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Fig. 2. Same as Figure 1 for the 1 mm observations. We note that not all the sources at 3 mm were observed at 1 mm due to the smaller field of
view at 1 mm.
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Hot gas/dust spots due to shocks?

Numerical simulation
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M. Maureira, author 2 , and author 3: High-resolution continuum FAUST
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Fig. 3. 1.3-3 mm spectral index maps for all sources with observations at all wavelengths. Similar to Figure 2, the top two rows correspond to
the more isolated sources (separations > 100 au) while the closer multiples are in the bottom row. For each group the sources are organized by
increasing bolometric temperature. The upper corner of each panel shows the minimum and maximum value within the map, considering only
pixels with errors below 0.2 (including both statistical and flux calibration uncertainties).

For the more highly inclined disks (RcrA SMM1C, VLA 1623
W, VLA 1623 B) we use only a limited range of azimuthal angles
(<XX degrees) around the disk major axis. Similarly, for the cir-
cumstellar disk L1551 IRS5 N we also excluded some azimuthal
angles to the north, to avoid contamination from emission con-
nected to the circumbinary disk (Figure 2). The uncertainty in
each bin is calculated as �std/

p
N, where �std and N are the

standard deviation and number of beams in each bin. Figure 5
shows the resultant disk profiles in logarithmic scale where the
intensity is given as brightness temperature calculated using the
full Planck function.

All the profiles show a behaviour that resembles the classic
viscous disk solution (Lynden-Bell & Pringle 1974), with an
inner power-law and outer exponential cuto↵ behaviour. The
profiles at 1.3 mm and 3 mm for each disk resemble each
other very closely for the majority of the sources. Another
way to look at the similarity of the profiles at 1.3 and 3 mm is
through the spectral index profile. Figure 5 shows the resultant
1.3-3 mm spectral index ↵ profile overlaid on the brightness
temperature profiles. As seen in the spectral index maps, ↵
increases with radius, but the profiles further show that ↵ values
in agreement with the the optically thick limit of 2 (or below)

are observed all the way up to near the location of the ’knee’ of
the profiles. It is only near this ’knee’ where the 3 mm profile
shows brightness temperatures below that of 1.3 mm, resulting
in ↵ values increasing above 2. Such behaviour near and after
the ’knee’ in ↵ is expected when the emission becomes optically
thin or at least partially optically thin. The only exception to
this behaviour is the Class I IRS 63, for which this transition to
optically thin emission occurs well below the location of ’knee’
of the profile. We note that the ring detected in this disk at 1.3
mm (see also Segura-Cox et al. 2020) and for the first time here
also at 3 mm, falls within the region of the disk at which the
emission is already optically thinner. Similarly, in the case of
the Class 0 OphA SM1, a deviation from a smooth profile is also
found only in the region at which the 3 mm intra-band spectral
index is in agreement with optically thin emission CITA. Such
regions are clearly almost non-existent for the others disks in
the sample, raising the issue of whether substructures are being
missed in the observations due to the emission being optically
thick for the majority of the disk.

Towards the inner part of the disks, the trend is that ↵ can
take values below 2, as also seen in the spectral index maps.
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M. Maureira, author 2 , and author 3: High-resolution continuum FAUST
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Fig. 3. 1.3-3 mm spectral index maps for all sources with observations at all wavelengths. Similar to Figure 2, the top two rows correspond to
the more isolated sources (separations > 100 au) while the closer multiples are in the bottom row. For each group the sources are organized by
increasing bolometric temperature. The upper corner of each panel shows the minimum and maximum value within the map, considering only
pixels with errors below 0.2 (including both statistical and flux calibration uncertainties).

For the more highly inclined disks (RcrA SMM1C, VLA 1623
W, VLA 1623 B) we use only a limited range of azimuthal angles
(<XX degrees) around the disk major axis. Similarly, for the cir-
cumstellar disk L1551 IRS5 N we also excluded some azimuthal
angles to the north, to avoid contamination from emission con-
nected to the circumbinary disk (Figure 2). The uncertainty in
each bin is calculated as �std/

p
N, where �std and N are the

standard deviation and number of beams in each bin. Figure 5
shows the resultant disk profiles in logarithmic scale where the
intensity is given as brightness temperature calculated using the
full Planck function.

