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ABSTRACT

We report new Atacama Large Millimeter/sub-millimeter Array (ALMA) Band 3 observations at 2.75 mm of the TD

around SR 24S with an angular resolution of ∼0.11′′× 0.09′′and a peak signal-to-noise ratio of ∼ 24. We detect an inner

disk and a mostly symmetric ring-like structure that peaks at ∼0.32′′, that is ∼37 au at a distance of ∼114.4 pc. The

full width at half maximum of this ring is ∼28 au. We analyze the observed structures by fitting the dust continuum

visibilities using different models for the intensity profile, and compare with previous ALMA observations of the same

disk at 0.45 mm and 1.30 mm. We qualitatively compare the results of these fits with theoretical predictions of different

scenarios for the formation of a cavity or large gap. The comparison of the dust continuum structure between different

ALMA bands indicates that photoevaporation and dead zone can be excluded as leading mechanisms for the cavity

formation in SR 24S disk, leaving the planet scenario (single or multiple planets) as the most plausible mechanism.

We compared the 2.75 mm emission with published (sub-)centimeter data and find that the inner disk is likely tracing

dust thermal emission. This implies that any companion in the system should allow dust to move inwards throughout

the gap and replenish the inner disk. In the case of one single planet, this puts strong constraints on the mass of the

potential planet inside the cavity and the disk viscosity of about .5MJup and α ∼ 10−4 − 10−3, respectively.

Keywords: accretion, accretion disk, circumstellar matter, planets and satellites: formation, proto-

planetary disk, stars: individual (SR24S)
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1. INTRODUCTION

Recent high-angular resolution observations, with for

example the Atacama Large Millimeter/sub-millimeter

Array (ALMA), have revolutionized the field of planet

formation by unveiling a variety of structures observed

in protoplanetary disks. In general, when observing at

high angular resolution, ALMA has identified two broad

categories of disks. To the first category belong those

disks with multiple rings and gaps (e.g., Andrews et al.

2018; Long et al. 2018), while in the second category are

those with a large dust gap or cavity (e.g., van der Marel

et al. 2018; Pinilla et al. 2018). The second category are

transition disks (TDs), where the observed cavities are

usually surrounded by a ring-like structure that may or

not be axisymmetric. Interestingly, some of these disks

appear to also have more complex structures in the dust,

beyond a simple cavity and ring structure (e.g., Dong

et al. 2018). It is therefore possible that, in the near

future, the distinction between the two categories will

become less evident.

Nevertheless, TDs were already identified three

decades ago, prior to spatially resolved any kind of

substructures. They were recognized by their spectral

energy distributions (SEDs), which show weak near-

and mid-infrared excess emissions, but substantial ex-

cess beyond 20 microns (Strom et al. 1989). This type

of SED suggested the presence of dust-depleted cavities,

which were later spatially resolved at different wave-

lengths (e.g. Brown et al. 2009; Andrews et al. 2011;

Espaillat et al. 2014). Therefore, TDs have been for

years excellent laboratories to investigate disk evolu-

tion. The study of such objects is important to make a

step forward in the current understanding of the origin

of more complex structures that we observe today.

The ring-like shape of TDs may result from the trap-

ping of dust particles in specific regions of protoplan-

etary disk known as pressure bumps. These pressure

bumps were already proposed by Whipple (1972) to

overcome one of the most challenging problems of planet

formation: the radial drift barrier (Weidenschilling

1977). In a protoplanetary disk with a homogeneous

gas distribution, dust particles feel an aerodynamic

drag that causes them to migrate inward, in particular

when they are millimeter and centimeter in size, and

they are in the outer parts of the disk (beyond ∼20 au).

This radial drift has been a challenge for understand-

ing observations of protoplanetary disks, which show

that millimeter-sized particles remain in the outer disk

for millions of years, despite radial drift (see e.g., Ricci

et al. 2010a; Testi et al. 2014). Pressure bumps provide

a solution to the drift barrier because the aerodynamical

drag between the dust particles and the gas is reduced

or totally suppressed near or at the pressure maximum.

Several observational tests can be performed to in-

spect if particle trapping is occurring in protoplanetary

disks. For example, Dullemond et al. (2018) investigated

if dust trapping is operational in disks with substruc-

tures observed at high angular resolution with ALMA

(Andrews et al. 2018), by comparing the width of the

dust rings with the width of a potential gas pressure

bump. If the width of the dust ring is lower than the

width of the pressure bump, it is likely that trapping is

in action. Measuring the width of a gas pressure bump

directly from observations is still challenging, although

it has been possible in very few cases (e.g., Teague et al.

2018, for the case of HD 163296).

One consequence of dust trapping is that dust parti-

cles that are more decoupled from the gas (but not to-

tally decoupled) are subject to feel the radial drift more

efficiently. As a result, in a pressure maximum cen-

timeter particles are more concentrated than millimeter

particles, which in turn will be more concentrated than

micron-sized particles. This prediction can be tested by

observing disks at different wavelengths that trace differ-

ent grain sizes. Depending on the origin of the pressure

bumps, different degrees of segregation in the distribu-

tion of small, intermediate and large particles are ex-

pected (see e.g., Pinilla & Youdin 2017, for a review).

For instance, a massive planet has been invoked by theo-

rists to explain the large cavities in TDs (e.g., Rice et al.

