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ABSTRACT

The large majority of protoplanetary disks have very compact continuum emission (.15 AU) at millimeter wavelengths. However,
high angular resolution observations that resolve these small disks are still lacking, due to their intrinsically fainter emission compared
with large bright disks. In this Letter we present 1.3 mm ALMA data of the faint disk (∼10 mJy) orbiting the TTauri star CX Tau at
a resolution of ∼40 mas, ∼5 AU in diameter. The millimeter dust disk is compact, with a 68% enclosing flux radius of 14 AU, and
the intensity profile exhibits a sharp drop between 10 and 20 AU, and a shallow tail between 20 and 40 AU. No clear signatures
of substructure in the dust continuum are observed, down to the same sensitivity level of the DSHARP large program. However,
the angular resolution does not allow us to detect substructures on the scale of the disk aspect ratio in the inner regions. The radial
intensity profile closely resembles the inner regions of more extended disks imaged at the same resolution in DSHARP, but with no
rings present in the outer disk. No inner cavity is detected, even though the disk has been classified as a transition disk from the
spectral energy distribution in the near-infrared. The emission of 12 CO is much more extended, with a 68% enclosing flux radius
of 75 AU. The large difference of the millimeter dust and gas extents (>5) strongly points to radial drift, and closely matches the
predictions of theoretical models.
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1. Introduction
In the last few years, the Atacama Large Millimeter/
submillimeter Array (ALMA) has conducted surveys of several
nearby star forming regions, targeting hundreds of protoplanetary disks previously selected from spectral classification in
the infrared (IR) (e.g., Ansdell et al. 2016, 2017; Pascucci et al.
2016; Barenfeld et al. 2016; Cieza et al. 2019). These shallow
surveys allowed the derivation of statistical properties of protoplanetary disks, which are crucial when constraining the evolution of these systems and probing the planet formation potential
(past or present) of young stellar objects.
One of the many interesting results of these surveys is that
many disks show rather compact continuum emission at (sub-)
millimeter (hereafter mm) wavelengths. In particular, star forming regions like Lupus and Ophiucus present many objects
(&40% of the detected sources) that are still spatially unresolved at ∼0.200 resolution (∼30 AU in diameter). These compact
objects are also the faintest in the mm luminosity distribution, as expected from the luminosity–size relation derived
from the same surveys (Tripathi et al. 2017; Tazzari et al. 2017;
Andrews et al. 2018b). This result is supported by earlier
photometric studies of spectral energy distributions (SEDs),

