simulation the surface density profile steepens from 
gas ∝ 1/r to

1/r2 beyond 60 au, but in early tests this produced too little emission

beyond this radius. We therefore multiply the gas surface density

profile by a factor r.

We show the results of this exercise in Fig. 11. The figure shows

the input surface densities (gas and dust) in the left panel and the

predicted emission in the right panel for the ‘hydro’ model, while

the ‘constant gas-to-dust ratio’ model has already been shown in

Fig. 10. Neither of the two models produce a significant gap at

the observed location, but they both reproduce correctly the overall

surface brightness. This implies that, given the gap depth measured

in the dust, the gap depth observed in the gas cannot be caused by a

reduction in surface density. This can readily be understood as at the

gap location we find that the 13CO emission is optically thick, with

an optical depth at the center of the line of roughly 20. Given that

the emission is optically thick, our model is not unique - the optical

depth could also be higher, or moderately lower (as long as it is above

1), and still reproduce correctly the observed intensity. However,

the fact that we do reproduce the observed intensity confirms that

the emission is optically thick. More empirically, this can also be

understood as the peak brightness is above 20K, implying that the

emission is coming from a layer above that where CO freezes out.7

This explains why a reduction of a factor ∼2 in surface density, as

observed in the continuum, is not observable in 13CO.

We therefore have to seek a different origin for the observed gap,

which could explain the gap location. If the gap is not due to a

reduction in surface density, it must be due either to a chemical

effect (i.e. a change in abundance) or to a reduction in temperature.

In what follows we attempt to put forward a possible explanation

based on the latter option, although we note that it is certainly not

the only possible one.

We hypothesise that the observed gap could be due to shadowing

of the disc from dust accumulation at smaller radii. To make this

hypothesis more concrete, we have artificially increased the surface

density of ‘small’ grains in the ‘hydro’ model at the location of the

first dust ring; we call ‘hydro + ring’ the resulting model. This has

been accomplished by multiplying the small dust surface density by

a Gaussian function Aexp (− (r − r0)2/2σ 2); we use r0 = 20 au,

A = 5 and σ = 10 au. Because the ring is only in the ‘small’ grains,

there is no practically no difference in the continuum emission at

sub-millimetre wavelengths. The result of this exercise on the 13CO

emission is shown in Fig. 11 as the green line. While we do not

attempt a detailed fit to the observations, the figure shows that this

mechanism can indeed create a gap in the emission, with roughly the

correct width and depth. In this scenario, the coincidence of the gap

7In the models, we find that the temperature at the emission surface is actually

higher, roughly 30K at 0.4 arcsec. Comparing the line cubes before and

after convolution reveals this is a consequence of beam dilution significantly

decreasing the peak brightness in the channel maps. This further reinforces

the conclusion that the 13CO emission is optically thick at these radii.

MNRAS 501, 3427–3442 (2021)
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High-resolution gas observations of CI Tau 3437

Figure 11. Left: surface density of gas (dotted line) and dust (both ‘small’, solid lines, and ‘large’, dashed line, grains) in the ‘hydro’ and ‘hydro+ring’ models.

The ‘hydro + ring’ model differs only in the small dust from the ‘hydro’ model. The gas surface density has a deep gap at ∼15 au and it is essentially smooth

further out. To ease the comparison we have marked the positions of the continuum features and of the 13CO gap. Right: predicted 13CO radial emission profile.

The grey shaded area marks the size of the beam.

Figure 12. Temperature at the emission surface (z/r = 0.1) for the ‘hydro’

and ‘hydro+ring’ models. In the ‘hydro + ring’ model, at small radii (∼15

au) the temperature increases as the ring intercepts more stellar radiation. At

larger radii (20–30 au), however, the ring shadows the outer part of the disc,

causing a reduction in disc temperature. This reduction is the reason why the
13CO emission from this part of the disc is dimmer than in the ‘hydro’ model.

As in previous plots we have marked the positions of the continuum features

and of the 13CO gap.

with the second dust ring is fortuitous, since in principle the shadow

could be cast elsewhere; but we note that our model did not require

vast amounts of fine-tuning to correctly reproduce the gap location,

and the first ring provides a natural place where to accumulate dust.

As mentioned, in this case the gap is due to a reduction in

temperature. This is confirmed by inspecting Fig. 12, which shows

the temperature in the ‘hydro’ and ‘hydro + ring’ model at the

emission surface. At the location of the dust ring, the temperature

increases as the ring is exposed to the stellar radiation. Because it is

hotter, the ring puffs up and shadows the outer part of the disc, which

in turn becomes colder. The situation closely resembles that found

at the disc inner rim (e.g. Dullemond, Dominik & Natta 2001).