2006; Paardekooper & Mellema 2006). In this case, one

direct consequence of dust trapping is that the observed

dust continuum cavity increases in size with increasing

wavelength (e.g., de Juan Ovelar et al. 2013). The ma-

jority of TDs that have been observed at near-infrared

scattered light and millimeter wavelengths have shown

this kind of segregation (Villenave et al. 2019), hint-

ing to embedded planets in the cavities. Observational

campaigns have been carried out to search for compan-

ions in TDs (e.g., Cugno et al. 2019), and few objects

have planet candidates, although with several controver-

sies whether or not the observed emission comes from a

point source or from the disk itself (e.g., Quanz et al.

2013; Rameau et al. 2017; Reggiani et al. 2018). So

far, only one companion in a TD has been confirmed

(PDS 70b, Keppler et al. 2018).

A few of the other proposed mechanisms to open a

large gap or cavity in disks are photoevaporation (e.g.,

Alexander & Armitage 2007; Ercolano & Pascucci 2017)

and the presence of regions of low ionization where the

magnetorotational instability is inhibited (the so called

dead-zone, e.g., Flock et al. 2015). The dust segregation

is expected to vary (and hence the cavity size at differ-
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ent wavelengths) depending on the origin of the pressure

bump. It is therefore fundamental to obtain multiwave-

length observations of disks with substructures, includ-

ing TDs, in order to understand the physical mecha-

nisms that are allowing the millimeter-sized particles to

persist in the outer disk, as presented in this paper.

In this paper, we present new ALMA Band 3 observa-

tions at 2.75 mm of the TD around SR 24S and compare

our data with published ALMA observations of the same

disk at 0.45 mm and 1.30 mm. We use this multiwave-

length comparison to better understand the potential

origin of the cavity observed in SR 24S. The paper is

organized as follows. In Sect. 2, we describe the details

of our ALMA observations. The results and analysis

of our data, together with the comparison with previ-

ous ALMA observations are presented in Sect. 3. The

discussion and conclusions are in Sect. 4 and Sect. 5,

respectively.

2. OBSERVATIONS

SR 24S was observed with ALMA in Band 3 during

Cycle 5 on November 9th, 2017 (#2017.1.00884.S). For

these observations 43 antennas were used, with a base-

line range from 138 m to 13894.4 m. The source was

observed in four spectral windows, two of them cen-

tered at 107.9 GHz, one at 110.2 GHz, and the other

one at 109.8 GHz; for a mean frequency of ∼109 GHz or

a wavelength of 2.75 mm. The quasar QSO J1427-4206

was observed for bandpass and flux calibration, while

the quasar QSO J1625-2527 was observed for phase cal-

ibration. The total observing time was 22.5 mins, with a

total on-source time of ∼8 min. We also aimed to detect
13CO(1-0) at 110.20 GHz and C18O (1-0) at 109.78 GHz,

but did not get a clear detection of these emission lines.

We performed self-calibration, which slightly improved

the signal-to-noise ratio of the data compared to the de-

livered data. The data were calibrated using the Com-

mon Astronomy Software Package (CASA, McMullin

et al. 2007).

Before imaging, the data were correctly centered by

fitting a simple Gaussian to the data, using uvmodelfit.

The obtained center was α2000=16:26:58.51, δ2000=-

24:45:37.24, which was used to correct the phase cen-

ter and obtain the visibilities using fixvis. From the

fitting, the position angle (PA) and inclination were

26.8◦ ± 1.3◦ and 47.6◦ ± 2.4◦ respectively, in agreement

with previous observations (van der Marel et al. 2015;

Fernández-López et al. 2017; Pinilla et al. 2017).

Continuum imaging was performed using the clean

algorithm. We used the natural weighting scheme to

obtain the best sensitivity possible. The final beam size

was 0.106′′×0.088′′, achieving a rms of ∼38µJy beam−1.

The total flux density and the peak brightness from

the image is 28.9 mJy and 0.9 mJy beam−1, respectively.

This implies a signal-to-noise ratio with respect to the

peak of ∼ 24.

The details of the ALMA Cycle 0 and Cycle 2 ob-

servations (0.45 mm and 1.30 mm, respectively) and the

respective calibrations are explained in van der Marel

et al. (2015) and Pinilla et al. (2017).

3. RESULTS AND DATA ANALYSIS

3.1. Dust morphology and comparison with previous

ALMA observations

The final image from our Band 3 observations is shown

in the bottom left panel of Fig. 1. In this figure, we in-

clude for comparison the previous ALMA observations

(using the same cleaning procedure) at 0.45 mm and

1.3 mm obtained in Cycle 0 and Cycle 2, with a reso-

lution of 0.37′′×0.19′′and 0.19′′×0.15′′, respectively. In

addition, this figure shows the radial cut of the con-

tinuum flux, along the disk PA, and normalized to the

peak, for each wavelength.

A dust depleted cavity is resolved at the three wave-

lengths. However, the width of the ring is only spatially

resolved in the Band 6 and in the Band 3 observations,

as discussed in Sect. 3.3. To check if the emission in-

side the ring is optically thin or thick, we calculate the

optical depth as τ = − ln[1 − Tbrightness/Tphysical], with

Tbrightness and Tphysical being the brightness and physical

temperature respectively. The brightness temperature is

calculated from the blackbody Planck function without

assuming the Rayleigh-Jeans regime. The optical depth

is higher than unity inside the ring for the Band 9 and

for the Band 6 observations, as demonstrated in Pinilla

et al. (2017) (their Figure 7). While for the Band 3 ob-

servations, the emission inside the ring is optically thin,

with a maximum value of τ at the peak of emission of

0.37 (when assuming a physical temperature of 20 K).