suggesting that many disks can be as small as 1.5 AU or less
(e.g., Hendler et al. 2017; Boneberg et al. 2018).
The high occurrence of compact disks is expected from
radial drift models, where dust pebbles drift towards (local) pressure maxima present in the gas structure (e.g., Weidenschilling
1977). In case of smooth pressure profiles, the dust is expected
to accumulate in the inner regions of the disks. These theoretical predictions have been challenged by objects showing very
extended continuum emission at mm wavelengths. However,
recent high angular resolution observations of bright disks have
shown that most (if not all) of these objects host radial substructures (e.g., ALMA Partnership et al. 2015; Andrews et al. 2016,
2018a; Clarke et al. 2018; Long et al. 2018; van Terwisga et al.
2018), suggesting that radial drift accumulates dust pebbles at
local pressure maxima at large radii (e.g., Pinilla et al. 2012;
Dullemond et al. 2018). Gaps in gas surface density and pressure gradients from the gas kinematics have shown in some
cases that disks hosting rings and gaps in the dust structure
also present a non-monotonic pressure profile (e.g., Fedele et al.
2017; Teague et al. 2018). However, high angular resolution
observations have mostly focused on bright (and thus large)
protoplanetary disks, whereas very little is known about radially resolved properties of compact objects. In particular, it is
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not clear whether the same level of substructures is present on
smaller scales in compact disks.
The theoretical expectations of radial drift are that the
dust surface density should be less extended than the gas
(Birnstiel & Andrews 2014) and that the disk’s average dust-togas ratio should be lower than the canonical 1%, with the inner
regions locally showing a higher value. Both effects predict that
the mm continuum emission should be much more compact than
the emission in gas tracers, in particular CO (e.g., Facchini et al.
2017; Trapman et al. 2019). Initial surveys of the gas and dust
radii indicate that the majority of objects that are bright in the
mm continuum exhibit moderate difference in the radial extent of
CO and continuum, within a factor of 1.5−3 (e.g., Barenfeld et al.
2017; Ansdell et al. 2018). For a few cases some amount of radial
drift may be required to explain the observed difference (e.g.,
Panić et al. 2009; Andrews et al. 2012); instead, the majority of
these observations can be explained without invoking radial drift,
with the difference in the emission extent caused by the opacity in CO being higher than in the dust (e.g., Dutrey et al. 1998;
Guilloteau & Dutrey 1998; Facchini et al. 2017). It is still unclear
whether the sources showing compact mm continuum emission
are scaled-down versions of the large disks, with the gas component also being more compact than for large disks, or whether
the gas in these objects extends to large radii, with a difference
in the gas and dust extents that is 3. Observational evidence
of such a difference would be a clear indication of radial drift
(Facchini et al. 2017; Trapman et al. 2019).
CX Tau is a good target that can be used to characterize the
gas and dust properties (in particular the radial extent) of a compact continuum protoplanetary disk at high angular resolution
due to its relatively low mm flux. CX Tau is an M2.5 star, located
at 127.9 ± 0.7 pc from the Sun (Gaia Collaboration 2016, 2018),
with an effective temperature T eff = 3483±48 K and a bolometric
luminosity log L∗ /L = −0.66 ± 0.20 (Herczeg & Hillenbrand
2014). The dynamical estimate for the mass of the star is 0.31 M
(Simon et al. 2017), in excellent agreement with the mass from
stellar evolution models. The star has an accretion rate of Ṁ =
7.1 × 10−10 M yr−1 (Hartmann et al. 1998). The luminosity and
accretion rate values have been updated using the new Gaia distance. A disk has been marginally resolved in continuum with
the IRAM Plateau de Bure interferometer at 1.3 mm (Piétu et al.
2014), with an integrated flux density of 9.6 ± 0.2 mJy, which
characterizes CX Tau as an average object when compared to
the recent ALMA surveys. The disk is also clearly detected and
resolved in the 12 CO J = 2−1 line (Simon et al. 2017), at ∼0.2500
resolution with ALMA.
In this Letter, we present significantly higher angular resolution ALMA data of CX Tau at 1.3 mm that provide new insights
into the properties of its gas and dust components. Sensitivity
and angular resolution are as in the DSHARP large program
(Andrews et al. 2018a). Section 2 describes the observations,
Sect. 3 shows the analysis and results, and Sect. 4 discusses these
results within the broader context of disk evolution.

J0510+1800 was used as both bandpass and flux calibrator. In the
C40-8 configuration, the same calibrator was used for bandpass,
whereas J0238+1636 was used as flux calibrator. In both observations J0403+2600 was chosen as phase calibrator. Flux calibrators
were quantified within a week for both observations. The spectral
setup had seven spectral windows, with the following combination of central frequency and bandwidth: (217.238 GHz, 234
MHz); (217.824 GHz, 234 MHz); (218.222 GHz, 468 MHz);
(219.560 GHz, 58 MHz); (220.398 GHz, 58 MHz); (230.538
GHz, 117 MHz); (233.000 GHz, 1875 MHz). The spectral setup
was chosen to have a full spectral window dedicated to continuum,
and the other spectral windows targeting different molecular
lines. This work presents only the observations of the 12 CO
line, with a resolution of 61 kHz (0.079 km s−1 ). All spectral
windows were used for continuum, excluding all channels within
±60 km s−1 from the targeted lines. The total bandwidth for the
continuum results in 2661 MHz.
The data were calibrated using the CASA package, version
4.7 (McMullin et al. 2007). Self-calibration was performed on
the datasets for both phase and amplitude, with solution intervals
equal to the scan length and 120 s for the compact configuration
data, and to the scan length and 360 s for the extended configuration data. This procedure led to a modest improvement in the
signal-to-noise ratio (S/N) in the continuum and in the 12 CO line.
The visibilities were then merged using the concat task in CASA.
Images in the sky plane were produced using the clean task.
Different weighting schemes were tested to produce the images.
The best compromise between angular resolution and S/N with
the continuum data is with a Briggs robust weighting of 0.5.
The resulting synthesized beam is 55 × 32 mas, with a position
angle (PA) of 13.6◦ . The rms noise level is ∼20.3 µJy beam−1 .
For the 12 CO line, the data were re-binned into 0.1 km s−1 channels. Due to the lower S/N, the line was imaged with a Briggs
robust weighting of 2.0, and an additional 0.100 taper. The restoring beam is 0.1700 × 0.1300 , with a PA of 23.5◦ . The rms noise
level is ∼4.4 mJy beam−1 in one 0.1 km s−1 channel.