All the profiles show a behaviour that resembles the classic
viscous disk solution (Lynden-Bell & Pringle 1974), with an
inner power-law and outer exponential cuto↵ behaviour. The
profiles at 1.3 mm and 3 mm for each disk resemble each
other very closely for the majority of the sources. Another
way to look at the similarity of the profiles at 1.3 and 3 mm is
through the spectral index profile. Figure 5 shows the resultant
1.3-3 mm spectral index ↵ profile overlaid on the brightness
temperature profiles. As seen in the spectral index maps, ↵
increases with radius, but the profiles further show that ↵ values
in agreement with the the optically thick limit of 2 (or below)

are observed all the way up to near the location of the ’knee’ of
the profiles. It is only near this ’knee’ where the 3 mm profile
shows brightness temperatures below that of 1.3 mm, resulting
in ↵ values increasing above 2. Such behaviour near and after
the ’knee’ in ↵ is expected when the emission becomes optically
thin or at least partially optically thin. The only exception to
this behaviour is the Class I IRS 63, for which this transition to
optically thin emission occurs well below the location of ’knee’
of the profile. We note that the ring detected in this disk at 1.3
mm (see also Segura-Cox et al. 2020) and for the first time here
also at 3 mm, falls within the region of the disk at which the
emission is already optically thinner. Similarly, in the case of
the Class 0 OphA SM1, a deviation from a smooth profile is also
found only in the region at which the 3 mm intra-band spectral
index is in agreement with optically thin emission CITA. Such
regions are clearly almost non-existent for the others disks in
the sample, raising the issue of whether substructures are being
missed in the observations due to the emission being optically
thick for the majority of the disk.

Towards the inner part of the disks, the trend is that ↵ can
take values below 2, as also seen in the spectral index maps.
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Fig. 4. Spectral index distribution of all disks versus circumbinary ma-
terial, obtained through a KDE. The vertical lines at the bottom show
the mean value of the spectral index for the individual disk sources and
circumbinary structures

As expected, this behaviour is related to regions for which the
3 mm brightness temperatures is progressively larger than that
of 1.3 mm. Such behaviour can be expected when the emission
is very optically thick at both wavelengths, and can be due to
either positive gradients of temperature for increasing depth
into the disk (e.g., Zamponi et al. 2021) or due to self-scattering
emission due to the presence of large mm/cm grains (CITE).

4.2.1. Fit to the disk emission

To further quantify the disk properties at both wavelengths we
perform fits to the disk emission. For the more extended disks for
which deprojected intensity profiles were derived (Section 4.2),
we fit the intensity profiles with a variation of the classic solution
that considers two independent power-law indices constraining
the inner and outer cuto↵ behaviors and that has been used to fit
the emission of more evolved Class II disks as well. We already
used this model to successfully reproduce the profile of the Class
0 SM1 disk (CITE). The intensity profile has the form:

I(r) /
 

r
rc

!�1

exp
"
�

 
r
rc

!�2
#
, (1)

where r is the radius, rc is the characteristic radius, �1 the inner
disk power-law index, and �2 the power-law index describing the
slope of the exponential cuto↵. Together with rc, �1, and �2, the
fourth free parameter is taken as the total flux of the model, Ftot.
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, resultant fit and corner plots are in Appendix Section ??.
Table C.1 summarizes the resultant values for the free parame-
ters.

