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ABSTRACT

Context. The (sub-)millimetre dust opacity spectral index (8) is a critical observable for constraining dust properties, such as the
maximum grain size of an observed dust population. It has been widely measured at Galactic scales and down to protoplanetary disks.
Because of observational and analytical challenges, however, quite a gap exists in following the evolution of dust in the interstellar
medium (ISM): we lack measures of the dust properties in the envelopes that feed newborn protostars and their disks.

Aims. To fill this gap, we used sensitive dust continuum emission data at 1.2 and 3.1 mm from the ALMA FAUST Large Program and
constrained the spectral index of the submillimetre dust opacity for a sample of protostars.

Methods. Our high-resolution data, along with a method that was more refined than the methods in previous efforts, allowed us to
distinguish the contributions from the disk and envelope in the uv-plane, and thus, to measure spectral indices for the envelopes that
are not contaminated by the optically thick emission of the inner disk regions.

Results. The FAUST sources (n = 13) include a variety of morphologies in continuum emission: compact young disks, extended
collapsing envelopes, and dusty outflow cavity walls. Firstly, we found that the young disks in our sample are small (down to <9 au)
and optically thick. Secondly, we measured the dust opacity spectral index S at envelope scales for n = 11 sources: The S of n = 9
of these sources were not constrained before. We effectively doubled the number of sources for which the dust opacity spectral index
S has been measured at these scales. Thirdly, by combining the available literature measurements with our own (a total n = 18), we
showed the distribution of the envelope spectral indices between ISM-like and disk-like values. This bridges the gap in the inferred dust
evolution. Finally, we statistically confirmed a significant correlation between 8 and the mass of protostellar envelopes, as previously
suggested in the literature.

Conclusions. Our findings indicate that the optical dust properties smoothly vary from the ISM (>0.1 parsec) through envelopes
(~500-2000 au) to protoplanetary disks (<200 au). Multi-wavelength surveys including longer wavelengths and in controlled star-
forming regions are needed to further this study and make more general claims about the dust evolution in its pathway from the cloud

to disks.
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1. Introduction

Dust grains account for approximately one percent of the mate-
rial that permeates the interstellar medium (ISM), and they
additionally play several crucial roles in the star and planet
formation (Tielens 2010; Draine 2011). Their evolution there-
fore needs to be precisely constrained across space and time in
star-forming regions.

From the slope («) of the submillimetre spectral energy dis-
tribution (SED), the spectral index (8) of the dust absorption
opacity k oc v can be derived. The latter carries important infor-
mation on cosmic dust: 8 is anti-correlated with the maximum
grain size of the distribution (e.g. Natta et al. 2007; Testi et al.
2014; Ysard et al. 2019). According to these studies, values of
B = 1.5 are consistent with dust grains smaller than about 10 um,
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while grain sizes larger than ~100 um flatten the dust opacity,
andg < 1.

In the ISM, the spectral index of the submillimetre dust
opacity has largely been characterised to be § ~ 1.5-1.9 (e.g.
Schwartz 1982; Planck Collaboration Int. XIV 2014; Juvela et al.
2015), which constrains the dust grains in the diffuse medium
to be smaller than about a micron. Recent observations in dif-
ferent wavelength ranges have been challenging models of dust
coagulation in the ISM and in denser cores. Dust models often
assume that the ISM dust has an MRN-like distribution (Mathis
et al. 1977) everywhere, and thus, that its sizes lie in the range
of [0.005, 1] um. Conversely, near-infrared observations indi-
cated larger grains (up to Sum) in denser regions of the ISM via
extinction measurements (Roy et al. 2013), the scattered-light
“core-shine” effect (Pagani et al. 2010; Steinacker et al. 2010;
Steinacker et al. 2015), and even recent JWST spectroscopy
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(Dartois et al. 2024). Several constraints thus indicate that dust
evolves from the very diffuse ISM to its denser cores, in which
star formation begins.

At the smaller end of physical scales, large surveys that mea-
sure submillimetre spectral indices in protoplanetary disks have
been carried out in order to determine the onset of planet forma-
tion, which is understood as the growth of dust into pebbles that
will form planetesimals in disks. These surveys yielded @ < 3
(and B < 1) for most of the disks (e.g. Ricci et al. 2010; Tazzari
et al. 2021; Chung et al. 2024; Garufi et al. 2025). Based on these
studies, important constraints were derived for the evolution of
dust in planet-forming environments, and indirect evidence was
found for protoplanetary disk substructures, suggested by the low
a/B, which indicates the high optical depth of localised regions
of disks (e.g. Ricci et al. 2012; Delussu et al. 2024). Beyond
total intensity measurements, polarisation studies also indicate
dust growth in disks (Zhang et al. 2023; Lin et al. 2024). It
is well understood today that dust grains grow in protoplane-
tary disk substructures at least to centimetre sizes before they
might quickly build up kilometre-sized planetesimals via mecha-
nisms such as streaming instabilities (Youdin & Goodman 2005;
Scardoni et al. 2024).

However, a gap is still open in our knowledge of the life
cycle of dust from the very diffuse ISM to very dense disks. Sur-
veys aiming to characterise the spectral indices of environments
between the ISM cores and protoplanetary disks, that is, pro-
tostellar envelopes, are lacking. This is mainly because of two
observational difficulties. First, extinction-based studies in the
optical and in the near-/mid-infrared can only be used to char-
acterise dust up to visual extinctions of a few magnitudes, after
which the higher densities do not allow any background photon
to pierce the region and reach our detectors. Moreover, in order
to study much more compact and denser regions than were con-
sidered in the studies mentioned above, the high spatial (~1")
resolution probed by (sub-)millimetre interferometers becomes
a necessity. However, thermal dust emission at these frequen-
cies becomes increasingly fainter away from a radiation source.
The emission of protostellar envelopes is therefore much fainter
than that of protoplanetary disks, which makes it harder to sur-
vey in a large number of objects. Because the observations are
time-consuming and need to be characterised by a high resolu-
tion, large maximum recoverable scales, and high sensitivities,
collapsing protostellar envelopes have never been systematically
surveyed to constrain their dust properties. They are central
for understanding many aspects of star and planet formation,
however.