2. Observations and data reduction

where I0 and I1 are normalization terms, σ0 and σ1 characterize
two Gaussians centered in the disk origin, and R is the cylindrical radial coordinate. Together with the five parameters describing the radial profile, the fit is performed over the inclination
of the disk, its position angle, and the right ascension (RA) and
declination (Dec) offsets between the disk center and the observation phase center. The re-centered and de-projected visibilities
and best fit model (i.e., the maximum likelihood model) are presented in the appendix, whereas the derived intensity profile is

CX Tau was observed in two configurations (C40-5 and C40-8)
on 2016 November 5 and 2017 September 25, respectively
(ALMA Program #2016.1.00715.S, PI Facchini). The compact
configuration spanned baselines between 18 and 1124 m, while
the extended configuration ranged between 41 and 14851 m. Both
observations were performed with 40 antennas, with on-source
integration times of 20 and 54 min, and water vapor levels of
1.72 mm and 0.35 mm, respectively. In the C40-5 configuration,
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3. Results
3.1. Radial extent of continuum

The continuum disk is clearly small, and is well resolved at
this resolution (Fig. 1). To characterize the intensity profile of
the mm emission, the disk is modeled in the uv-plane assuming azimuthal symmetry. To do so, we use the GALARIO code
(Tazzari et al. 2018, see details in the appendix). A best model
is obtained by performing the fit using a Markov chain Monte
Carlo (MCMC) sampler.
Different functional forms for the radial profile of the intensity were attempted. By analysing the azimuthally averaged profile obtained from the image, we decided to use the functional
form
!−γ
R
2
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2
2
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Fig. 1. From left to right: data, best fit model, and residuals of the continuum measurement set. The model image and residuals were both created
with best fit model, and residual visibilities with the same cleaning parameters as for the data image. Contour levels are at [5, 10, 20, 40]σ in the
first two panels, and [−3, 3]σ in the map of the residuals. The synthesized beam is shown in the bottom left corner of the left panel.
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Fig. 2. Intensity and optical depth profiles of the best fit model. The
solid red line shows the best fit radial intensity profile of the continuum;
400 random realizations were chosen from the posterior distribution of
the fit to highlight the uncertainties. The green dashed line indicates the
optical depth profile of the continuum assuming the temperature profile
from Eq. (2). The gray vertical lines show the radii enclosing 50%, 68%,
90%, and 95% of the total flux. The Gaussian in the top right corner has
the same FWHM of the minor axis of the beam.

shown in Fig. 2. The best fit parameters all fall within the central 68% interval of the marginalized posterior distributions. The
derived integrated flux density is 9.75 ± 0.12 mJy, in agreement
with Piétu et al. (2014).
The extent of the continuum emission is computed from the
inferred posteriors. The radius enclosing 68% of the continuum
flux density is 14.0 ± 0.3 AU, where the error is computed as the
statistical uncertainty. Table A.1 lists the radii extracted at typical
flux density levels used in the literature. CX Tau falls within the
mm size–luminosity relation by Andrews et al. (2018b).
3.2. Radial extent of CO