The data in Band 3 shows emission from the inner

disk. The total flux density inside a circular aper-

ture of 75 mas radius is ∼0.46 mJy and the maximum

is ∼0.33 mJy beam−1, that is a detection of about ∼7σ,

which is clearly seen in the radial cut along the PA of

the disk. In these observations, the inner disk seems

to be centered around the central star, and we assumed

in Sect. 3.3 a central Gaussian or a point source at the

center to fit the emission of this inner disk.

The left panel of Fig. 2 shows the azimuthally av-

eraged radial profiles from the deprojected images and

assuming a distance of 114.4 pc ±4.8 pc (Gaia Collab-

oration et al. 2018). The errors include the standard

deviation in each radial bin and the rms from the obser-

vations. This figure shows that the ring of emission at
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Figure 1. ALMA observations of the disk around SR 24S in Band 9 or 0.45 mm (upper left panel), in Band 6 or 1.3 mm (upper
right panel), and in Band 3 or 2.75 mm (bottom left panel). In each panel, the beam is shown in the bottom left of the image.
The bottom right panel corresponds to the intensity profile as a function of offset at the disk PA (∼ 27◦), errors correspond to
the rms of each observation. The horizontal bars represent the minor axis of the synthesized beams.

0.45 mm peaks around 30 au, while it peaks at around

40 au at 1.3 mm and 2.75 mm. Since the resolution of the

Band 6 and Band 3 images is similar (0.19′′×0.15′′vs.

0.106′′×0.088′′, respectively), we imaged with the same

circular beam of 0.19′′and deprojected the two data sets

for comparison (right panel of Fig. 2). At this resolu-

tion, the emission coming from the inner disk in Band 3

is not detectable in the image because of beam dilution,

and the shape of the ring of emission is very similar to

that in Band 6.

3.2. Disk dust mass and spectral index

Assuming optically thin emission, the dust disk mass

can be calculated as Mdust ' d2Fν

κνBν(T (r)) (Hildebrand

1983). Considering a distance to the source of 114.4 pc

±4.8 pc, a mass absorption coefficient at a given fre-

quency given by κν = 2.3 cm2 g−1×(ν/230 GHz)0.4 (An-

drews et al. 2013), and a dust temperature of 20 K (e.g.

Pascucci et al. 2016); the total dust mass obtained from

the total flux at 2.75 mm is 55.3M⊕±7.3M⊕, when tak-

ing the total flux from the image. This uncertainty in-

cludes the uncertainty on the distance and 10% of un-

certainty from absolute flux calibration in addition to

the rms of the data. The potentially large uncertainty

in the dust opacity is not taken into account. This dust

mass is lower than the values obtained from ALMA ob-

servations at shorter wavelengths: using the new Gaia

distance, the calculated dust mass using the 1.3 mm ob-
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Figure 2. Left: Radial profiles after azimuthally averaging the deprojected images (assuming d=114.4 pc, errors include
standard deviation in each radial bin and the rms from the observations). The horizontal bars represent half of the minor axis
of the synthesized beams. Right: As left, but the images at 1.3 mm and 2.75 mm have been produced with the same circular
beam of 0.19′′for comparison.

servations is 85.8M⊕±14.1M⊕. The difference in dust

mass might arise from spatial-filtering of the extended

flux due to the lack of short baselines. In our observa-

tions, the maximum recoverable scale (MRS) is 1.1′′. As

part of the same program, the TD around HD 135344B

was observed with similar resolution and MRS (Caz-

zoletti et al. 2018). For HD 135344B (which is more

radially extended), we obtained short baselines obser-

vations to recover the large scales. The total flux of

this source after combining short and long baselines is

similar than when assuming only the long baselines ob-

servations. It is unclear if this would be the case for

SR 24S. However, the 2.75 mm flux from our observa-

tions is in good agreement with the flux obtained from

the Australia Telescope Compact Array (ATCA) obser-

vations at 3 mm of 26.6 mJy (Ricci et al. 2010b), which

synthesized beam has a full width at half maximum of

∼3-7′′. Another possibility for the difference of Mdust is

the opacity, which may have a more complex dependence

on grain size and wavelength (Birnstiel et al. 2018) than

what we assumed.

Using the total flux at 1.3 mm of 220 mJy (Pinilla et al.

2017), and the 2.75 mm flux, we find that the spatially

integrated spectral index is 2.7±0.03 (error includes 10%

from flux calibration in addition to the rms of the ob-

servations). This value of the spectral index (αmm) is in

agreement with previous work (e.g., Zapata et al. 2017),

and it is higher than the value reported in Pinilla et al.

(2017) using the 0.45 mm observations, which is dom-

inated by optically thick dust emission. Pinilla et al.

(2014) found a positive correlation between the spa-

tially integrated spectral index and the cavity size of

TDs. Using such correlation (αmm = a× rcav + b, with

a = 0.011 ± 0.007 and b = 2.36 ± 0.28), the expected

cavity size is 31.0 au±1.4 au. This value is in agreement

(within the resolution of the data) with the cavity size

resolved in ALMA observations (Table 1), as discussed

below.