We stress that this model should be taken only as illustrative.

There is considerable degeneracy regarding whether the ring should

be located and what its properties should be; moreover, while here

we have used ‘small’ (ISM-like) grains, in principle other grain sizes

would have a similar effect as long as they create a similar change in

the dust optical depth. While clearly degenerate, the model confirms

that a temperature reduction is a possible explanation for the observed

gap, and that this reduction could be caused by shadowing from the

inner disc in a manner similar to our proposed hypothesis.

6 D ISCUSSION

6.1 A note of caution in analysing high-resolution gas emission

maps

Our radiative transfer model shows that a depletion of the total gas

surface density at the location of the gap observed in the continuum

is unlikely be responsible for the dip we observe in the 13CO

emission. We proposed that this could be due to shadowing from the

inner disc (for example at the location of the first continuum ring),

decreasing the disc temperature at larger radii. This is surely not the

only possible explanation, with alternatives invoking (for example)

chemical depletion of CO by conversion into other species at the

location of the continuum ring. While exploring these possibilities

is outside the scope of this paper, our results do nevertheless raise a

note of caution in analysing high-resolution line emission maps. On

one hand, CO is a very convenient tool to use to study the total gas

amount due to its high abundance. Its many isotopologues are also

conveniently spaced in abundance, so that simultaneous analysis of

multiple isotopologues can yield robust upper/lower limits on the

total gas column. For these two reasons CO has long been used as

a gas mass tracer. On the other hand, our observations show that

when analysing spatially resolved data, one should be careful as

other effects, such as the issue of continuum subtraction, as well as

the temperature at the emitting region, might come into play. We note

that in terms of the total emission the effect in our radiative transfer

model is limited as it amounts to a difference of only a few Kelvin

– studies interested in measuring the gas mass will therefore not be

significantly affected by the issue of continuum subtraction nor by

temperature variations. The note of caution we raise is relevant for

analysis of sub-structure in discs, i.e. what are colloquially called

‘gaps’ and ‘rings’ – in this case, mapping the observed surface

brightness to a gas surface density is not trivial.

In the future, it will be interesting to compare studies such as this

that rely on the surface brightness of line emission with studies that

MNRAS 501, 3427–3442 (2021)
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Figure 13. A possible deviation from Keplerian rotation seen in the 12CO

channel map at 1 km/s (marked by the arrow) at a deprojected radial distance

of 1.′′3 (180 au at 140 pc). The solid white line marks the iso-velocity contour

for an unperturbed emission surface at z/r = 0.3, with the corresponding

contour for the back side of the disc is shown with the dashed white line.

use instead the disc kinematics (Teague et al. 2018; Casassus & Pérez

2019). Disc kinematics can also be used to derive information about

the disc sub-structure, such as the presence and location of pressure

maxima (Teague et al. 2018; Keppler et al. 2019) and the width of gas

features (Rosotti et al. 2020b). The two methods are complementary

and comparing them will be essential to study disc sub-structures

and their origin.

6.2 On the planets hosted in the disc

Clarke et al. (2018) proposed that the three gaps observed in the

continuum are due to a family of three, Jupiter-mass planets and

presented hydro-dynamical models to support this interpretation.

Overall, the data we present in this paper neither excludes nor

confirms this hypothesis. As our radiative transfer models shows

(see Fig. 11), none of the gaps opened by the planets in the gas

surface density would be observable. While for the second and third

gap we find that this is because the 13CO line emission is always

optically thick in the gap, for the first, deep gap we find instead that

the limiting factor is spatial resolution. Future observations at higher

resolution might better probe the planet hypothesis for the first gap;

alternatively, observations of rarer, more optically thin species might

probe this for the other two gaps.

While we are unable to study the planetary hypothesis for the

continuum gaps further, there is a possibility that this system hosts

an additional planet. We show this in Fig. 13, which shows the
12CO channel map at 1 km/s. The arrow on the figure marks the

location of a possible deviation from Keplerian rotation, which is

seen at a deprojected radial distance of 1.′′3 (180 au at 140 pc). These

features have been shown to be compatible with the presence of a

massive planet (Pinte et al. 2018, 2019; see also Pinte et al. 2020 for

other tentative deviations), in which case they correspond to local

deviations of the Keplerian rotation pattern induced by the planet

gravity. In some cases (Pinte et al. 2019, 2020), the deviations have

been found inside a continuum gap, whereas in this case the feature is

found outside the extent of the continuum disc, as it is for HD163296

(Pinte et al. 2018). At the SN of these observations, the detection of

this deviation from Keplerian rotation is not unambiguous. Moreover,

due to foreground absorption, we cannot check whether the feature

appears also in the corresponding channel on the other side of the

disc. Future observations are required to confirm the deviation, its

properties, and study its origin.

