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ABSTRACT

Context. Planets form in the disks surrounding young stars. The time at which the planet formation process begins is still an open question.
Annular substructures such as rings and gaps in disks are intertwined with planet formation, and thus their presence or absence is commonly used
to investigate the onset of this process.
Aims. Current observations show that a limited number of disks surrounding protostars exhibit annular substructures, all of them in the Class I
stage. The lack of observed features in most of these sources may indicate a late emergence of substructures, but it could also be an artifact of these
disks being optically thick. To mitigate the problem of optical depth, we investigated substructures within a very young Class 0 disk characterized
by low inclination using observations at longer wavelengths.
Methods. We used 3 mm ALMA observations tracing dust emission at a resolution of 7 au to search for evidence of annular substructures in the
disk around the deeply embedded Class 0 protostar Oph A SM1.
Results. The observations reveal a nearly face-on disk (inclination∼ 16◦) extending up to 40 au. The radial intensity profile shows a clear deviation
from a smooth profile near 30 au, which we interpret as the presence of either a gap at 28 au or a ring at 34 au with Gaussian widths of σ = 1.4+2.3

−1.2 au
andσ = 3.9+2.0

−1.9 au, respectively. Crucially, the 3 mm emission at the location of the possible gap or ring is determined to be optically thin, precluding
the possibility that this feature in the intensity profile is due to the emission being optically thick.
Conclusions. Annular substructures resembling those in the more evolved Class I and II disks could indeed be present in the Class 0 stage, which is
earlier than suggested by previous observations. Similar observations of embedded disks in which the high-optical-depth problem can be mitigated
are clearly needed to better constrain the onset of substructures in the embedded stages.

Key words. accretion, accretion disks – techniques: interferometric – planets and satellites: formation – protoplanetary disks – stars: protostars

1. Introduction

Recent observations support that the planet formation pro-
cess is already underway in Class II disks of &1 Myr old
(Andrews et al. 2018; Manara et al. 2018; Benisty et al. 2021;
Izquierdo et al. 2022; Testi et al. 2022), with one critical evi-
dence being the ubiquitous annular substructures (rings, gaps,
and cavities) found in these disks at millimeter (mm) wave-
lengths, (Huang et al. 2018; Long et al. 2018). This is because
the annular substructures are either due to the presence of planets
or they are places where dust grains can accumulate, a necessary
step for grain growth that can lead to the formation of planetary
cores (Bae et al. 2023).

High-resolution observations resolving the dust emission in
younger disks (Class 0/I with ages .0.5 Myr, Dunham et al.
2014) have been conducted to determine the emergence
of annular substructures. Only a small number of these
younger disks exhibit such substructures, and all of them
are Class I (Sheehan & Eisner 2018; Segura-Cox et al. 2020;
Nakatani et al. 2020; Ohashi et al. 2023; Yamato et al. 2023;
Shoshi et al. 2024; Hsieh et al. 2024). This limited number of
detections could imply that the planet formation process starts

? Corresponding author; maureira@mpe.mpg.de

primarily during the later stages of protostellar evolution. Alter-
natively, the lack of substructures in most Class 0/I disks sur-
veyed so far might be due to the observed emission being opti-
cally thick, particularly at 1.3 mm, which is the most com-
mon choice of wavelength. This is supported by multiwave-
length studies at a resolution of between 70 and a few 100 au,
which already suggested high optical depths at disk scales
for embedded sources (Jørgensen et al. 2007; Li et al. 2017;
Ko et al. 2020). Recent multiwavelength studies at higher res-
olution (.15 au) also support high optical depths at 1.3 mm
in young protostellar disks (Galván-Madrid et al. 2018; Liu
2021; Zamponi et al. 2021; Maureira et al. 2022; Xu et al. 2023;
Guerra-Alvarado et al. 2024a).