4.3. Tb at 1.3 mm and optically thick emission

Figure 6 shows all the disk intensity profiles at 1.3 mm expressed
in brightness temperature, using the results from the fits to the

emission using a modified self-similar and Gaussian profile for
the extended and compact disks, respectively. At each radius, the
color of the curves tracks the resultant spectral index between 1.3
and 3 mm. The median of the brightness temperature of the pro-
files at 1 au is ⇠ 170 K. At 5 au, where profiles still show ↵ ⇡ 2
values, the median is ⇠ 100 K. At a distance of 40 au, where
most of the disks show still ↵ ⇡ 2 values, the median bright-
ness temperature is ⇠ 23 K. For comparison, the dashed lines
in Figure 6 show predicted lower and limits for the midplane
temperature profiles. The midplane temperature as a function of
radius is calculated as

T irr
mid =

 
'L⇤

8⇡r2�S B

!0.25

(2)

which is an approximation valid for passively heated disks
(Chiang & Goldreich 1997). To provide a lower and upper limit
to the temperature we consider the limiting values 0.1 and 20
L� for the protostar luminosity L⇤, and 0.01 and 0.3 for the
flaring angle3 '. The values for L⇤ are taken from the range of
internal luminosities of the sample (Table 1). These lower and
upper limits to L⇤ and ' correspond to H/R between 0.05 and
0.15 for a 1 M� protostar. From the comparison we observe that
the individual and median values for the observed brightness
temperature are high and within the same order of magnitude
as the predicted dust midplane temperatures for irradiated
disks. This further supports the interpretation of ↵ ⇡ 2 as due
to optically thick emission. We also note that the observed
brightness temperatures in optically thick parts of the disk for
two disks (IRAS 16293 B and L1551 IRS 5) are above than
the rather conservative derived upper limit for temperature due
to irradiation. This supports the need to consider mechanical
heating (dissipation due to accretion/viscosity) in these disks,
in agreement with previous works for IRAS 16293 B (Zamponi
et al. 2021), and the fact that L1551 IRS 5 is a Fu Ori like source.

Given that the disk profiles are in the optically thick limit,
we could in principle track the slope of the dust temperature as
a function of radius using the slope of the optically thick part of
the brightness temperature profiles. In Figure 6 is however im-
mediately apparent that the slope of the optically thick regions
in several of the largest disks (see also Figure 5) is not always
in agreement with the T / r�0.5 relation predicted by radiative
heating. Figure 7 summarized the resultant slopes for the inner
part of the disks from the modified self-similar fit (Section 4.2.1).
Dashed lines are drawn at -0.5 and -0.75 which are the theoret-
ical index values for midplane temperatures due to passive and
viscous heating, respectively. The results show a range of power-
law index values ranging from zero to ⇠ �1.2. In addition, there
is a trend for the values measured at 3 mm to be higher than the
one measured at 1.3 mm for each source. This trend as well as
the wide range of values, including values steeper and shallower
than the theoretical values for passive and viscous heating at the
midplane can be explained due to variations of the amount of
optical depth across the sample. SuchWe will discuss further in
Section XX.

4.4. Disk sizes at 1.3 and 3 mm

In the context of dust evolution, a comparison between the size
of a disk at di↵erent wavelengths is often used to investigate
3 We note that considering a radial dependence on the flaring angle ac-
cording to equation 5 in (Chiang & Goldreich 1997) changes the tem-
perature only by about 10%.

Article number, page 6 of 20

Individual disks versus circumbinary disks

Maureira et al. in prep

Spectral index in circumbinary and circumstellar Class 0/I disks



N

S

Maureira et al. in prep

Mass estimates: Circumbinary and circumstellar disks

Mass CB disk

Gas ~ 0.07 Msun (~70 Mjup)


Dust ~ 180 MEarth


Mass CS disks

Gas ~ 0.03 Msun (~30 Mjup)


Dust ~ 100 MEarth


Mass CB disk

Gas ~ 0.05 Msun (~50 Mjup)


Dust ~ 170 MEarth


Mass CS disks

Gas ~ 0.02 Msun (~20 Mjup)


Dust ~ 80 MEarth


Mass CB disk

Gas ~ 0.1 Msun (~100 Mjup)


Dust ~ 300 MEarth


Mass CS disks

Gas ~ 10-3 - 10-2 Msun (~1-10 Mjup)