The evolution of dust grains in protostellar envelopes can
affect a set of conditions for star and planet formation. The
infalling dust grains represent the initial distribution of solids
that are input in the planet-forming disks. Moreover, dust grains
are charged and thus coupled with the magnetic fields of the
protostar: This leads to a magnetic braking effect that slows the
collapse down and regulates the sizes of rotationally supported
protoplanetary disks (Hennebelle & Ciardi 2009; Zhao et al.
2016; Vallucci-Goy et al. 2024). When the grains in envelopes
are also large, they might decouple from and infall faster than the
gas, which increases the dust-to-gas ratio in the disks and is criti-
cal for the formation of early planetesimals (Youdin & Goodman
2005; Cridland et al. 2022). Finally, dust grain properties are also
invoked to explain the observed thermal polarised emission in
the ISM in the theory of radiative alignment torques (Lazarian &
Hoang 2007; Reissl et al. 2020), the mechanical alignment along
gas flows (Hall 1949; Reissl et al. 2023), and radiation alignment
(Andersson et al. 2015). As these mechanisms depend on grain
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properties, refined constraints on dust grains in envelopes are
valuable for modelling and explaining polarisation observations.

A few works have attempted to perform these measurements
and reported ambiguous results. Kwon et al. (2009) and Miotello
et al. (2014) measured low-g values (<1) in five objects, but with
large relative uncertainties (>50%) because the sensitivity of the
observations was relatively poor, they needed to combine data
from different facilities, and because the calibration uncertain-
ties of the (mix of) instruments were large. Nonetheless, they
interpreted these results as possible indications of grain growth
in collapsing envelopes for the first time. Using similar methods,
other works did not find indications of this evolution, which first
indicated possible differences as to whether the growth of dust is
a viable process at envelope scales (Agurto-Gangas et al. 2019;
Cacciapuoti et al. 2024a). The only rather extended recent study
by Galametz et al. (2019) focused on the Plateau de Bure Inter-
ferometer (PdBI) CALYPSO (Continuum and Lines in Young
ProtoStellar Objects) sample of class 0/I sources presented by
Maury et al. (2018). For 9 (out of 16) sources for which they mea-
sured S, they found examples of relatively low and high S values
(in the range 0.5—1.4), with a variety of gradients from the outer
to inner envelope that would suggest submillimetre grains in a
few envelopes.

On the theoretical side, simulations of dust evolution during
collapse do not reproduce these observations well (e.g. Ormel
et al. 2009; Bate 2022; Lebreuilly et al. 2023) and concluded that
grains can grow in envelopes only up to ~2 um. We might miss
some fundamental aspect of the dust evolution during collapse,
or there might be any observational biases against the few mea-
sured low-8 values. Answering this question requires improving
the number of sources with robust measurements (e.g. Birnstiel
2024; Perotti et al. 2024). Theoretical models require tighter
constraints on the dust distribution of these early large-scale
environments to gauge their effect on the system evolution.

Based on the ALMA FAUST Large Program, we use sen-
sitive and high-resolution (50 au) observations that help us
overcome the limitation of previous attempts. We measure the
spectral index of the dust opacity in the envelope of 11 class 0/1
sources (nine of which are independent, and two overlap with
the CALYPSO sample) in a robust and consistent way with the
aim of exploring the gap between the spectral index values of
the ISM and the disk. In Section 2, we present the sample and
observations. In Section 3, we present the method with which we
distinguished the emission from the disk and from the envelope.
In Section 4, we present the measurements of spectral indices for
each source. We discuss our findings in Section 5 and summarise
our conclusions and prospects in Section 6.

2. Observations and sample

We made use of data from the ALMA Large Program “Fifty
AU Study of the chemistry in the disk/envelope system of
Solar-like protostars” (FAUST, project-ID 2018.1.01205.L, PI:
Yamamoto, S.). The main goal of FAUST is to reveal and quan-
tify the variety in the chemical composition of the envelope/disk
system of Solar-like class 0 and I protostars (see Codella et al.
2021 for further details and also Ohashi et al. 2022; Imai et al.
2022; Codella et al. 2022; Mercimek et al. 2023; Codella et al.
2024; Podio et al. 2024 for a gallery of results). In that con-
text, dust absorption opacity « is critical when studying line
emission, and the only way to properly take it into account in
chemistry studies is to spatially resolve the continuum emis-
sion at two or more frequencies (e.g. De Simone et al. 2020;
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Table 1. Main properties of the ALMA FAUST Large Program sources.

Source name Lpot Lo)  Thot (K)  Mey Mp) Inc(deg) Binary? Class Region (distance)
IRAS 15398-3359 0.92@ 44 @ 1.2@ 70 N 0 Lupus (155 pc)
CB68 0.86® 41© 09® 700 N 0 Isolated (137 pc)
1483 9.0@ 50 @ 4.4@ 83 ® N 0 Aquila (200 pc)
Elias 29 13.0© 391 0.47@ 60 @ N I Ophiuchus (137 pc)
VLA1623A 269 55 0.8™ 55 @) Y 0 Ophiuchus (137 pc)
GSS30 1.7@ 50® 0.098 © 64 @ N I Ophiuchus (137 pc)
RCra IRS7B 51® 88 ™ 630 65©@ Y 0/  Corona Australis (130 pc)
BHBO7-11 2.20m 65 ™ 0.090 (™ 85 (m Y 0/1 Pipe (145 pc)
IRS63 1.3® 348 ® 0.096 © 47® N I Ophiuchus (137 pc)
NGCI1333 IRAS4A 9.1@ 29 122® 65@ Y 0 Perseus (235 pc)
NGC1333 IRAS4C 1.1@ 31@ 1.2@ 75 G N 0 Perseus (235 pc)
L1527 IRS™ 1.3® 410 120 85@ N 0/1 Taurus (137 pc)
L1551-IRS5 24.5 92@ 1.6@ 60 ¥ Y I Taurus (147 pc)