In this Letter, we use ALMA observations at a longer wave-
length (3 mm) to resolve the disk continuum emission towards
the deeply embedded Class 0 protostar Oph A SM1. Oph A
SM1 (hereafter SM1) is located in the Oph A region in the Ophi-
uchus molecular cloud at a distance of 137 pc (Ortiz-León et al.
2018). The spectral energy distribution (SED) is consistent
with a cold ∼17 K core with a mass of 1.3 M� (Pattle et al.
2015). The protostellar source is not detected at wavelengths
of ≤70 µm by Spitzer or Herschel/PACS (Friesen et al. 2018;
Kawabe et al. 2018). Based on the upper limit to the flux at
70 µm, Friesen et al. (2018) derived a maximum internal lumi-
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Fig. 1. ALMA observations towards SM1. Left: 3 mm continuum observations of the SM1 disk. Right: Azimuthally averaged brightness tempera-
ture profile calculated using the full Planck function displayed in logarithmic scale. The corresponding 1σ uncertainties are shown in gray. Green
dashed and solid vertical curves mark the same radial distance from the center in both panels, corresponding to the location of the deviation in the
radial intensity profile and the location of the 3σ emission contour in the map, respectively.

nosity of ∼1 L�1. No large-scale outflow has been detected
either. Friesen et al. (2018) detected CO (2-1) emission consis-
tent with a low-velocity outflow (<6 km s−1) with a length of
.2000 au, implying a dynamical time of 1.6 × 103 yr or less
(Kawabe et al. 2018). SM1 also shows variable hard X-ray emis-
sion, which is expected from young, actively accreting protostars
(Gagné et al. 2004; Kawabe et al. 2018). Towards the compact
source, a mass-infall rate of 3 × 10−5 M� yr−1 was derived from
an inverse P Cygni profile detected in CO (Friesen et al. 2018).
Based on these observations, SM1 has been proposed as possibly
the youngest protostar in Ophiuchus (Friesen et al. 2014, 2018;
Kawabe et al. 2018).

2. Data

The ALMA band 3 observations using the C-10 configuration
were obtained in September 2021. The observations were part
of the Cycle 7 project ID:2019.1.01074.S (PI: M. Maureira).
The spectral setup consisted of four spectral windows with cen-
tral frequencies of between 93 and 105 GHz. The spectral setup
was maximized for continuum observations, and thus the max-
imum bandwidth of 1.875 GHz for each spectral window was
used. These observations were planned to be combined with
the C-6 configuration of the FAUST2 ALMA Large program
(Codella et al. 2021), which covers the same frequency range
(project ID:2018.1.01205.L, PI: S. Yamamoto). We used CASA
(CASA Team et al. 2022) to calibrate and image the data. We
performed self-calibration separately for the observations in the
extended and compact configuration, which were then combined
and self-calibrated together. The cleaning in the self-calibration
iterations was done first with the “multiscale” and later with
the “mtmfs” deconvolver, with nterms = 2 for the final phase
and amplitude steps. A robust parameter of zero was set with
four scales for cleaning in all steps. A manual mask was set
and adjusted during the process when necessary. The details of
the self-calibration iterations can be found in Appendix A. The

1 The relatively high upper limit is due to bright extended 70 µm emis-
sion near the location of SM1; see Friesen et al. (2018) for details.
2 Fifty AU Study of the chemistry in the disk/envelope system of Solar-
like protostars.

self-calibration process improved the overall image fidelity and
resulted in signal-to-noise ratio (S/N) improvements of ∼40%
and ∼10% for the extended configuration only, and combined
dataset, respectively. The final synthesized beam and rms consid-
ering the region around SM1 are 0.060′′ × 0.042′′ (at PA –79.5◦)
and 25 µJy beam−1, respectively.

3. Analysis

The left panel of Figure 1 shows the 3 mm continuum observa-
tions towards SM1. The observations reveal a disk structure with
a nearly face-on orientation, with a brightness temperature peak
of 57 K and a 3σ contour extending up to ∼40 au from the center.
Using CASA imfit, we fit a 2D Gaussian to the emission result-
ing in center coordinates right ascension (RA): 16:26:27.852,
declination (Dec): –24:23:59.723, an inclination (assuming cir-
cular geometry) of 15.6◦, and position angle (PA) of 147 ± 35◦.
We used these values to deproject the emission, and produce an
azimuthally averaged radial intensity profile3. The right panel in
Figure 1 shows the resultant intensity profile expressed in bright-
ness temperature, calculated using the full Planck function. The
error is calculated as σstd/

√
N, where σstd and N are the stan-

dard deviation and number of beams in each bin.
Radial intensity profiles of disks are usually well described

by a power law in radius for the inner part, which is then trun-
cated in the outer disk (Hartmann et al. 1998; Isella et al. 2009;
Tripathi et al. 2017; Tazzari et al. 2021). For SM1, while the
inner (<20 au) and the outermost (>40 au) regions show such
smoothly declining behavior there is a clear intensity deviation
near 30 au. This type of feature is similarly observed in several
intensity profiles from the DSHARP and ODISEA samples of
Class II and Class I/II disks, respectively (Huang et al. 2018;
Cieza et al. 2021).