3.3. Fit of the dust morphology in the visibility plane

To fit the millimeter dust continuum emission at the

three wavelengths, we perform an analysis of the ob-

served morphology in the visibility domain. We focused

on fitting the real part of the visibilities because the

emission is mainly axisymmetric. As shown in the bot-

tom right panel of Fig. 1, the intensity profile along the
disk PA is symmetric. When taking the intensity pro-

file along the minor axis of the disk, the difference of

emission between the south east and north west is less

than 1σ. For all the three observations, the imaginary

part of the visibilities oscillates very close to zero after

centering the target (bottom panels of Fig. 3).

We considered three different models. First, we as-

sumed a radially asymmetric Gaussian ring for the mil-

limeter intensity with different inner and outer widths.

The motivation of this model is to include the effect of

particle trapping in a radial pressure bump. Pinilla et al.

(2017) demonstrated that in the presence of one pres-

sure bump, the accumulation of particles is expected to

be radially asymmetric because in the outer disk grains

take longer times to grow to sizes for which radial drift

is effective. In addition, the drift timescales are longer

in the outer disk. As a consequence of these two ef-
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Figure 3. Top panels: Best model fit (model with the lowest BIC, see Table 1) vs. the real part of the binned and deprojected
visibilities for Band 9 (0.45 mm, left panel), Band 6 (1.3 mm, middle panel), and Band 3 (2.75 mm, right panel). The error bars
correspond to the standard error in each bin. Bottom panels: Imaginary part of the visibilities for each band after centering
the target.

fects, at million years timescales, the accumulation of

dust particles results in a ring with a larger outer width

(see also, Fig. 8 in Dullemond et al. 2018). In this case,

the intensity profile is given by:

I(r) =
C exp

(
− (r−rpeak)

2

2σ2
int

)
for r ≤ rpeak

C exp
(
− (r−rpeak)

2

2σ2
ext

)
for r > rpeak.

(1)

Our second and third models aim to reproduce the

emission from the inner disk as seen in the 2.75 mm ob-

servations. Thus, the second model includes a point

source in addition to this radially asymmetric Gaussian;

and our third model assumes that the inner emission is

a centered Gaussian profile instead of the point source.

This inner Gaussian or the point source is multiplied by

a factor A, which gives the weight of this inner emission

with respect to the outer ring.

To fit the data, we used the Markov chain Monte Carlo

(MCMC) method, and we used emcee (Foreman-Mackey

et al. 2013). We follow the same procedure as in Pinilla

et al. (2017). We explored the free parameters with 200

walkers and 2000 steps in each case. We adopted a set

of uniform prior probability distributions for the free

parameters explored by the Markov chain, such that

rpeak∈ [10, 80] au

σint ∈ [1, 50] au

σext ∈ [1, 50] au

A∈ [0, 1]

σinnerdisk∈ [0.1, 10] au

Ftotal∈ [0.0, 3.0] Jy (2)

We individually performed fits assuming the three dif-

ferent models for each data set. To quantify which of the

three models provides a better fit and add a penalty for

the number of parameters in the model; we obtain the

Bayesian Information Criterion (BIC), which is defined

as BIC = ln(N)Nvariables − 2 ln(L̂), being N the number

of data points, Nvariables the number of variable param-

eters, and L̂ the maximum likelihood value. Differences

between models of the BIC values between 6 to 10 (or

higher) give a strong (or very strong) evidence in favor

of the model with the lowest BIC (Kass & Raftery 1995).

The results of this analysis are:

• For Band 3 (2.75 mm), the model with the lowest

BIC is the centered inner Gaussian together with

a radially asymmetric Gaussian. The differences

of the BIC value are ∼ 7 when compared with the
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Table 1. Best model parameters of the MCMC fit

Band λ Lowest BIC rpeak σint σext A σinnerdisk Ftotal σext/σint

[mm] model [au] [au] [au] [au] [mJy]

3 2.75 (C) 37.10+0.45
−0.44 10.33+0.47

−0.47 13.21 +0.29
−0.29 0.41+0.06

−0.08 5.25+0.70
−0.57 30.46+0.15

−0.15 1.3

6 1.30 (C) 34.49+0.06
−0.06 9.27+0.06

−0.06 15.87 +0.04
−0.04 0.49+0.01

−0.02 2.75+0.8
−0.08 227.49+0.15

−0.15 1.7

9 0.45 (A) 30.56+0.32
−0.32 14.27+0.43

−0.43 18.67 +0.19
−0.19 — — 1941.13+4.49

−4.49 1.3

Note—Models: (A) Radially asymmetric Gaussian ring (Eq. 1), (B) As Model (A) plus an inner point source, and (C) As
Model (A) plus an inner centered Gaussian. The values assumed a distance of 114.4 pc.

model with only the radially asymmetric Gaussian

and > 10 when comparing with the model that

assumed the inner disk to be a point source.

• For Band 6 (1.3 mm), the model with the lowest

BIC is also the one that assumed the inner disk

to be a centered Gaussian, with BIC differences

higher than 10 in both cases.

• For Band 9 (0.45 mm), the model with the low-

est BIC is when only the radially asymmetric

Gaussian is assumed. The BIC difference is ∼
5 when compared to the model that includes a

point source and ∼9 when compared to the model

that includes a centered Gaussian. Therefore, in

this case the model with the radially asymmetric

Gaussian is only modestly preferred.

Figure 3 shows the binned data corresponding to the

real part of the visibilities for each wavelength, and the

model with the lowest BIC and the best-fitting param-

eters, which are summarized in Table 1. The error bars

correspond to the standard error in each bin. In Band

3, the fit of the visibilities recovers a slightly higher to-

tal flux than the one obtained from the image directly

(30.46 mJy vs. 28.9 mJy), which gives a dust disk mass

of 58.3±7.7M⊕.