Notes. References: @ Jgrgensen et al. (2013); @ Vallée et al. (2000); Launhardt et al. (2013); “Jgrgensen et al. (2002); ©Jgrgensen et al. (2009);
(Chen et al. (1995); @Froebrich (2005); Myers et al. (1998); @Ohashi et al. (2023); “van Kempen et al. (2009); ™ Alves et al. (2017); ®Evans
et al. (2023); ©André et al. (2010); ”Sadavoy et al. (2014); @Mottram et al. (2017); "Motte & André (2001); ’Okoda et al. (2018); PImai et al.
(2022); @QOya et al. (2018); @Miotello et al. (2014); “Sadavoy et al. (2019); ® Santamaria-Miranda et al. (2024); @Takakuwa et al. (2024); ¥ Y1ldiz
et al. (2012); “Segura-Cox et al. (2016); “?Cruz-Sdenz de Miera et al. (2019). Note: ® L1527 IRS was analysed in the pilot study of Cacciapuoti

etal. (2023).

Frediani et al. 2025). Moreover, dust grain size distributions are
important from a chemical perspective as grains act as facili-
tators for important reactions in the ISM, even of the simplest
molecules (Ceccarelli et al. 2023).

For this reason also, the FAUST program includes observa-
tions of young sources in two wavelength windows within the
1.2 mm (239 GHz) and 3.1 mm (95 GHz) atmospheric windows.
Moreover, FAUST observations cover a range of baselines that
ensure a resolution of (/3-0"4 and a maximum recoverable scale
of up to 14”74 which, given typical distances of the sources (150—
300 pc), yields observations that are sensitive to physical scales
in the range 50-3000 au, thus allowing proper characterisation
of both disks and envelopes.

A summary of the main properties for the FAUST target
sources considered in this study is presented in Table 1. Among
these, we note that L1527 IRS was already analysed in the pilot
study of Cacciapuoti et al. (2023).

2.1. Data calibration

The FAUST data were calibrated using a modified version of
the ALMA pipeline, using the Common Astronomical Software
Applications (CASA, CASA Team 2022), version 5.6.1-8. This
included a correction for errors introduced by the per-channel
normalisation of data by the ALMA correlator'. Line-free Local
Standard of Rest Kinematic (LSRK) frequency ranges were
identified by visual inspection and averaged per spectral window,
and initial continuum images were produced for each separate
ALMA configuration. These were then used as initial models
for subsequent per-configuration, phase-only self-calibration
followed by amplitude and phase self-calibration. Great care was
taken to ensure that the models were as complete as possible to
avoid changing the overall flux density scale of the data when
doing amplitude self-calibration. The sources are sufficiently
bright that “per-integration”, phase-only self-calibration was
possible. For the amplitude self-calibration, the approach was

I https://help.almascience.org/kb/articles/what-errors-
could-originate-from-the-correlator-spectral-normalis-
ation-and-tsys-calibration

“per-scan”. The per-configuration datasets were then aligned
across configurations in both phase and amplitude, again using
a self-calibration technique. Improvements in the dynamic range
of more than an order of magnitude for the final images were
often achieved using this technique for all setups. The inclusion
of absolute flux calibration uncertainties is central when com-
puting spectral indices, since they depend on the flux values at
each wavelength. Within FAUST, the default calibrators were
used for the flux calibration, and thus it is appropriate to use the
flux calibration uncertainties as suggested in the ALMA Techni-
cal Handbook (see also Section 4). More details on the FAUST
data calibration and reduction can be found in Chandler et al.

(in prep.).

2.2. Data imaging

In this work, we imaged the continuum data products using
a Briggs weighting scheme with a robust parameter of 1 and
restraining the utilized uv-distances in the range 6-150 k4, in
order to highlight the contribution of the large scale emission in
which we are interested. We applied a common restoring beam
of 1 x 1 arcsec. We show the primary-beam-corrected images in
Figs. 1 and A.1 in Appendix A. The synthesised beam of each
map and its noise (rms) have been reported in Table A.1.

These images were mainly useful to inspect the morphol-
ogy of the source and visually determine which model to be
fit in the uv-plane (see Section 3). However, for the sources for
which we attempt to measure « in the image plane (IRAS4A,
BHBO07-11, VLA1623A, and IRAS15398-3359; see Section 4.3
and Appendix D), we generate maps with matching synthesised
beams using the uvtaper parameter of the CASA tclean rou-
tine. We note that in the uv-plane analysis we compute @ across
azimuthally averaged baseline bins common between 1.2 and
3.1 mm, so that the bin fluxes used for the computation are
recovered from the same physical scales on the sky.

3. Modelling in the uv-plane

As we are interested in measuring the dust opacity spectral index
and its gradient across protostellar envelopes while correcting for
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IRAS15398-3359
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IRAS4A IRAS4AC
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RCrA-IRS7B BHBO7-11

1000 au

Elias29 L1551-IRS5

-1
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Fig. 1. Dust continuum emission of the ALMA FAUST large program sample at 1.2 mm. The color bar is in units of Jy/beam. The synthesised
beam is depicted in the lower left corner as a white ellipse and is reported, along with the rms of each map, in Table A.1. The white contours are
at levels of [5, 10, 50]o. The panels are centred on the source and cover 20 arcsec across. The first two rows show class O sources, the third row

shows class 0/I sources, and the last row shows class I sources (Table 1).

the disk contamination, a multi-scale approach needs to be taken.
While very high (<0”1) resolution images across observing
wavelengths of protoplanetary disks have allowed the commu-
nity to reliably measure spectral indices in the image plane (e.g.
Carrasco-Gonzalez et al. 2019; Sierra & Lizano 2020; Macias
et al. 2021), the need for a multi-scale (50-2000 au) study to
trace dust evolution in envelopes calls for a different approach.
Indeed, generating an image from interferometric visibilities is a
modelling process in which a certain weighting scheme is asso-
ciated with the visibilities to be imaged. Thus, the final model
image will emphasize more compact structures or more extended
emission based on which baselines were weighted more among
the available ones. For this reason, making an image that ideally
traces the source at high resolution and recovers the large-scale
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emission is challenging. In other words, it is hard to spatially dis-
entangle the contribution of compact and extended structures in
the image plane and thus evaluate the contamination of one onto
the other when measuring intensity-dependent quantities, like
spectral indices. An additional uncertainty in computing spec-
tral index maps naturally arises from sparse uv-coverage, since
its variable density also affects the reconstructed sky maps.