3.1. Modeling the disk intensity profile

We fit the full intensity profile with three different models:
a smooth disk, a disk with a gap, and a disk with a ring.
3 https://github.com/jpinedaf/velocity_tools/blob/
master/velocity_tools/coordinate_offsets.py
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AIC  37.78 AIC  21.21 AIC  19.81
Fig. 2. Fits to the disk intensity profile and residuals for three different models. The orange curves in the top panels show 100 profiles drawn
randomly from the posterior distributions. The observed profile is shown with a black solid line. The resultant median residual is shown in the
bottom panels (solid black line) as well as 1σ dispersion around the median residual (orange shaded area). The gray shaded area corresponds to
the 1σ uncertainty of the intensity profile in all panels. Left: Smooth disk profile. Middle: Disk profile with a gap at ∼28 au. The black horizontal
segment shows the range of values for the gap radius enclosing 68% of the posterior distribution around the median. Right: Disk profile with a
ring at ∼34 au. The black horizontal segment shows the range of values for the ring radius enclosing 68% of the posterior distribution around the
median.

We first considered the intensity profile of a smooth disk. For
this, we used a modified version of the self-similar profile
(Lynden-Bell & Pringle 1974) with distinct power-law indices
constraining the inner and outer cutoff behaviors (Long et al.
2019; Manara et al. 2019; Tazzari et al. 2021). The intensity pro-
file has the form:

I(r) ∝
(

r
rc

)γ1

exp
[
−

(
r
rc

)γ2
]
, (1)

where r is the radius, rc is the characteristic radius, γ1 the inner
disk power-law index, and γ2 the power-law index describing
the slope of the exponential cutoff. Together with rc, γ1, and γ2,
the fourth free parameter is taken as the total flux of the model,
Ftot. The structured disk models considering either a gap or a
ring are visually similar as both exhibit a dip in the profile. The
difference comes from how these features are modeled. Follow-
ing Long et al. (2019), we modeled these by considering either
a smooth disk with a single carved gap or a smooth disk with a
single ring exterior to the disk. Both the gap and ring are mod-
eled as a Gaussian. The profile of the gap or ring is added to
the smooth disk model as Ia exp[(r − ra)2/(2σ2

a)], where ra, Ia,
and σa, corresponding to the radius, intensity peak, and width
of the ring or gap, respectively, are additional free parameters.
Each model was convolved with the synthesized beam and val-
ues for each of the parameters were obtained using the Python
module emcee (Foreman-Mackey et al. 2013). Details of the fit
setup and resultant values for the parameters as well as corner
plots are in Appendix B.

Figure 2 shows, for all three models, the resultant fit and
residuals. The smooth disk profile systematically overestimates
and then underestimates the intensity near ∼30 au where the
deviation in intensity is observed. The middle and right panels
show the results when considering a disk with an inner gap and
an outer ring, respectively. Both models can reproduce the fea-
ture near ∼30 au and thus both lead to an improvement in the

residuals. The models with gap and ring locate the annular sub-
structure at a radius of 27.9+0.6

−0.6 au and 34.4+1.7
−2.1 au, respectively.

The resultant σa are 1.4+2.3
−1.2 au and 3.9+2.0

−1.9 au for the gap and the
ring, respectively. Table B.1 summarizes the resultant values for
the parameters in each model.

To compare the three models, we use the Akaike informa-
tion criterion (AIC)4, which is widely applied for model evalu-
ation and selection (Cavanaugh & Neath 2019; Choudhury et al.
2021; Valdivia-Mena et al. 2022). The AIC takes into account
the goodness of the fit but also the possible over fitting when
the number of free parameters increases, as in the case of the
nonsmooth models considered here. The model with the lowest
AIC is favored over the others. The AIC values are 37.8, 21.2,
and 19.8 for the smooth disk, disk with a gap, and disk with
a ring, respectively. The smooth disk model can be excluded
based on the significant difference5 (&10) in AIC values com-
pared with those including an annular substructure. On the other
hand, although the AIC value is lower for the model with a ring,
the difference is not sufficient to favor one of the two nonsmooth
models. In summary, nonsmooth disk models are statistically
preferred over smooth disk models and the observed disk pro-
file can be well reproduced by considering either a gap carved
at 28 au within a disk with a radius6 of 40 au or a ring at 34 au
outside a disk with a radius of 27 au.