6.3 The ring of CS emission

The CS emission shows a single ring-like morphology with no central

component. The emission peaks at a similar location to the second

continuum gap and ring at ∼50 au.

A ring morphology is in agreement with observations and mod-

elling of CS in other discs (e.g. Le Gal et al. 2019), indicating that

the ring is likely produced by chemical effects rather than a variation

of the gas surface density or gas temperature. Our analysis shows

that the ring is slightly offset from the central star, consistent with

the CS emission originating from a relative height of z/r ∼ 0.1 in the

disc. Guilloteau et al. (2012) perform chemical modelling to explain

observations of CS toward DM Tau. They find the emission originates

from z/r ∼ 0.15–0.2 (above one scale height), broadly in agreement

with their model predictions of a CS reservoir between z/r ∼ 0.2–

0.4. More recently, Le Gal et al. (2019) analysed CS emission from a

broader sample of discs (including DM Tau). While relative heights

were not directly measured, their models show agreement with the

above, placing CS reservoirs at z/r > 0.1. The relative height of z/r

in CI Tau is toward the lower end of these estimates, and may hint

that CS is being more efficiently destroyed in the upper layers of the

CI Tau disc (e.g. via photodissociation) when compared with other

objects. Another possibility involves instead the formation route.

While performing chemical modelling is outside the scope of this

paper, formation routes of CS have been explored by Semenov et al.

(2018) and Le Gal et al. (2019). They both find that CS has two

main formation pathways. The first one involves reactions between

S+ and small hydro-carbons produced by C+ gas-phase chemistry.

The second, slower route involves neutral–neutral reactions of S with

molecules such as CH, CH2, and C2. The former route requires high

radiation fields to photoionize S and C and can therefore only take

place relatively high above the midplane. Instead, the latter route

only involves neutral species, and can therefore produce a reservoir

of CS at a lower relative height in the disc. The latter formation route

would also be compatible with the scenario presented in Section 5.4

where this region of the disc is partially shadowed, which would

presumably inhibit the first formation route.

7 C O N C L U S I O N S

In this paper, we presented ALMA band 7 high-resolution (0.15

arcsec) observations of the disc around CI Tau in 0.89mm continuum,
12CO & 13CO J = 3–2, and CS J = 7-6 CS emission lines. Our results

are as follows:

(i) The morphology of the continuum emission closely resembles

our previous observations in band 6 at 1.3 mm. The spectral index

rises towards the outer parts of the disc, indicating that the disc is

slightly smaller at 1.3 mm than at 0.89 mm. This might be linked to

a sharp variation in grain size at the location of the continuum outer

edge.

(ii) The 12CO is heavily contaminated by foreground absorption,

preventing any analysis of the disc structure using this emission line.

(iii) The 13CO emission shows a gap in emission coincident with

the location of the second continuum ring (rather than a gap) at

a radius of ∼ 50 au. Most of this gap is likely an artefact resulting

from continuum subtraction, since the gas emission is optically thick.

MNRAS 501, 3427–3442 (2021)
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However, the gap still remains even if continuum subtraction is not

performed, suggesting that at least partially the gap in emission is

real (though less conspicuous than suggested by the continuum-

subtracted map).

(iv) We propose that the inner disc (radius � 20 au) is shadowing

the outer part of the disc, decreasing the temperature and therefore

creating at a radius of ∼ 50 au the observed gap in emission, that

does not however correspond to a decrease in surface density. This

raises a note of caution in mapping high-resolution observations of

gas emission lines to the underlying gas surface density.

(v) The 13CO emission is more extended than the continuum disc.

Given the sharp drop-off observed in the continuum emission, this is

difficult to reconcile with an opacity effect and is more likely due to

a genuine difference in the dust and gas density distributions.

(vi) The CS emission is resolved in a ring peaking at ∼50 au.