For the reasons above, we mainly conduct our analysis in
the uv-plane, where we aim to model the data with multiple
components that trace the inner compact regions as well as the
large-scale envelopes. This approach has been benchmarked by
e.g. Maury et al. (2018), Galametz et al. (2019), Cacciapuoti
et al. (2023), and Tung et al. (2024). The main goal of the mod-
elling is to isolate the central compact, usually optically thick,
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component. Once achieved, this compact component can be sub-
tracted from the data, so that only the envelope flux contribution
remains, which can then be used to compute an uncontaminated
spectral index. It is noteworthy that this uv-plane approach is not
free of shortcomings, the main one being the loss of informa-
tion about the 2D source morphology: when computing « as a
function of azimuthally averaged baseline bins, we effectively
average the envelope properties in azimuth as well. However,
this is a small price to pay when considering that (i) for the more
compact objects it is not possible to generate an uncontaminated
(from the disk) 2D « map, (ii) at this stage we are interested in
the general trend of the spectral index across the envelopes rather
than their precise 2D distribution.

To fit the continuum emission visibilities of a system made of
n components, we consider the total model to be the sum of the
visibilities of the individual components. The number of param-
eters in our models varies based on the number of components
needed to fit the data as decided based on the source morphol-
ogy: e.g. a power-law envelope and/or one or more Gaussian
disks. In particular, lacking a general description for the often
irregular morphologies of collapse, the brightness profile of typ-
ical protostellar envelopes has long been described by Plummer
profiles (Plummer 1911; Motte & André 2001; Shirley et al.
2002; Maury et al. 2019),

P

I
0
Bor(R) = ——— (D)

()

This envelope power law has peak flux Ig and three other free
parameters: R;, Roy, and p+q. These are such that the envelope
emission is constant within a radius R; to avoid divergences, it
follows a power law between R; and Ry, and it is null beyond
Roue- The power law index of the brightness profile p+q is a com-
bination of the power laws indices that describe the envelope
density (RP) and temperature (R™).

For the inner optically thick regions, dominated by a com-
bination of disk and free-free emission, we instead use a 2D
Gaussian model (and a point source where necessary). The
Gaussian is defined by a peak Ig, a width o, an inclination “inc”
and position angle PA, so that it can describe elliptic disks:

e
G0 (R) =15 - €727, (2)

In order to fit these models, we used emcee (Foreman-
Mackey et al. 2013) and galario (Tazzari et al. 2018). The
former can be used to sample the parameter space using a
Markov Chain Monte Carlo approach, in order to set a combi-
nation of parameters at each step. The latter computes a model
image given a brightness profile and the parameters as selected
by emcee at each iteration. Then it Fourier-transforms the model
into synthetic visibilities and samples them at the uv-points cov-
ered by the antenna configurations with which the observations
were performed. Finally, it runs a minimum-y? test between the
data and the model visibilities at each trial of parameters sets,
until it converges to a minimum.

The parameters were all set to vary within uniform prior
distributions. The offsets from phase centre of each fitted com-
ponent, ARA and ADec, were set tightly (a range of a few
tenths arcseconds) around values obtained with an inspection of
data with the Cube Analysis and Rendering Tool for Astronomy
(CARTA, Comrie et al. 2021); the Gaussian width o~ were set to
vary between zero and (7 (roughly a 20~ 200 au disk at 140 pc),
which is wide enough to accommodate any known class 0/I disk

(e.g. Maury et al. 2022); the inclination and PA were set to
vary over the full possible ranges. The Plummer envelope’s inner
radius varied between zero and 2”70 (in order to ensure it to be at
least as extended as the disk); the outer radius Ry, would vary
between 270 and 1570 (slightly larger than the maximum recov-
erable scale of the observations). Finally, the envelope power law
exponent p+q was set free in the range [1,3]. We ran 120 walkers
for 25 000 steps to reach convergence and samples the posterior
distribution of each fit. An example of the fitting result for CB68
is shown in Fig. 2.

We note that when more than one source was present in the
field of view, we modelled and subtracted those far away from
the target from the visibilities in CASA (using the uvmodelfit
and uvsub routines). Only after this step we modelled the resid-
ual visibilities with galario. If, instead, any secondary source
was close to the target source (blended with envelope emission
of the primary target), we modelled the two self-consistently in
galario in order to avoid subtracting flux from the close enve-
lope with a rough CASA model. The sources in our sample with
secondary emission in the field of view are GSS30, RCra IRS7B,
VLA1623A and IRAS4A. GSS30 and RCra IRS7B do not show
any sign of extended envelopes (in one or both bands) and thus
fall out of the sources of interest for this study: for these we
do not model out the secondaries since we do not measure an
envelope B in any case. The spectral index of the fitted com-
pact component for those sources is thus contaminated by these
secondaries. However, the flux of the primary targets always
far exceeds the secondaries (by =10 times) and thus would not
change our conclusions: these protostars host compact, optically
thick disks with @ ~ 2. More generally, the sources consistent
with no envelope emission in at least one band — and so for which
no B was measured — are: GSS30, RCra IRS7B, IRS63. On the
contrary, the secondary field of view sources around VLA1623A
and IRAS4A need to be treated more carefully since we could
derive envelope 8 measurements for them. For the former, after
subtraction of off-centre sources in the field of view (Fig. C.1),
the data was modelled as a power law for the envelope and two
Gaussians for the central binary (Fig. B.2). For the latter, after
removal of secondaries (Fig. C.2), the best fit consisted of one
Gaussian component for IRAS4A1 and two Plummer envelopes,
as extended emission is clearly detected with high signal to noise
ratio around both protostars (Fig. 1). Previously, Maury et al.
(2018) found that only two Plummer profiles would suffice to
well fit the PABI + IRAM 30m telescope CALYPSO data and
derived similar values for the envelope profile parameters. The
higher resolution of our data cause the visibilities profile to drop
faster at the long baselines with respect to what observed in that
previous study, and this drop is better fit by an additional compo-
nent with ~90 au in size. As no disk kinematic signature has been
detected down to 50 au for this source, we interpret this compact
emission to be due to the very inner, optically thick envelope.
Finally, we note that two Gaussians were found to fit BHB07-11
(Fig. B.6) better than a Gaussian plus Plummer model. This is
not surprising when inspecting the image plane, in which this
source shows a flattened, disk-like inner envelope that extends
for approximately 500 au (Fig. 1).