3.2. Optical depth, temperature, and mass

Following Segura-Cox et al. (2020) and Cieza et al. (2016), we
calculated the intraband spectral index α by imaging the lower-

4 https://docs.astropy.org/en/stable/api/astropy.
stats.akaike_info_criterion.html
5 https://docs.astropy.org/en/stable/api/astropy.stats.
akaike_info_criterion.html
6 Radius containing 95% of the flux.
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sideband and upper-sideband spectral windows separately using
the parameters for imaging described in Sect. 2. We calculated
the intensity profile for each image similar to Figure 1 and cal-
culated alpha as α = ln(Iν1/Iν2 )/ ln(ν1/ν2), where ν1 and ν2 cor-
respond to 106.05 GHz and 94.05, respectively. Due to the lim-
ited sensitivity, the profile for α is limited to the inner ∼30 au.
Beyond this radius, α values are smaller than the 3σ statisti-
cal uncertainty, leaving α unconstrained. We note that besides
the statistical uncertainties considered here, there is a systematic
uncertainty at all radii of 0.1 due to a 0.8% flux-calibration error
between spectral windows (Francis et al. 2020).

Figure 3 shows the resultant spectral index profile overlaid
with the intensity profile. At about 15 au, the spectral index
reaches the optically thick limit value of 2 and remains slightly
below at small radii; outside this radius, it increases, reaching
values of between 3 and 4, consistent with a reduction in the
optical depth. To estimate the optical depth and dust tempera-
ture, we followed Segura-Cox et al. (2020) and fit the emission
of the profiles at 106 GHz and 94 GHz with a modified black-
body. In the inner region with the low spectral index values,
the derived temperature converges to the brightness temperature.
This is the expected behavior in the optically thick limit and thus
it is also independent of the adopted value for the power-law
index of the dust opacity β. At larger radii, temperature and opti-
cal depth are degenerate due to the emission becoming optically
thinner. Following Segura-Cox et al. (2020), we computed the
temperature therein by extrapolating the temperature obtained in
the optically thick regime (r . 15 au) assuming a radial pro-
file with a power-law exponent of –0.5 (passive heating). The
resultant temperature and 3 mm optical depth profiles are over-
laid in Figure 3. The temperature in the region with the gap
and ring is about 15 and 13 K, respectively, while the optical
depth at 3 mm is below 1 therein. We note that we obtained a
power-law exponent value of γ1 ∼ −0.7 from the intensity pro-
file fit in the inner region of the disk (Table B.1). This is steeper
than that expected from passive heating and suggests the pres-
ence of accretion or viscous heating. The presence of this type
of nonradiative heating has also been suggested in other young
disks (e.g., Liu et al. 2019; Zamponi et al. 2021; Maureira et al.
2022; Takakuwa et al. 2024). Accretion or viscous heating is
expected to dominate in the inner parts of disks, while irradiation
is expected to still dominate the outer regions (Mordasini et al.
2015). Nevertheless, extrapolating the temperature profile out-
wards assuming such a steeper power-law exponent would fur-
ther lower the temperature and therefore increase the optical
depth at a given radius by up to 20% and 30%, respectively. This
would still result in a τ3mm of below one at the location of the
gap or ring feature.

The derived temperature is a factor of ∼2 lower than
those derived at similar radii toward other disks surrounding
embedded sources (hereafter embedded disks) with bolomet-
ric luminosities of ∼1 L� and showing ring or gap structures
(Segura-Cox et al. 2020; Sai et al. 2023). The upper limit to the
SM1 protostar luminosity is ∼1 L� (Friesen et al. 2018). We
can therefore estimate a lower limit to the source luminosity
by assuming the difference in disk temperature between these
sources is only due to luminosity (i.e., flaring is similar for these
embedded disks and temperature in this region is set by irradia-
tion only). In a passive disk, the temperature and central source
luminosity are related by Tmid(r) ∝ (ϕL∗)1/4/r1/2, where ϕ is the
flaring angle (Chiang & Goldreich 1997). The factor 2 difference
in temperature implies a factor 16 lower luminosity for SM1 of
∼0.08 L�. Thus, it is possible that SM1 is a very low luminosity
Class 0 protostar or VeLLO (Dunham et al. 2008), in agreement