The 12 CO J = 2−1 line is clearly detected. The intensity
weighted velocity (moment 1) map is presented in Fig. 3. The
integrated flux of the line is 1937 ± 54 mJy km s−1 , as computed
in the image plane within an elliptical area with semimajor axis
1.5300 . Inclination, PA, and center of the ellipse are taken from
the continuum best fit parameters. The aperture radius is determined via a curve-of-growth method, with successively larger
elliptical apertures until the incremental flux is less than the stan-
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Fig. 3. Intensity weighted velocity (moment 1) map of the 12 CO J =
2−1 line, where the flux density in the channels has been clipped at
4σ. Contours show the continuum emission, with contour levels at
[5, 10, 20, 40]σ. The beams of continuum (full ellipse) and CO line
(empty ellipse) are shown in the bottom left corner.

dard deviation of 20 apertures taken away from the source. With
the same method, the azimuthally averaged intensity profile is
computed, as in Ansdell et al. (2018). The radius enclosing 68%
of the 12 CO J = 2−1 flux is 75±5 AU. Radii enclosing different
percentages of the total flux are listed in Table A.1.
The difference in radial extent between continuum and line
emission is remarkable. At the 68% enclosing flux radius the ratio
of Rgas to Rdust ≈ 5.4, while at the 90% enclosing flux radius the
ratio is ≈3.9. Ansdell et al. (2018) performed a similar study on a
larger sample of disks in the Lupus region using the 90% enclosing flux radius; they found that the typical ratio is 1.96, with a
standard error on the mean of 0.04. In all cases Rgas < 3Rdust .
However, their study is biased to large and bright objects due to
the short integration (∼1 min at 0.2500 resolution). There are a few
objects where the gas extent is notably larger than the mm continuum extent (e.g., Rosenfeld et al. 2013), but they do not seem to
be typical at the high flux end of the disks distribution.
3.3. Continuum intensity profile

The continuum intensity profile does not show any significant
level of substructure at the angular resolution of the observations
(see Fig. 1). The visibilities do show some hint of substructures
L2, page 3 of 8
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at the 2σ level that the model is not able to reproduce. Some
attempts have been made to refine the model by adding rings
and gaps, but no better constraint was obtained. The synthesized
image of the residual visibilities are shown in Fig. 1, where the
residuals are clearly low in flux (3.3σ at maximum), and do not
show a coherent pattern.
The scarcity of rings and gaps (or other substructures) in CX
Tau at this resolution can be due to three factors: 1) substructures are present, but not resolved; 2) surface density and opacity
are smooth; and 3) the optical depth in the very inner regions is
so high that variations in opacity or surface density are weakly
imprinted onto the intensity profile. In order to derive a simple estimate of the optical depth, we assume a simple mid-plane
radial temperature profile, as in Huang et al. (2018)
ϕL∗
T mid (R) =
8πR2 σSB

!0.25
,

(2)

where σSB is the Stefan-Boltzmann constant, and ϕ is the flaring
angle, which we set equal to 0.02 as in Huang et al. (2018). The
optical depth τν was derived using the relation
Iν (R) = Bν (T mid (R))(1 − exp (−τν (R)),

(3)