Based on previous observational and modelling studies, this is most

likely due to chemical effects rather than a variation in gas surface

density.
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High-resolution gas observations of CI Tau 3441

APP ENDIX B: O N C ONTINUUM SUBTRAC TI ON

B1 Intensity in a channel map

To understand why continuum subtraction can create spurious

structure in gas maps, we start writing the emission Iν at a given

location in the image, and at a given frequency ν, as:

Iν = [1 − exp(−τg)]Bν(Tg) + [1 − exp(−τd )] exp(−τg)Bν(Td ),(B1)

where τ denotes optical depth, T temperature, and Bν is the Planck

function, and we have used the suffix g for the gas and d for the dust.

This equation assumes the situation depicted in Fig. B1, i.e. a dust

layer behind a gas layer; each layer emits radiation and the gas layer

also partly absorbs the dust continuum emission. This assumption

is justified for molecules like CO that are abundant in the warm

molecular layer, while the dust is typically settled to the midplane.

The goal of performing continuum subtraction is to recover the

intrinsic line emission, that is, only the first term [1 − exp (−

τ g)]Bν(Tg). Continuum subtraction is justified if line emission is

optically thin, because in this case the attenuation of the dust from

the gas is negligible, i.e. exp (− τ g) ≃ 1. We note however that

subtraction is not necessary in the case line emission is optically

thick, because in this case the second term is completely absorbed

by the gas in front. Subtracting the continuum in this case is not only

not necessary, but erroneous because it leads to an underestimate of

the intrinsic gas emission. The brighter the continuum is with respect

to the gas, the more severe the underestimate is. This explains why

continuum subtraction can lead to a spurious ‘gap’ in the gas emission

at a location where the continuum is bright, i.e. it has a ‘ring’, as we

show in Section 5.2. Note that the creation of spurious sub-structure

does not require that the continuum is optically thick, although it does

require that the surface brightness of the continuum is comparable to

the line emission.

Of course, the true structure of proto-planetary discs is more

complex than captured in equation (B1), and it is not true that the

CO gas has a single temperature. However, the fact that we should

not subtract the continuum if the line emission is optically thick still

stands. We also note that in principle we would need to add another

gas layer, placed behind the dust, to account for the fact that the

backside of the disc also contributes to the emission. However, if in

a given channel the front layer is optically thick, the back layer is

completely absorbed and does not affect this discussion.

B2 Intensity in a moment map

Up to now we have considered a single channel. In reality, due to

Keplerian rotation, even if emission is optically thick in a given

Figure B1. Graphical depiction of the simplified model we use to illustrate

why continuum subtraction is not necessary. We assume there is a gas layer

with temperature Tg and optical depth τ g in front of a dust layer with

temperature Td and optical depth τ d. The total emission is given by equation

(B1).

Figure C1. Height of the emission surface for the ‘constant dust-to-gas ratio’

model.

channel, it will become optically thin for channels sufficiently far in

velocity space. When constructing an integrated intensity map, this

implies that understanding whether to apply continuum subtraction

becomes extremely complex: at a given location some channels are

optically thick (and therefore should not be continuum subtracted)

whereas other ones are optically thin (and should be continuum

subtracted). Stated in another way, to recover the intrinsic gas

emission, we should know the optical depth τ g of the gas in each

channel.

It is conceptually easier instead to compute a peak intensity

map. In this case, provided at least one channel is optically thick,

the peak brightness will simply be the intrinsic line emission,

unaffected by the continuum, and continuum subtraction is therefore

not necessary. The example of Section 5.2 confirms that this intuition

is correct.

In concluding, we note that this discussion is largely similar to

Weaver, Isella & Boehler (2018) (see also Boehler et al. 2017).

In that case, the authors focused on correctly measuring the gas

temperature rather than the intrinsic gas emission, but we note that

for optically thick emission the two things are equivalent. The

important difference is that Weaver et al. (2018) only presented

models of smooth discs. Instead, what we show in this section,

in the example of Section 5.2 and on the observational data, is

that, when dealing with discs showing sub-structure, continuum

subtraction can lead to the creation of artificial sub-structures in the

gas emission, such as dark gaps at the location of bright continuum

rings.

A P P E N D I X C : H E I G H T O F T H E E M I S S I O N

SURFAC E

Fig. C1 shows the height of the emission surface in the ‘constant

dust-to-gas ratio’ model.

APPENDI X D : C HANNEL MAPS

Fig. D1 shows the channel maps for 12CO, 13CO, and CS.
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Figure D1. Channel maps for 12CO (top), 13CO (middle), and CS (bottom). Keplerian masks used during imaging and moment map generation are shown with

a dashed line.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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