5 10 15 20 25 30 35 40
Radius [au]

10

20

30

40

50

T b
 [K

]

T3mm
b

Tdust

0

1

2

3

4

5

6

7

8

3m
m

, 

3mm

spectral index 
(94-106 GHz)

Fig. 3. Radial profiles of the in-band spectral index, optical depth, and
temperature towards SM1. The solid purple line shows the in-band
spectral index. The shaded area shows the 1σ uncertainty. The esti-
mated 3 mm optical depth and temperature profiles are shown with
dashed purple and dotted black lines, respectively. The temperature pro-
file is extrapolated beyond r∼ 15 au following a r−0.5 power law. The
observed brightness temperature profile is overlaid in solid gray, similar
to Figure 1.

with the very cold SED observed for this source. This would sug-
gest that SM1 is either an extremely young protostar with very
little mass accreted so far or is a more evolved Class 0 protostar
observed in a quiescent period of accretion (Pineda et al. 2011;
Maureira et al. 2020). The former is favored by the observed
outflow properties, such as its short length and dynamical time
(Friesen et al. 2018).

We also used the derived optical depth profile τ3mm in
Figure 3 to estimate the mass of the disk as Mdisk =

2π
∫ R

0 Σ(r)rdr, where Σ(r) = τ3mm(r)/κ3mm and κ3mm is the dust
opacity. We used a constant value for τ3mm of 8 for the inner
∼15 au region (see Figure 3) and R = 40 au to obtain a con-
servative estimation. Using an opacity at 3 mm of ∼1 cm2 gr−1

(Beckwith et al. 1990; Birnstiel et al. 2018) and a gas-to-dust
ratio of 100, we estimate a total gas mass of 0.13 M� (or
∼430 M⊕ dust mass). About half of this mass corresponds to the
outer region with τ3mm < 8. The estimated mass in solids for this
disk is in agreement with the range derived for a sample of Class
0 disks also using long-wavelength observations (9 mm), result-
ing in masses that are 50 times higher than those of Class II disks
(Tychoniec et al. 2020). Nevertheless, we note that the derived
mass could be higher or lower by a factor of 2–5 due to uncer-
tainties on the dust opacities, which can show large variations
depending on the considered grain properties (e.g., Ricci et al.
2010; Birnstiel et al. 2018).

4. Discussion

In this work, we show that both a disk with a gap and a disk with
an outer ring can explain the observed deviation in the inten-
sity profile of this young Class 0 disk. This type of deviation
or inflection point in the intensity profile has also been inter-
preted as unresolved gaps or rings for several Class II disks, and
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interestingly, in those cases it also appears to be located near
the edge of the disk structure (e.g., WSB 52, Sz 129, and RU
Lup in Huang et al. 2018). Similarly, the Class I disk IRS 63
was revealed to have a ring and a gap near the location of two
inflection points in its intensity profile (Segura-Cox et al. 2020;
Cieza et al. 2021). The lifetime of Class 0 protostars, such as
SM1, is estimated to be ∼0.15 Myr (Dunham et al. 2014); there-
fore the evidence for a gap or a ring in SM1 suggests a fast
emergence of dust substructures in disks. This is in agreement
with several observational studies showing that the amount of
solid material in Class II disks of only about 1 Myr old is insuf-
ficient to explain the observed exoplanet systems (Manara et al.
2018; Tychoniec et al. 2020; Testi et al. 2022). In addition, the
evolution of the dust mass for Class II disks can be explained by
internal regeneration of dust due to early (.0.5 Myr) planet for-
mation (Testi et al. 2022; Bernabò et al. 2022). Thus, substruc-
tures at stages as early as the one found here could indeed indi-
cate the presence of a planet, or could suggest the fast subse-
quent formation of a planetary core. Theoretically, the possibil-
ity of a planet at such early times depends on whether or not the
conditions for the streaming instability (dust-to-gas ratio near
unity and dust grains only moderately coupled to the gas) could
be present in such a young disk (Youdin & Goodman 2005).
In recent years, theoretical studies have started to investigate
this question. Cridland et al. (2022) find that the conditions for
streaming instability are met on timescales of 0.1–0.2 Myr for
regions in the disk at a distance of a few tens of astronomical
units (au), with masses from a few M⊕ to tens of M⊕ available
to form planetesimals. The favorable conditions are aided by the
early decoupling of grains with sizes of &10 µm in the infalling
envelope and disk (Bate & Lorén-Aguilar 2017; Lebreuilly et al.
2020; Cridland et al. 2022). Such masses agree with the possible
range of planetary masses derived from the gap properties in this
work, although there are large uncertainties (see Appendix D).
On the other hand, alternative studies find that the conditions
are not met in young Class 0/I disks, as their high turbulence
and density would prevent the growth, decoupling, and settling
of dust (e.g., Drążkowska & Dullemond 2018; Xu & Armitage
2023). In the more conservative scenario in which an early sub-
structure – such as that in SM1 – precedes the formation of plan-
etesimals, numerical simulations find that in young embedded
disks, infalling dust can accumulate at the outer disk’s edge,
resulting in a ring structure (Kuznetsova et al. 2022). This sce-
nario therefore aligns with the disk plus ring model found in
Sect. 3 as a plausible explanation for the observed deviations
in the SM1 disk intensity profile. Moreover, recent numerical
simulations show that such dust accumulation could start even
before the formation of the protostar (Bhandare et al. 2024). In
summary, the discussion above suggests that although several
independent observations – including those presented here – sup-
port the early formation of planets during the embedded Class
0/I stages, theoretical studies are yet to form a consensus as to
whether or not planetesimal formation mechanisms can be effec-
tive in these disks.