The best fit parameters are summarised in Table 2 and the
obtained profiles are overplotted on the data in Appendix B. The
fit y? is also reported: in some cases, the y? results significantly
higher than unity. This captures the cases for which strong asym-
metries characterise the envelopes and are not well described
by a spherical model (e.g. IRAS4A, VLA1623A), or the cases
for which unsubtracted FOV sources remain in the residuals
(IRS7B, GSS30, IRAS4C). In both cases, we reaffirm that the
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Fig. 2. Plummer plus Gaussian best fit (orange) overplotted on the real and imaginary parts of the visibilities for the B3 (upper panel, black points)
and B6 (lower panel) observations of CB68. The Plummer only (violet line) and Gaussian only (green line) components of the total model are also
shown. The wiggles in the model are due to its sampling on the uv-points of the observations. The residuals of the model are shown in green at the
side of each plot. The corner plots are shown for completeness and the parameters values reported in Table 2 for readability.

main objective of the fits is to describe the inner optically thick
region to subtract it from the data and thus measure the envelope
uncontaminated spectral index, and not to perfectly model the
entirety of the very irregular emission of protostellar envelopes.

It is noteworthy that, in almost all cases, the Gaussian
emission contribution reaches its maximum in the uv-space (inte-
grated flux) at about 150-200 kA, the same baselines at which
Galametz et al. (2019) considered the compact emission to satu-
rate (based on the disk sizes found for the same sample in Maury
et al. 2018) and hence the one they subtracted at shorter baselines
to isolate the envelope contribution from the compact central
regions in the uv-space. We thus confirm that their approach is
robust in what regards the subtraction of the compact component
from the visibilities before measuring « and g.

4. Spectral index profiles
The spectral indices were computed as:

logF,, —log F
a = Og 2 Og 14! (3)

logv, —logv;

where F,, are the fluxes at the two observed ALMA bands,
represented by their mean frequencies v; = 95 GHz and v, =
233 GHz. The quantity in Eq. (3), was computed in two ways
for each source. In addition to the statistical uncertainty, all com-
puted spectral indices in this paper carry a systematic 1o error of
0.1 from flux calibration. This flux calibration error corresponds
t0 2.5% and 5% for Band 3 and Band, 6 respectively (see ALMA
Cycle 6 Technical Handbook).

First, a profile of the spectral index as a function of the uv-
distance was computed starting from the total emission (Fig. 3).
Since both disk and envelope contribute at all uv-distances, this
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spectral index is not representative of one or the other individu-
ally, however, it mainly traces the disk emission for most sources
in which the compact emission is dominating in flux, especially
at long baselines. Subsequently, we show (Fig. 4) the a profile
after the subtraction of the compact region emission (modelled
as explained in Section 3): this represents the spectral index of
the envelope emission, in which we are mainly interested.

In Fig. 3, the spectral index profiles of the total emission are
mostly consistent with the spectral index of the fitted compact
component, as presented in Table 3. Almost all spectral indices
obtained for the total emission result around 2, except the ones
of BHBO7-11 (@ ~ 2.7, consistent with Alves et al. 2018) and
Elias 29, for which a low a@ ~ 1.6 is derived and could be
caused by e.g. scattering effects (Liu 2019). This means that the
high signal-to-noise disks are dominating the total flux and are
described by low spectral indices, likely due to their high optical
depth.

In Fig. 4, where the spectral index characterises the emission
from the envelope alone, one can appreciate how « is signifi-
cantly larger than the total emission case for any given source.
This happens because the contamination of the optically thick
component has been disentangled.

Finally, we computed the dust opacity spectral index £ in
the optically thin and Rayleigh-Jeans approximation, 8 = @ —
2, and in its non-approximated form S = dlog7/dv = a —
dlog B(T)/dv, where we had to assume a temperature profile.
Based on, e.g. Adams & Shu (1985), Motte & André (2001), we
parametrised the dust temperature as a function of distance from
the protostar and its luminosity as follows:

L 0.2 R -0.4
T(R):38><(L—O) (IOOau) K. @)




Table 2. Best-fit parameters as obtained with galario for each source, ALMA band, and model.
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Source