When we checked the residuals (models-observations)

in the visibility plane, they are mainly close to zero for

the Band 3 and Band 9 observations, but not for the

Band 6 data. In Pinilla et al. (2017), these residuals are

attributed to unresolved substructures with the shape

of spirals. The nature of these residuals is discussed in

more detail in Sect. 4.4.

Figure 4 shows the intensity profile assuming the

model with the lowest BIC in each case and the best

fit parameters. This fitting analysis shows that the pre-

ferred model for the Band 6 observations includes the

inner disk as a centered Gaussian, but this inner disk

was not detected in the image. As a test, we used super-

uniform weighting, which provides a higher resolution,

when cleaning the 1.3 mm image. However, the inner

disk was not detected in the image in this case neither.
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Figure 4. Intensity profiles from models with the lowest
BIC and the best fit parameters (Table 1).

It is important to note that the inclusion of this inner

disk does not help to reduce the residuals obtained in

Pinilla et al. (2017) at around 800-1000 kλ.

The total width of the ring is resolved in Band 6 and

Band 3, which is ∼25.1 au in Band 6 (averaged resolu-

tion of 19 au), and ∼23.5 au in Band 3 averaged resolu-

tion of 11 au). From the results of the fit, the outer ring

shows that the internal width of the ring is lower than

the external width, i.e., σint < σext, and that the total

width (σint +σext) decreases at longer wavelength. Both

findings are in agreement with particle trapping in a

pressure bump. On one hand, in the outer disk the par-

ticles take longer times of evolution to grow to millime-

ter or centimeter sizes to then drift towards the pressure

maximum. As a result, the ring of emission is expected

to have an outer tail (Pinilla et al. 2018). On the other

hand, since larger particles traced at longer wavelengths

are drifting more efficiently toward the pressure maxi-

mum, the ring-like structure becomes narrower at longer

wavelength. The potential origin of the pressure bump

creating this ring is discussed in Sect. 4.2.
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To summarize, in our data, at long wavelength

(1.3 mm and 2.75 mm), we detect clear evidence for

a resolved inner disk up to ∼3-5 au and a radially asym-

metric Gaussian ring peaking at ∼35-37 au. At shorter

wavelength (0.45 mm), interestingly, our models do not

favor the presence of an inner disk and the ring peaks

slightly closer (∼30 au).

4. DISCUSSION

4.1. Origin of the emission from the inner disk

Centimeter observations of protoplanetary disks have

been used to identified ionized jets from weak free-free

emission (Rodŕıguez et al. 2014; Maćıas et al. 2016),

including TDs. Zapata et al. (2017) obtained 3.3 cm

observations of 10 TDs with the Jansky Very Large

Array (VLA), including SR 24S to identify potential

free-free emission from jets. They compiled data from

sub-millimeter to centimeter wavelengths, specifically

λ ∈ [0.088, 0.13, 0.3, 0.73, 0.88, 3.3] cm, to fit the SED

with a single or a double power law. With free free

emission, the spectral slope of the SED at mm/cm wave-

length is expected to become flat.

For SR 24S, Zapata et al. (2017) found that a two

component power law (their Fig. 3) fit the data, with a

steeper slope at the sub-millimeter emission, expected

from thermal emission from optically thin dust. Specifi-

cally, the slope for the centimeter emission (between 0.73

and 3.3 cm) is 1.46 while for the sub-millimeter emission

(between 0.88 and 3 mm) is 2.89. This value is similar to

spatially integrated spectral index calculated in Sect 3.2.

We test if we could detect and resolve spatial vari-

ations of the spectral index with our current observa-

tions. For this, we used the deprojected images that are

restored with the same circular beam. However, if there

are variations of the spectral index, they remain unre-

solved in the image plane. As an alternative, we took

the best fit models from our visibility analysis in both

Band 6 and Band 3 to calculate the total flux in each

case within a circle of 20 au in radius (which encloses

mainly the inner disk). The spectral index derived from

these fluxes is ∼2.2, consistent with the value from ther-

mal emission from optically thin dust. From free-free

emission the spectral index is expected to be lower than

2. Because of the low value of the spectral index in

the inner disk, it is possible that non-dust emission may

contribute to this emission. However, since our models

favor a resolved inner disk (size of 3-5 au) instead of an

unresolved inner disk in the form of a point source, it

is likely that most of this emission is from large grains.

This inner disk together with a large gap has also been

observed in the TD around T Cha (Hendler et al. 2018).

The value of the spectral index within the first 20 au

may also indicate that grains have grown to larger sizes

(millimeter or centimeter) in the inner disk (e.g., Draine

2006) and that they remain there or they are replenished

from the outer disk for million years of evolution.

4.2. Origin of the large gap and ring-like structure

Most protoplanetary disks observed with ALMA at

high angular resolution have revealed a variety of sub-

structures, being large gaps/cavities and multiple gaps

and rings the most common ones (e.g., Long et al. 2018).

A large variety of physical mechanism can be responsi-

ble for the multiple rings and gaps, including density

inhomogeneities (or zonal flows) from the magnetorota-

tional instability, secular gravitational instability, insta-

bilities originating from dust settling, particle growth

by condensation near ice lines, planet-disk interaction,

among others (e.g., Rice et al. 2006; Johansen et al.