In addition to the possibilities discussed above, other sce-
narios that could potentially lead to the observed deviation in
the intensity profile of SM1 are: changes in the dust opac-
ity at the location of ice lines (Cieza et al. 2016), variation of
grain sizes, and dust accumulation at pressure bumps caused
by planets (Cieza et al. 2021; Pinilla et al. 2019). The derived
temperature at the gap or ring location (∼13−15 K) is close to
the freeze-out temperature range of N2 (17–21 K, Fayolle et al.
2016; Huang et al. 2018), while the CO and CO2 ice lines fall in
the optically thick part of the disk. Thus, it is possible that the

deviation is due to the location of the N2 ice line, which can lead
to changes in the dust properties. Multiwavelength and high-
resolution observations are needed to better constrain the tem-
perature and grain properties at this location (e.g., Macías et al.
2021; Guerra-Alvarado et al. 2024b).

Finally, when the emission from the disk becomes opti-
cally thick, the intensity starts to trace the temperature profile
instead of a combination of the temperature and optical depth
(Guerra-Alvarado et al. 2024b). This makes the detection of sub-
structures more difficult, and can therefore result in underestima-
tion of the frequency of substructure in the younger (.0.5 Myr)
embedded disks (Ohashi et al. 2023; Hsieh et al. 2024). The
problem is exacerbated if the disk is observed at higher incli-
nations, adding uncertainty as to the origin of features in the
profile (e.g., Sai et al. 2023). This may help explain the low fre-
quency of substructure found thus far in embedded disks, and
will be discussed in more detail in a forthcoming paper. We pre-
dict that the optical depth at 1.3 mm for SM1 would indeed be
above one within 40 au of the central source, which, depending
on the assumed dust properties, can indeed reduce the contrast
of the observed deviation in the profile (see Figure C.1), mak-
ing its detection more challenging. Our observations at longer
wavelengths, combined with the low inclination of the source,
have resulted in optically thin emission beyond 20 au (Figure 3),
making SM1 a more robust case for the detection of substructure
in a deeply embedded Class 0 source.

5. Summary and conclusions

We use ALMA observations at 3 mm with a resolution of 6.9 au
to probe substructures in the deeply embedded Class 0 disk sur-
rounding Oph A SM1. The observations reveal a nearly face-on
disk with a radius of ∼40 au. The radial intensity profile shows
deviation near 30 au that can be reproduced either by consider-
ing a gap at radius of 28 au or an outer ring at a radius of 30 au.
A smooth profile is statistically excluded. The 3 mm emission at
the location of the substructure is optically thin, which is a crit-
ical condition to reveal such features. The evidence from SM1
suggests that we should be cautious of the possibility that annu-
lar substructures could emerge early, during the Class 0 stage
(.0.2 Myr), but remain difficult to identify in current observa-
tions. More observations using longer wavelengths or targeting
disks in which the optical depth can be mitigated are needed to
more robustly constrain the onset and frequency of substructures
during the embedded stages.
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Appendix A: Data self-calibration