where Bν is the blackbody intensity. For the intensity profile
we used the best fit model. The derived optical depth is shown
in Fig. 2. Only the very inner region (R < 10 AU) appears
marginally optically thick (the peak of τ being ∼0.5), with the
optical depth decreasing rapidly at larger radii. Whether the optical depth profile is affected by unresolved narrow gaps and rings
is difficult to judge. A high angular resolution spectral index map
would definitely help interpreting the results. The unresolved
spectral index between 1 and 3 mm is 2.3 (Ricci et al. 2010),
suggestive of high optical depth or significant grain growth
in the regions dominating the flux, i.e., the inner 10 AU (e.g.,
Testi et al. 2014). Nevertheless, the angular resolution limits
the possibility of distinguishing between a smooth surface density profile with intermediate optical depth in the inner 10 AU
and unresolved optically thick substructures. Huang et al. (2018)
noted that when rings and gaps occur, the associated radial width
is of the order of the pressure scale height of the disk (with some
exceptions). Even an unrealistically hot disk, with an aspect ratio
H/R ∼ 0.1, would show rings with a typical width of .0.5 AU in
the central core of CX Tau, which cannot be observed with the
present antenna configuration.
It is informative to compare the continuum intensity profile of
the CX Tau disk with the profiles of the DSHARP large program
(Andrews et al. 2018a; Huang et al. 2018). Figure 4 compares CX
Tau with all the disks from DSHARP that are not in binary systems
and that now show an inner cavity. The angular resolution and sensitivity of the two programs match closely. The intensity profile
of CX Tau closely resembles the inner regions of the DSHARP
disks, indicating that faint objects are not scaled-down versions
of large disks in their continuum emission. They instead exhibit
similar intensity profiles, but no outer rings are observed.
Interestingly, CX Tau has been classified as a transition disk
from the infrared excess in the SED (Najita et al. 2007), whereas
common infrared color criteria do not include CX Tau in the transition disk definition (Furlan et al. 2011). We performed additional analysis on the visibility modeling to verify whether CX
Tau hosts a small inner cavity in the dust content. To do so, the
additional parameter Rtrunc was added to the intensity profile of
Eq. (1), where the intensity was set to 0 for R < Rtrunc . A new fit
was performed following the same procedure as before, with 100
L2, page 4 of 8

Fig. 4. Continuum brightness temperature profiles of the best fit of
CX Tau (red line) and all DSHARP disks that are not in binary systems and do not show an inner cavity (data from Andrews et al. 2018a;
Huang et al. 2018). The brightness temperature is computed from the
intensity map in the Rayleigh-Jeans approximation using source specific distances from the Gaia catalogue.

walkers in this case. The best fit parameters and marginalized distributions are shown in the appendix. The data do not show signatures of a cavity, with an upper limit on Rtrunc of 0.54 AU computed
as the radius enclosing 95% of the MC realizations. Interestingly,
Birnstiel et al. (2012a) showed that disks having a near-IR deficit
do not need to have a cavity in the mm if the turbulence is so low
that the maximum grain size of pebbles throughout the whole disk
is set by radial drift rather than fragmentation (an opacity effect,
as initially suggested by Strom et al. 1989).

4. Discussion and conclusions
This Letter presents the first high angular resolution ALMA
observations of a mm-faint disk in a single (i.e., not binary) system. The source is rather compact, and falls within the smallest
resolved sources in the Lupus survey (see Tazzari et al. 2017;
Andrews et al. 2018b, and Fig. 5), while being in the top 55% of
detected disk fluxes (e.g., Fig. 4 in Cazzoletti et al. 2019). This
indicates that the majority of Class II disks are even more compact in continuum emission than CX Tau if the size–luminosity
relation holds at the low flux end.
The large difference in extent between mm continuum
and molecular emission strongly argues for radial drift.
Trapman et al. (2019) show that a ratio of Rgas /Rdust & 4 cannot
be reproduced by invoking optical depth effects only, but does
require radial drift. This can be intended either as a smaller radial
extent of the dust compared to the gas (Birnstiel & Andrews
2014), or a depletion in the total dust-to-gas ratio which makes
grains smaller due to less efficient coagulation (Birnstiel et al.
2012b) and reduces their sub-mm opacity (Rosotti et al. 2019).
Realistically, the two effects occur simultaneously. The sharp
cliff in mm emission between 10 and 20 AU may point to the
first scenario, as expected if the gas pressure gradient is steep.
On the other hand, the sharp dependence of dust opacity with
dust size also produces a similar effect (Rosotti et al. 2019) in a
disk with a maximum grain size decreasing steeply with radius.
Interestingly, the models by Rosotti et al. (2019) also predict the
faint shallow drop-off in intensity seen outside 20 AU, with small
grains still contributing to the mm continuum emission in the
outer regions. Disentangling between the two effects requires
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Appendix A: Fitting and MCMC results
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Fig. A.1. Re-centered and de-projected visibilities and best fit model of
the continuum data. Error bars are at 1σ. The parameters of the best fit
are listed in Table A.2.