Dust ~ 2 - 40 MEarth


Mprot  ~ 1 Msun Mprot  ~ 0.5 Msun Mprot  ~ 2-4 Msun



N

S

Maureira et al. in prep

Mass estimates: Circumbinary and circumstellar disks

Mass CB disk

Gas ~ 0.07 Msun (~70 Mjup)


Dust ~ 180 MEarth


Mass CS disks

Gas ~ 0.03 Msun (~30 Mjup)


Dust ~ 100 MEarth


Mass CB disk

Gas ~ 0.05 Msun (~50 Mjup)


Dust ~ 170 MEarth


Mass CS disks

Gas ~ 0.02 Msun (~20 Mjup)


Dust ~ 80 MEarth


Mass CB disk

Gas ~ 0.1 Msun (~100 Mjup)


Dust ~ 300 MEarth


Mass CS disks

Gas ~ 10-3 - 10-2 Msun (~1-10 Mjup)


Dust ~ 2 - 40 MEarth


Mprot  ~ 1 Msun Mprot  ~ 0.5 Msun Mprot  ~ 2-4 Msun



B

A1
A2

Maureira et al. 2020a

A2

A1

ALMA 3 mm at 6.5 au resolution

Orbital motion of the Class 0 binary IRAS 16293 A



B

A1
A2

Maureira et al. 2020a

A2

A1

ALMA 3 mm at 6.5 au resolution

2017.9
2017.9

1987.7 1989.0

1989.0

1994.3

2005.2
2003.5

2003.7
2011.2

2013.0

Relative orbital motion

Bound system 

At least 2 Msun in 
protostellar mass 

Orbital period ~ 400 yr

Orbital motion of the Class 0 binary IRAS 16293 A



B

A1
A2

Maureira et al. 2020a

A2

A1

ALMA 3 mm at 6.5 au resolution

2017.9
2017.9

1987.7 1989.0

1989.0

1994.3

2005.2
2003.5

2003.7
2011.2

2013.0

Relative orbital motion

Bound system 

At least 2 Msun in 
protostellar mass 

Orbital period ~ 400 yr

Orbital motion of the Class 0 binary IRAS 16293 A



Orbital motion of the Class I binary L1551 IRS 5

Hernandez Garnica et al. 2024

Variation of the position angle of the protostars



Orbital motion of the Class I binary L1551 IRS 5

Hernandez Garnica et al. 2024

Variation of the position angle of the protostars



Summary and ConclusionsSummary

• Circumstellar disks are optically thick at 1.3 and 3 mm (in singles and multiple systems), while circumbinary disks 
appear to be optically thinner  (tau < 1). 

• Class 0/I binaries (sep < 100 au) show a variety of circumbinary disks sizes (few 10 to few 100 au), morphologies 
(spirals, ring-like, disk-like, etc) and misalignments (CB vs CS disk)

                      ….BUT not all show clear circumbinary disk structures (* in dust emission)

• Filamentary structures connecting to the disks are observed for systems > 100 au separations, possibly tracing 
accretion streamers.


• Presence of localized and asymmetric enhancements of dust/gas temperatures (> 100 K) in circumbinary disks, 
interpreted as shocks (origin: binary accretion, accretion streamers from envelope, outflows?)

• Mass estimates for CB disks: 10-2 - 10-1 Msun ( 50-100 Mjup) in gas or tens to 100 MEarth in solids. 

• Orbital parameters are starting to be constrained for embedded Class 0 and I systems using ALMA and VLA, more 
will become available in the future!
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RCrA SMM1C 1.3 mm
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IRAS16293 B 1.3 mm
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VLA 1623 W 1.3 mm

Class I
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RCrA IRS7A 1.3 mm

Class I

IRS 63 1.3 mm

Class I

Elias 29 1.3 mm

Class I

VLA1623 A/B 1.3 mm

Class 0 50 au

IRAS16293 A 1.3 mm

Class 0

L1551 IRS5 1.3 mm

Class I

Fig. 2. Same as Figure 1 for the 1 mm observations. We note that not all the sources at 3 mm were observed at 1 mm due to the smaller field of
view at 1 mm.
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