Band Gauss fO (Jy/sr)  Gauss o ()  Gauss inc (deg) Gauss PA (deg) Plummer fO (Jy/sr) Plummer R; Plummer Ry, Plummer p+q  x
IRAS1538-3359 3 10.22j3: }g 0.03;8:83} 44;3‘ =73 ;‘g 8.02f8;gf 0.1 jg:g} Sj&g 1.84j8:3} 1.0
0.02 -0.001 -1 -1 0.01 0.02 0.1 0.02
B 6 1095751 0.03. 5001 4 79,1 8.65%01 0.5%01 7.9703 1927051 1.2
CB68 3 10.32+002 0.07+001 58.5113 46.2%2 8.3570%3 004102 97103 2351008 19
_ 6 11 21+0.01 0 08+U.01 67. 9+O,25 43 5+U.l 9 98+0.01 0 03+U.001 6 34+0.0i 2 45+U.01 1.1
“120.03 -Y0_0.01 7025 0.1 7%_0.01 -Y2_0.001 -2%_0.0. “*_0.01 :
14383 3 9.61f8:2} 0.07jg:g} 31.9f}j’ —37‘:8:(‘)4 8.13jg:(1)7 0.0ng:ggi 13.9j8:; 1.92jg:g§ 1.1
- 6 10.54+09! 00852 5010 -38703 8.22+001 0.5+00! 6.75*90! 2,02+ L1
Elias 29 3 10.61j8:(1)é 0.03j8:88? 50’:}2 ISj{i 8.09’:8:8?} 0.0ng:gg} 6.11‘:8:{; 1.88':8:83 1.3
_ +0.01 +0.005 +0.01 _3()+0.02 +0.01 +0.001 +0.004 +0.05
6 10.70%5¢, 0.05%¢ 00 407503 30%y0; 8.55%01 0.05%4 003 54050, L7250 1.0
VLAIIA 3 S70mg owggm em Bl oedE oogm somy awgn n
0.001 0.002 0.03 0.0 0.002 0.01 0.1 0.02
B 6 10.54% 001 0.34%) 502 76.2%00 90%50, 10.5975 003 013750, 79754 2.73%501 2.0
IRAS4A1 3 10.17t2:8% 0.12‘:8:88; 38.5j8:§ ZOtgé 10.54jg:8; 0.13t2:8§ 3.31f8;2§ 2.98fg:g§ 25
- 6 1118091 0.14299) 45%1 —667) 10.93709} 0.20*92 2.94709) 2.53709) 35
0.02 0.001 0. 0.01
IRAS4A2 3 - - - - 10.08% 55,4 0.07% 5006 3.88’:0'; 248700 25
- 6 - - - - 10.89j8:3% 0.05j8:88§ 8t3:§ 2.30j8:8§ 35
LISSIIRSS 3 10.84+001 0.06:00! 41701 20702 10467002 0.07+0001 147002 318192 11
_ 6 11.61+0002 0.09+0.001 55+03 .29+005 11.05+0.001 0.12+0.001 9.97+009 2.85+002 12
0.001 0.001 0.1 0.1 0.001 0.001 0.05 0.02
IRAS4C* 3 l0.00tg:%j 0.13f8;8§ 62.3j8:§ l4.2jg:§ - - - - 13
- 6 awE oisE 02 16373] 03608 oo 57 20808 12
Source Band Gauss fO (Jy/sr)  Gauss o ()  Gauss inc (deg)  Gauss PA (deg) 6 0 (Jy/sr) - - - X’
*
GSS30 3 10.07j8:8% 0.23jg:33§ 68.7j8:(1)9 —70j8:} } 14.58j8:8} - - - 1.1
-6 owm ot eff  edn s - - -
*
IRS63 3 9.79j8:3{ 0.22t3:833 49t8:}2 —27.4j3:}f’, 15.02 - - - L5
- 6 10.72+901 02470002 47401 28103 15.57 - - - 12
Source Band Gauss; fO (Jy/sr) Gauss; o (”) Gauss, inc (deg) Gauss; PA (deg) Gauss, fO (Jy/sr)  Gauss, o () Gauss; inc (deg) Gauss; PA (deg) x?
BHBO7-11 3 9.08t8:8§ O.32jg:g; 533 89j} 8.07f8:(1]; 1.62f8;gf 52:% —243 1.3
0.001 0.02 0.1 02 0.002 001 02 02
B 6 10'37:1.002 O.25t0_02 40'3:).1 _60:1.2 9'313).001 1'59:).01 53'01).2 _21'6t().1 1.2
RCraIRS7B 3 10557002 0.167091 67.7°02 —64.3+04 1018001 0.07+0%! 623407 754085 15
- 6 nasgm ol esenh  easd) AN o0l gy o603 16

Notes. Sources with a (*) apex lack envelope continuum excess at either 3.1 mm or both wavelengths, and they were modelled using one or more
compact components (see Section 3 for more details). The cases in which the y? value is significantly higher than one are those for which high
signal-to-noise ratio asymmetries highlight the limitation of a spherically symmetric model (e.g. IRAS4A, VLA1623A, and L1551-IRS5) or where
secondary sources in the FOV are left in the residuals (IRS7B, GSS30, and IRAS4C; see text in Section 3).

The resulting optical depths are always much lower than unity,
except for the most massive envelope of IRAS4A, for which it
reaches levels of about a few tenths. The temperature power law
we considered (see Eq. (4)) yields temperatures of about 25 K at
200 au. At these temperatures, 8 ~ @ — 1.85. Even by varying the
reference temperature (T = 38 K at 100 au) in Eq. (4) by 10 K, or
by varying the power law index of the temperature profile in the
range [-0.3,-0.6], the derived 8 values remain well within a 10%
uncertainty. The resulting profiles of 8 are shown in Fig. 5, lim-
ited in a range of baselines over which the envelope contribution
to the total emission is significant®. The uv-plane gradient of the
profile in the envelope is simply defined by:

B (Raw) = B0 - Togyo(Raw) + 2. )

We note that for IRAS4C we placed lower limits to the spec-
tral index @ and the dust emissivity spectral index 3, since the
emission was only detected at 1.2 mm (see also Section 4.4).
Moreover, for RCrA-IRS7B we could only derive a spectral
index in the image plane using the maps of Figs. 1 and A.l:
only using all the available baselines could we detect the faint,

2 After this range, towards longer baselines, the disk emission largely
dominates and its subtraction translates into large error bars on the
remaining flux bins.

extended emission at 3.1 mm, lost in a baseline-binned approach.
However, since the extended emission is quite far from the
centre, the contamination from it should be negligible (Fig. D.1).