2009; Youdin 2011; Saito & Sirono 2011). Currently,

it is still challenging to observationally distinguish be-

tween all these scenarios (e.g., Huang et al. 2018).

However, a few physical mechanisms are currently

possible to explain the formation of a large cavity at

millimeter emission: the interaction with embedded

planet(s) or companion(s) (e.g., Zhu et al. 2011), the ex-

istence of a extended dead zone (e.g., Flock et al. 2015),

and internal photoevaporation from stellar irradiation

(Alexander & Armitage 2007).

This suggests that disks with a large millimeter-cavity

may have a different path of evolution from disks with

more millimeter-substructures (multiple rings/gaps, spi-

ral arms, see also Garufi et al. 2018), as there are just

a few physical processes that lead to large millimeter-

cavities.

In the case of internal photoevaporation, models pre-

dict a particular combination of cavity size and accre-

tion rate, specifically cavities smaller than around 20 au

with accretion rates lower than 10−9M�year−1 (e.g., Er-

colano & Pascucci 2017). In the case of SR 24S, the ac-

cretion rate of ∼ 3×10−8M� year−1 (Natta et al. 2006),

and a cavity size of around ∼35 au (Table 1) exclude the

possibility of photoevaporation. Furthermore, photoe-

vaporation predicts a highly depleted cavity in both gas

and dust (Alexander & Armitage 2007). Observations of

CO and its isotopologues revealed the presence of CO,
13CO, and C18O peaking inside the cavity in the SR 24S

disk (Fernández-López et al. 2017; Pinilla et al. 2017),

although foreground absorption from the dark cloud in

Ophiuchus may affect the distribution of the observed

gas emission lines. Nevertheless, our current observa-

tions also demonstrate the existence of millimeter sized



9

101 102

radius [au]

10-6

10-4

10-2

100

102
Σ
d
 [g

r/c
m

2
]

Planet model
t = 1.0 Myr

0.1-1 mm
1-10 mm
> 1cm

0.0 0.5 1.0 1.5 2.0 2.5
r/rpeak

0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
or

m
al

iz
ed

 In
te

ns
ity

: P
la

ne
t m

od
el

s Convolved with a Gaussian of 11au width 0.45 mm
1.30 mm
2.75 mm

101 102

radius [au]

10-6

10-4

10-2

100

102

Σ
d
 [g

r/c
m

2
]

DZ model
t = 1.0 Myr

0.1-1 mm
1-10 mm
> 1cm

0.0 0.5 1.0 1.5 2.0 2.5
r/rDZouteredge

0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
or

m
al

iz
ed

 In
te

ns
ity

: D
Z 

m
od

el
s Convolved with a Gaussian of 11au width 0.45 mm
1.30 mm
2.75 mm

Figure 5. Top panels: dust density distribution for different grain sizes as a function of radius and 1 Myr of evolution when
a 1MJup is embedded at 20 au distance from the star (left), and the corresponding normalized intensity profiles at 0.45 mm,
1.3 mm, and 2.75 mm after convolving with a Gaussian of 11 au width (right). Bottom panels: as top panels but for the case of
a dead zone that is extended up to 20 au. The details of both models are in Pinilla et al. (2012, 2015, 2016a)

particles in the inner disk (Sect. 4.1), which would be

difficult to predict in the case of photoevaporation.

We investigated whether the current ALMA observa-

tions of SR 24S favor one of the two remaining scenarios

for cavity formation (dead zone or a massive embed-

ded planet) by qualitatively comparing the dust den-

sity distribution predicted by these two models and our

current observations. Figure 5 show the dust density

distribution after 1 Myr of evolution of different size of

dust particles as a function of radius in the case of an

1MJup planet embedded a 20 au distance from the star

as compared to the case of a dead zone extended up to

20 au. The details of these simulations are presented in

Pinilla et al. (2012, 2015, 2016a). In short, these models

include the transport of the grains (Brownian motion,

dust diffusion, settling, and radial/azimuthal drift), as

well as the coagulation, fragmentation and erosion of

the particles. In the case of an embedded planet in the

disk, hydrodynamical simulations are run prior to the

dust evolution models until the disk reaches a steady-

state for the gas surface density, which is then used as

an input for the dust evolution. In the case of a dead

zone, a smooth transition in the α-viscosity (Shakura

& Sunyaev 1973) is assumed at 20 au. At this location,

the change in the gas surface density is such that the

disk switch from being active to dead, and back. This

transition of α-viscosity affects several aspects of the gas

and dust evolution, including accretion, turbulence, dust

diffusion, dust fragmentation and hence the maximum

grain size that particles can reach inside and outside the
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dead zone. In these two physical scenarios, we expect

particle trapping, the formation of a large cavity and a

ring like structure at (sub-) millimeter and centimeter

wavelengths. In both cases, the expected intensity pro-

files at 0.45 mm, 1.3 mm, and 2.75 mm are included. For

this plot, the intensity profile is normalized to the peak,

and the radius is normalized to the location of the pres-

sure maximum (rpeak) or the initial outer edge of the

dead zone (20 au). We convolved these intensity profiles

with a Gaussian beam of 11 au (which is the averaged

resolution of the Band 3 observations, 0.95′′, assuming

the distance to SR 24S, i.e., 114.4 pc), which is the size

of the common circular beam used to restore the images

with the same resolution at Band 6 and Band 3 (Fig. 2).