For the extended configuration observations (C-10) we per-
formed phase self-calibration only. We performed several itera-
tions reducing the solint interval from ’inf’ down to ’10s’, com-
bininig all the spectral windows for the final step. This phase-
only self-calibration process improved the S/N of the image by
about 40%. For the more compact (C-6) configuration, there
were seven spectral windows, two of which contained spec-
tral line emission. Line-free channels were used to obtain a
continuum model that was then used for self-calibration using
solint=’int’ (per 6s integration), while per-scan (8-10 minutes)
solutions were used for amplitude and phase self-calibration
once the model was sufficiently complete. For the combined self-
calibration, we averaged both datasets in time and frequency. We
averaged in time in bins of 9 seconds. We averaged in frequency
up to the maximum that would not result in a reduction of the
intensity larger than ∼1% for sources away from the phase cen-
ter due to bandwidth smearing7. The primary beam response at
the location of SM1 is 0.35 because the target of this field was
the Class 0 source VLA 1623-2417. The final channel width used
was 30 MHz. We performed four successive steps of phase-only
self-calibration in the combined dataset. In the first one, we use
solint=’inf’, gaintype=’G’ and combined all spectral windows.
For this first round, we used the final image after self-calibration
of the extended configuration as the model. This aligns the two
datasets to the peak position of the extended configuration and
thus corrects for differences in the peak positions across datasets
arising from proper motion or astrometric errors of the observa-
tions. The resultant model was then used for the next steps all
with gaintype=’T’. The solint values for the next iterations were
’inf’, ’30s’, ’int’. For the last two iterations all spectral windows
were combined. Finally, we performed three steps of amplitude
self-calibration with solint=’inf’. In the first one we combined
all spectral windows and used solnorm=T, then we switched to
solnorm=T and finally we allowed solutions to be calculated per
spectral window. For the combined self-calibration the improve-
ment in S/N was about 10%.

Appendix B: Fit of the intensity profiles

We used emcee (Foreman-Mackey et al. 2013) to fit the beam
convolved models to the data. The logarithms of the convolved
model and the data were used in the likelihood function in order
to consider the fractional errors instead of the absolute errors.
This is to avoid a higher weight on the brighter parts of the disk
with respect to the weaker extended outer parts. The convolution
of the model was done using the function fftconvolve from
the Python module scipy.fftconvolve (Virtanen et al. 2020).
We used uniform priors for each parameter which are summa-
rized for the individual models in Table B.2. We use 50 walkers
and run it up to a maximum of 300,000 steps stopping the run
when the number of steps was larger than 100× the autocorre-

7 https://safe.nrao.edu/wiki/pub/Main/Radio
Tutorial/BandwidthSmearing.pdf

Table B.1. Resultant parameters for each model.

Parameter smooth disk disk with a gap disk with a ring

Ftot [mJy] 19.11+0.51
−0.43 19.94+1.02

−0.55 14.24+1.41
−1.15

rc [au] 31.1+1.3
−1.5 36.1+1.4

−1.3 27.3+2.0
−1.8

γ1 −0.63+0.04
−0.03 −0.71+0.03

−0.02 −0.72+0.03
−0.02

γ2 2.27+0.29
−0.26 3.99+2.00

−0.92 7.54+3.86
−2.75

Ia [µJy au−2] ... −2.19+0.74
−7.46 1.77+0.41

−0.26
ra [au] ... 27.9+0.6

−0.6 34.4+1.7
−2.1

σa [au] ... 1.4+2.3
−1.2 3.9+2.0

−1.9
R95 [au] 43.5+2.5

−2.5 39.5+2.5
−2.5 26.5+4.0

−2.0

Notes. The equations used for the models are described in Section 3.1.
rc is the characteristic disk radius, γ1 is the inner disk power-law index
and γ2 is the power-law index describing the slope of the exponential
cutoff, and Ftot is total disk flux. The parameters describing the Gaus-
sian annular substructure are ra, Ia, and σa, corresponding to the radius,
intensity peak and width of the ring/gap respectively. R95 corresponds
to the resultant radius containing 95% of the flux.

Table B.2. Priors for each parameter and model.