4.1. No envelope excess for the class | sources

Among the studied sources, two present no envelope excess
at short spacings and are well fit by a compact component
alone. These are: GSS30 (Fig. B.5) and IRS63 (Fig. B.7). These
sources are not discussed further since we are here interested
in envelopes properties. The main reason for the lack of a clear
detection likely stands on the ground of the relatively poor sen-
sitivity of the data in combination with the evolutionary stage
of these sources, for which the envelope does not represent a
dominant component of the system anymore. When comparing
to available literature values for the retrieved disk radii of these
sources, we find consistent results. Our fits yield a FWHM radius
of 90 au for the disk of GSS30, which is consistent with the
reported one from high resolution 1.2 mm observations of the
ALMA eDisk Large Program (98 au; Santamaria-Miranda et al.
2024). The fitted disk size of IRS63 is 78 au, in agreement with
the continuum observations of Segura-Cox et al. (2020). It is
worth mentioning that, using the integrated Gaussian compo-
nent fluxes output by our modelling scheme, we derive spectral
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Fig. 3. Binned azimuthally averaged amplitude profiles in orange (B6) and violet (B3) for each source are shown on the left y-axis of each panel.
The total emission spectral index (black line) of the emission as a function of uv-distance (bottom) or, equivalently, the probed physical scale
6 = 1.221/uv-distance (top), are shown on the right y-axis of each panel. L1527 IRS was taken from Cacciapuoti et al. (2023), where only 1.2 and
3.1 mm wavelengths (similar to FAUST) were colored according to the other sources, while the other frequencies were plotted in grey.

indices consistent with optically thick emission for both disks
(a ~ 2, Table 3). These values do not exclude the possibility of
grain growth in these young disks, but more detailed conclusions
about it are out of the scope of this work.

4.2. The dust emissivity index for the FAUST envelopes

For 11 FAUST sources we detect envelope emission in both
bands (except for IRAS4C, only detected at 1.2 mm) and thus
we are able to perform our analysis and measure dust opac-
ity spectral indices (one is from the pilot study of Cacciapuoti
et al. 2023). We find that for BHB07-11, VLA1623A, CB68,
L483, IRAS15398-3359, Elias 29, the 500 au dust opacity spec-
tral index profile is consistent with a flat line within 1o error
bars, and with values 8 ~ 1.4-1.7. While a full profile could
not be obtained for IRAS4C, a significant lower limit, 8 > 1.4,
was placed. These g values are thus all consistent within error
bars with typical ISM values, indicating maximum grain sizes
of the dust distribution well below the suggested grown grains
of ~100 um of previous studies (Miotello et al. 2014; Galametz
et al. 2019; Cacciapuoti et al. 2023).

On the other hand, three sources have 8 < 1 in at least some
range of physical scales. First, the dust emissivity spectral index
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Table 3. Properties of the compact component for each source.

Source F31 mm (MJy) Fiomm (mJy) FWHM (au) acompaet
IRAS15398-3359 1.28 8.09 9 22+0.2
VLA1623A 21 150 111 23+£0.2
Elias 29 3.73 14.1 9 1.6 £0.2
CB68 7.1 52 26 21+03
BHBO07-11 10.99 114.5 93 27+0.2
1483 2.32 17.4 23 24+0.2
IRAS4A1 25 280 88 26+0.2
GSS30 21.8 106.8 90 1.9+£0.2
IRS7B 48.2 282.1 55 20+£0.2
IRS63 37.2 304.1 72 23+02
IRAS4C 9.6 67.4 95 22+02
L1551-IRS5 43 300 31 2.1+£0.2
L1527@ 28.0 132.0 75 2.1+0.2

Notes. Almost all spectral indices (third column) are consistent with
optically thick emission (see text). Moreover, (a) was taken from
Cacciapuoti et al. (2023).

of L1527 IRS varies in the range [1, 1.5] is discussed in the pilot
study by Cacciapuoti et al. (2023). Second, IRAS4A displays a
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sources and the other frequencies are in grey.

gradient in 8 in the range [0, 1] (see Section 4.3). Finally, L1551-
IRSS is characterised by a flat 8 ~ 1 profile (see Section 4.4. The
[ values for these three sources are thus consistent with larger-
than-ISM grains.

In Table 4, we report the measured 8 gradients and their val-
ues at a representative scale of 500 au, to enable comparison to
the previous sample study of Galametz et al. (2019).

As anticipated in Section 3, computing 2D spectral index
maps is a challenging task and their interpretation is limited
by the mutual contamination of disk and envelope. However, in
cases of high signal-to-noise ratio of the extended emission, an
attempt can be made since the disk emission will only contami-
nate up to certain scales, after which the envelope spectral index
becomes almost pure. In order to better resolve disk from enve-
lope and compute 2D @ maps, we re-imaged the data for this
sources to obtain beam-matching maps and using the full extent
of the visibilities (as opposed to what explained in Section 2 and
displayed in Figs. 1 and A.1). The maps statistics for this analysis
are in Table D.1. The sources for which we were able to produce
meaningful spectral index maps are: BHBO7-11, VLA1623A,
IRAS4A, IRAS15398-3359, and L1551-IRS (Figs. 6 and D.1).
All show spectral indices which are consistent with the ones of
the compact emission reported in Table 3 within <200 au, and

Table 4. Gradient of the spectral index of the dust opacity Bireq and a
representative value of S at 500 au for the envelope of each source.