To obtain the intensity, we calculated the opacities for

each grain at a given wavelength using Mie theory, and

assumed optical constants from Ricci et al. (2010b). In

addition, we took a simple power-law for the radial de-

pendence of the midplane temperature (power-law index

of −1/2).

In the planet scenario, a large gap is carved accom-

panied by a pressure bump at the outer edge, which

efficiently traps millimeters/centimeter- sized particles

(e.g., Rice et al. 2006; Gonzalez et al. 2012; Pinilla et al.

2012). In this case, the accumulation of large particles

(from 0.1 mm to larger than centimeter) peaks at the

pressure maximum and the concentration is narrower

for larger particles that are more decoupled from the gas

and feel a stronger radial drift toward the pressure max-

ima. The degree of radial concentration of large grains

relative to small grains is a sensitive function of both

planet mass and disk viscosity (turbulently re-mixing

the dust, e.g., Dullemond et al. 2018). Turbulence can

affect the gap formation and the concentration of parti-

cles such that weak or strong turbulence can lead to a

different disk appearance than a cavity and a single ring-

liked structure when observed at millimeter-wavelengths

(de Juan Ovelar et al. 2016; Bae et al. 2018). The inten-

sity profiles at 0.45 mm, 1.3 mm and 2.75 mm are in the

planet case very similar after convolving with a Gaussian

of 11 au radial width. In this case the ring-like structure

is slightly asymmetric in the radial direction and it has

a larger outer width compare to the inner width. By

fitting a radially asymmetric Gaussian to these profiles

(Eq. 1), the ratio of the external to the internal width

is ∼ 1.4, similar to the averaged value from our cur-

rent observations of SR 24S (Table 1). The main differ-

ence between the predictions of these models and our

observations is that in the observations there is a shift

of the peak of emission. While the emission at 1.3 mm

and 2.75 mm peaks almost at the same location (Fig. 4),

the emission at 0.45 mm peaks slightly inwards, but this

shift is limited by the current data resolution (the mi-

nor axis of the beam of the Band 9 observations is 0.19′′,

while the shift between Band 9 and Bands 3/6 is around

0.1′′). This shift may result from optically thick emis-

sion at 0.45 mm, which may trace not only variations of

the dust distribution, but also of temperature (Pinilla

et al. 2017).

The predictions for dust cavity formation by a dead

zone are different from our observations. In this sce-

nario, the particles grow to larger sizes inside the dead

zone where the disk turbulence is lower and the frag-

mentation of particles decreases. As a result, the largest

particles accumulate closer to the star and the peak of

the dust density distribution move inwards for larger

grains. This shift would be detectable even at the cur-

rent resolution of our observations. Note that any pres-

sure bump formed by changes of the disk turbulence

could lead to shifts of the peak of the emission at dif-

ferent wavelengths, since the maximum grain size is in-

versely proportional to the disk turbulence (e.g., Birn-

stiel et al. 2012). If the bump is formed in a region

where the turbulence has a transition from high to low

(as the inner edge of a dead zone), the peak is expected

to move outwards for longer wavelengths. On the con-

trary, if the disk turbulence changes from low to high

(as at the outer edge of a dead zone) the peak moves

inwards for longer wavelengths, as in the case shown in

Fig. 5.

4.3. Limits on the planet mass and disk turbulence

Our current multi-wavelength observations of SR 24S

favor planet-disk interaction as the main physical mech-

anism driving the formation of the dust cavity. The ob-

servations at 2.75 mm reveal an inner disk that is likely

from dust thermal emission (Sect. 4.1). This implies

that any embedded planet carving the cavity must al-

low millimeter/centimeter sized particles to remain for

million years of evolution in the inner disk. If the planet

is very massive (& 5MJup), Pinilla et al. (2016b) demon-

strated that the dust located at the inner disk will drift

completely towards the star and that the inner disk will

remain empty of dust (of any size) after several million

years of evolution (∼5 Myr). This is because the gap

carved by a 5MJup planet would not allow particles of

any size to drift inward, preventing any dust replenish-

ment from the outer to the inner disk. This puts con-

straints on the upper limit of the mass of any potential

embedded planet inside the cavity of SR 24S.

The value of 5MJup for the planet mass are for models

that assume a disk turbulence of α ∼ 10−3 (assuming

α disk viscosity). de Juan Ovelar et al. (2016) showed

that when a massive planet is embedded in the disk,
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this value of turbulence is needed for the disk to show a

cavity and a ring-like structure detectable at millimeter-

emission. For a higher disk turbulence, the trapping is

not effective and the millimeter emission of dust will be

smooth. On the contrary, for low levels of turbulence,

the trapping in pressure maxima is so effective that most

of the particles grow to very large sizes (&m) at million

years timescales, and these bodies would not emit ther-

mally at millimeter wavelengths. In addition, hydro-

dynamical simulations showed that the viscous trans-

port in the disk determines the number of gaps that a

planet can open (e.g., Dong et al. 2017; Bae et al. 2018).

While a disk viscosity of α ∼ 10−4 − 10−3 yields to a

single gap, lower viscosities can open multiple gaps and

thereby multiple pressure bumps that will create multi-

ple ring like structures at millimeter emission. The cur-

rent observations of SR 24S reveal a single ring that fa-

vors intermediate values of α ∼ 10−4− 10−3, but higher

angular resolution observations are required to exclude

that this single ring may be a composition of close rings.