Parameter smooth disk disk with a gap disk with a ring

Ftot [mJy] (0, 30) (18, 29) (10, 29)
rc [au] (10, 70) [31, 47) [10, 33]
γ1 (−10, 1) (−1, 0.01) (−1,−0.01)
γ2 (0, 20) (1, 8) (1, 20)
Ia [µJy au−2] ... (−100,−0.1) (0.1, 100)
ra [au] ... (25, 30] (30, 40]
σa [au] ... (0.1, 10) (0.1, 10)

Notes. The parameters are the same as in Table B.1.

lation time (which is the effective number of independent steps)
and the autocorrelation time estimation varied by less than 1%.
The burn-in was computed as twice the autocorrelation time and
the chains were thinned using a thinning parameter of half the
autocorrelation time. The resulting chains showed no large-scale
variations. Figures B.1 to B.3 show the resultant corner plots.
Table B.1 summarized the resultant median for the free param-
eters in each model with their respective lower and upper range
enclosing 68% of the distribution around the median. The last
row shows the radius of the disk enclosing the 95% of the total
flux R95. We note that for the gap model there is a degeneracy
between models with a deep and narrow gap or a shallow broad
one as both lead to a similar profile once convolved with the
beam. Given that the posteriors of the intensity peak and width
for the gap models show significant tension, extreme values for
the width (small or large) seem less likely. Higher resolution
observations are required to improve the constrains on the gap
morphology.
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Fig. B.1. Corner plot results for the smooth disk profile. The dashed lines marked the median value and the lower and upper range enclosing the
68% of the distribution around the median.
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Fig. B.2. Same as Figure B.1 but for the model of a disk with a gap.
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Fig. B.3. Same as Figure B.1 but for the model of a disk with a ring.
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Appendix C: Intensity and optical depth predictions
at 1.3 mm
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Fig. C.1. Predictions for the brightness temperature and optical depth
profiles at 1.3 mm based on the observed 3 mm profile for SM1 (solid
gray line). The widths of the shaded areas correspond to the resultant
range of the profiles, considering β between 1 and 1.7. The darker blue
corresponds to the predicted profile if the disk had been observed at a
higher inclination (i = 60◦). The black dotted line corresponds to the
derived temperature for SM1 as in Figure 3.

Figure C.1 shows the predicted 1.3 mm intensity profiles and
optical depth for SM1 by extrapolating τ3mm, using constant β
values between 1 and 1.7, and the temperature profile derived
in Section 3.2. At 1.3 mm the optical depth increases reach-
ing values greater than 1 throughout the profile. The increase
in optical depth also reduces the contrast of the gap/ring feature
as the intensity approaches the temperature profile. Similarly, the
increased optical depth leads to a flattening or ‘bump’ in the pro-
file from 15 to 25 au. This feature in the profile, which is interior
to the observed 3 mm intensity feature, and therefore not due to
the presence of dust substructure but due to the optically thick
emission. Figure C.1 also shows the predictions for SM1 if it
were inclined by 60◦. This inclination corresponds to an increase
in optical depth by a factor of about 2. The predictions show
that in such situations the profile could appear featureless (upper
edge dark blue shaded region).

Appendix D: Estimation of planetary mass from gap
properties

Numerical simulations show that when a gap is opened due to
the presence of a planet, the width of the gap normalized by its
distance to the star is correlated with the ratio between the star
and the planet masses. The exact relation also depends on the
thickness of the disk (H/R) at the location of the planet and on
the viscosity parameter αvis (Kanagawa et al. 2016; Rosotti et al.
2016). In the case of SM1, several of these parameters are
unknown, including the protostar mass. Following Equation 4
in Kanagawa et al. (2016) and assuming αvis = 10−3, an aspect
ratio H/R∼0.1-0.3 (following the Segura-Cox et al. 2020 deriva-
tion for the Class I disk IRS 63) and a 1 M� protostar, we obtain
possible planet masses in the range from few tens to 200 M⊕. The
planet’s mass scales linearly with the protostar mass. A compa-
rable range is found when compared with the numerical simula-
tions by Rosotti et al. (2016). We should be cautious not to over-
interpret these values given the number of unknown parameters.
Nonetheless, the potential upper range agrees with the estimated
planet masses for the gaps in the Class I disk IRS 63, and the pos-
sible range agrees with numerical estimates of the mass budget
for planetary core formation through the streaming stability in
young disks (Cridland et al. 2022). Molecular line observations
are required to obtain the protostar mass for SM1, which would
allow us to set tighter constraints on both the disk’s dynamical
state and the possible planetary masses.
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