The fitting of the continuum intensity profile is performed using
the GALARIO code (Tazzari et al. 2018). The code takes any
model intensity profile (or 2D map), and computes the corresponding synthetic visibilities with the same uv-locations as
in the ALMA data. Since the CX Tau disk is quite compact,
and there are no evident azimuthal asymmetries, we model the
flux density assuming azimuthal symmetry. A best fit model
is then obtained by performing a fit using an MCMC sampler with the emcee package (Foreman-Mackey et al. 2013),
with 90 walkers and 18000 steps after a burn in of 2000
steps. To fit the intensity profile with the addiction of a central
cavity, 100 walkers are used (see Sect. 3.3). We assume uniform priors for the fitted parameters, with the surface brightness normalization parameters are sampled logarithmically:
p(log I0 /(Jy/steradian)) = U[0, 20]; p(log I1 /(Jy/steradian)) =
U[0, 20]; p(γ) = U[0, 3]; p(σ0 ) = U[0, 0.200 ]; p(σ1 ) =
U[0.1, 0.3500 ], with the restriction of σ1 > σ0 ; p(i) = U[0, 90◦ ];
p(PA) = U[0, 180◦ ]; p(∆RA) = U[−0.2, 0.200 ]; p(∆Dec) =
U[−0.2, 0.200 ]; p(Rtrunc ) = U[0, 0.100 ], with the restriction of
Rtrunc < σ0 . In both cases, the uncertainties are computed from
independent posterior samples obtained by thinning the MCMC
chains. The best fit model when no inner cavity is included is
shown in Fig. A.1. The median of the marginalized distribution
of the fitted parameters from Sect. 3.1 with relative statistical
uncertainties are listed in Table A.2. The corner plots of the two
fits are shown in Figs. A.2 and A.3.

Table A.1. Radii enclosing X% of continuum intensity (Rdust ) and 12 CO J = 2−1 integrated intensity (Rgas ).

00

Rdust ( )
Rgas (00 )
Rdust (AU)
Rgas (AU)

50%

68%

90%

95%

0.0777+0.0014
−0.0013
0.44+0.02
−0.02
9.93+0.18
−0.17
56.3+2.6
−2.6

0.1094+0.0026
−0.0023
0.59+0.02
−0.02
13.99+0.33
−0.29
75.5+2.7
−2.7

0.2299+0.0199
−0.0176
0.90+0.07
−0.07
29.40+2.54
−2.25
115.1+8.9
−8.9

0.2939+0.0292
−0.0258
1.09+0.09
−0.09
37.59+3.73
−3.30
139.4+11.5
−11.5

Table A.2. Median of the marginalized posteriors of the fitted parameters, with associated statistical uncertainties from the 16th and 84th percentiles
of the marginalized distributions.

log I0
(log Jy/steradian)

log I1
(log Jy/steradian)

γ

σ0
(00 )

σ1
(00 )

i
(◦ )

PA
(◦ )

∆RA
(00 )

∆Dec
(00 )

10.30+0.03
−0.03

8.81+0.14
−0.13

0.46+0.06
−0.05

0.067+0.003
−0.003

0.19+0.02
−0.02

55.1+1.0
−1.0

66.2+1.3
−1.4

0.0063+0.0006
−0.0006

+0.0005
−0.0187−0.0005

Notes. The center of the emission is computed with respect to the phase center of the visibilities, i.e., RA (ICRS) = 04:14:47:87352 and Dec (ICRS) =
+26:48:10.6275.
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Fig. A.2. Staircase plot of the chains of the MCMC fit without an inner cavity.
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Fig. A.3. Staircase plot of the chains of the MCMC fit with an inner cavity.
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