Alternatively, it is possible that the cavity is opened

by multiple planets that lead to a shallower gap in com-

parison to a single planet with the same mass (Duffell

& Dong 2015). In this case, more dust from the outer

disk may tunnel inward, replenishing the inner disk.

4.4. Unresolved sub-structures

Our current observations of SR 24S show complex

residuals when subtracting the ring model from the im-

ages, in particular for Band 6 and Band 9 (Pinilla et al.

2017, see their Fig. 5). We attributed these residuals to

unresolved substructures with the shape of spirals. It

is still possible that these residuals are not seen in the

Band 3 observations because the signal to noise ratio

is lower for these observations. In the case of Band 6,

the continuum emission is detected with a much higher

signal-to- noise ratio with respect to the peak compared

to the Band 3 data (256 vs 24). Alternatively, it is pos-

sible that the spirals are only detectable when the emis-

sion is (partially) optically thick (as in the case of Band

9 and 6, Pinilla et al. 2017), and it is tracing variations of

the disk temperature or spiral shocks, potentially from

planet-disk interaction (Juhász et al. 2015; Dong et al.

2015; Zhu et al. 2015); while larger grains that dominate

the 2.75 mm observations are tracing mainly the ring.

SR 24S is part of a hierarchical triple system, being

SR 24S the single star. The separation between SR 24S

and the binary system SR 24N is 5.2′′(Reipurth & Zin-

necker 1993). Recent high angular observations from

ALMA reveal spiral arms structures in multiple star sys-

tems (e.g., Kurtovic et al. 2018). The same could be

happening for the SR 24 system that shows spiral pat-

terns in scattered light connecting SR 24S with SR 24N

(Mayama et al. 2010). Fernández-López et al. (2017)

found that SR 24S and SR 24N disks are strongly mis-

aligned by 108◦, and they are possibly rotating in op-

posite directions. This misalignment may explain the

origin of the spiral arm connecting the two disks at near

infrared emission, although the tidal interaction between

disk and star is much weaker if the orbit of the binary

and the plane of the disk are misaligned (Miranda &

Lai 2015). These spiral arm structures are not currently

seen in the millimeter observations of this system. To

determine the nature of these potential substructures in

SR 24S, higher angular resolution and high sensitivity

observations at (sub-)millimeter emission are needed.

5. CONCLUSIONS

We report new ALMA Band 3 observations at

2.75 mm of the TD around SR 24S with a resolution

of 0.106′′× 0.088′′(∼12×10 au). We compare our data

with previous ALMA observations of the same disk at

0.45 mm and 1.30 mm. Our main conclusions are:

• At 2.75 mm, we detect a resolved inner disk and

a ring-like structure that peaks at ∼0.32′′, that is

∼37 au at a distance of 114.4 pc. The width of this

ring is spatially resolved and it is approximately

∼ 23 au.

• By performing an analysis of the dust morphology

at each wavelength in the visibility plane, we found

that the total width of the ring like structure de-

creases at longer wavelength as expected from dust

trapping models. In addition, the models favor ra-

dially asymmetric rings at the three wavelengths,

with larger outer widths (or in other words a ring

with an outer tail/wing). These outer wing of the

ring is also a natural result of dust trapping since

particles take longer times of evolution to grow to

millimeter or centimeter sizes in the outer disk to

then drift towards the pressure maximum.

• The analysis of the visibilities allow us to conclude

that the Band 6 observations are better represen-

tated by a model that included an inner disk. Such

inner disk is not currently detected in the image

plane from ALMA observations. When calculating

the spectral index in the inner disk (inside 20 au)

between the 1.3 mm and 2.75 mm, we found that

the inner disk emission is likely dominated by dust

thermal emission instead of free-free emission. The

models do not favor the detection of an inner disk

in Band 9, possibly due to the low resolution in

comparison with Band 3 and Band 6. Further ob-

servations at short ALMA wavelengths with high
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Figure 6. Band 3 residuals (observations-models) when taking the best model fit shown in Fig. 3.

angular resolution are needed to test this hypoth-

esis.

• We qualitatively compared the ring morphology

of SR 24S at the three wavelengths with models

that predict cavity formation, such as photoevap-

oration, dead zones, and planet disk interaction.

This comparison favors the planet scenario (single

or multiple planets).

• In the case of a single planet inside the cavity of

SR 24S, the existence of an inner disk put con-

straints on the mass of that potential planet, with

an upper limit of ∼ 5MJup. The current mor-

phology observed at different wavelength also con-

strain the disk turbulence, with values of α ∼
10−4 − 10−3. Higher or lower values of α would

yield to a smooth or multiple rings/gaps distribu-
tions that are not yet seen in this disk, respectively.

• Future higher angular resolution and high sensitiv-

ity observations at (sub-)millimeter emission are

needed to investigate the existence of potential spi-

ral arms in SR 24S, potentially originated by the

multiplicity of the system. Currently, such struc-

tures are not observed and only hints remain in

the analysis of the visibilities of the 1.3 mm data.

Software: CASA (McMullin et al. 2007), emcee

(Foreman-Mackey et al. 2013)
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APPENDIX

A. BAND 3 RESIDUALS

Figure 6 shows the Band 3 residuals (observations-models) when taking the best model fit shown in Fig. 3, i.e. the

model with a radially asymmetric Gaussian and an inner centered Gaussian. The residuals for Band 6 and Band 9

were shown in Pinilla et al. (2017) and remain similar for both Bands despite the inclusion of an inner Gaussian for

the model in Band 6.
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