Source ;’r’z ” B (500 au)
IRAS15398-3359 -0.17 +0.20 1.41 +0.09
VLA1623A 0.45 +0.25 1.43 + 0.05
CB68 0.07 £ 0.84 1.58 = 0.42
Elias 29 0.48 +0.99 1.42 + 0.50
BHBO7-11 -0.26 +0.30 1.50 = 0.08
L4383 -0.15+0.79 1.69 = 0.40
IRAS4A 0.76 = 0.11 1.10 £ 0.03
IRAS4C - >1.4
L1551-IRS5 -0.04 £0.11  0.94 +£0.04
RCrA-IRS7B - 1.3+0.1
L1527@ 0.39 £ 0.17 1.24 + 0.06

Notes. The value of 8 was extrapolated from the uv-plane for all sources
except for IRAS4A, where the image plane value was used (see Sec-
tion 4.3). Since IRAS4C is detected only at 1.2 mm, a lower limit
was derived. For RCrA-IRS7B, the spectral index was derived from the
image plane (see Section 4). Moreover, (a) was taken from Cacciapuoti
et al. (2023).
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Fig. 5. Derived spectral indices of the dust opacity for our sources as a function of uv-distance (bottom) or traced physical scales (top). The black
lines represent the 8 = a — 2 approximation, while the purple dots are derived as 8 = @ — dlog B(T)/dv in each bin. The orange line is a linear fit to

the purple points. The green dashed line is the typical ISM 8 ~ 1.6 value

. Notes: (i) some sources display more bins than others due to differences

in the signal-to-noise ratio of the detection; (ii) for IRAS4A we also report the measured 3 profile of Galametz et al. (2019) (dashed grey line and
10 shaded region), limited within the scales that their data probed; and (iii) the profile for L1527 IRS is from Cacciapuoti et al. (2023).

consistent with the envelope ones reported in Table 4 at ~500 au
where the contamination of the inner emission becomes negli-
gible. Finally, these image plane spectral indices are consistent
with the ones computed in the uv-plane analysis.

4.3. The massive envelope of the IRAS4A protobinary

We fitted the IRAS4A source with a model that accounts for
two disk-like components and two Plummer profiles, in order to
capture the binary nature of this system (Fig. 1).

The resulting S profile in Fig. 5 is obtained after subtrac-
tion of the two fitted compact components, and thus traces a
combination of the remaining contribution of the envelopes. The
measured dust opacity spectral index is consistent with the one
found by Galametz et al. (2019), varying between 0.5 and 1.1
across the same range of scales. However, by extending the avail-
able probed scales in this work, we can see how the gradient
in the uv-plane profile (0.76 + 0.11) is shallower than the one
reported by them (1.31 + 0.36), because we are able to observe
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how g flattens around 1.1 at shorter and shorter uv-distances (see
IRAS4A panel in Fig. 5).

Since the extended envelope of IRAS4A appears very bright
even at the high resolutions probed by the FAUST observa-
tions, we could also produce a resolved map of its spectral index
(Fig. D.1). One can observe how the spectral index varies from
a ~ 2.6 in the inner 200 au all the way to @ ~ 3.1 at 500
au from IRAS4Al. These values are consistent with the ones
we find the in the uv-plane, but seemingly at different scales.
This is the case simply because the correspondence between
the uv-distance and the on-sky distances is not one-to-one. In
the uv-plane, shorter and shorter uv-distances recover the inte-
grated flux of larger and larger sky portions. This means that
the short baselines fluxes and spectral indices are integrated
results of what is contained within a certain scale. After con-
tribution of the central component, a bright envelope can still
play this role. And while this is true for any source, it becomes
especially important for IRAS4A because of its outstanding
brightness.
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Fig. 6. Two-dimensional map of the spectral index « around the pro-
tostar IRAS15398-3359, the position of which is shown by a white
star. Pixels are non-zero where both 1.2 mm and 3.1 mm emission is
present at 3¢~ level, at least. The lower panel profile has been obtained by
azimuthally averaging over the map, between 50 and 500 au (disk radius
is ~9 au). It shows @ ~ 3.7 along the dusty cavity walls of IRAS15398-
3359. The dashed green line represents ISM-like values.

The @ map of IRAS4A shows how the innermost regions
of the envelopes, centered on IRAS4A1 and IRAS4A2, are
characterised by a spectral index @ ~ 2.6. Further and further
away from the centre of the sources, the spectral index increases
and reaches @ ~ 3.1 at 500 au away from IRAS4A1, consistently
with the profile measured in the uv-plane (Figs. 4 and 5). Finally,
as the temperatures obtained with Eq. (4) are relatively high for
IRAS4A even at 500 au (T>50 K), 8 can be approximated as
a — 2. Thus, the envelope dust opacity spectral index 8 ~ 0.6-1.1
between 50 and 500 au.

The reader interested in the very inner 100 au of IRAS4A can
refer to Guerra-Alvarado et al. (2024).

4.4. Dust emission along outflow cavity walls: IRAS15398-
3359, IRAS4C, Elias 29, RCrA-IRS7B, and L1551-IRS

We discuss peculiar cases in terms of morphology, where dust
emission is recovered along the cavity walls carved by proto-
stellar outflows. The protostar IRAS15398-3359 displays dust
emission along the cavity walls that its outflows are carving
in the collapsing envelope (Fig. 1), as already observed by
Jgrgensen et al. (2013) at 0.88 mm. With the ALMA FAUST
data, we can now measure the dust opacity spectral index as the
cavity walls are clearly detected at both 1.2 and 3.1 mm, which

results to be B ~ 1.45 + 0.10 on average, consistent with small
dust grains. Thanks to the relatively high signal-to-noise ratio
and the very extended nature of the emission around this source,
we could produce a resolved map of the spectral index which is
expected to be uncontaminated from the disk far away from the
centre (since the disk is very compact and the rest of the emis-
sion is very extended). We find that it is well consistent with
typical ISM values, @ ~ 3.6. If one considers that 8 = @ — 2 as
a first approximation, this values of @ result consistent with our
uv-plane analysis and with dust grains sizes well below 100 um
(Fig. 6). In this case, the Rayleigh-Jeans approximation 8 = @ —2
works well since the cavity walls of outflows are at higher tem-
peratures than cold envelopes (Visser et al. 2012; Lee et al.
2015).

The morphology of the dust continuum of IRAS4C follows
closely the morphology of the outflow cavity walls seen in, e.g.
CS and CCH (Zhang et al. 2018). As the extended emission is
only detected at 1.2 mm, we can only place a lower limit. Based
on the 30 detection in Fig.1 and on the rms of the 3.1 mm data
(Table A.1), find @ > 3.4. Thus, as for IRAS15398-3359, the
spectral index of IRAS4C is consistent with ISM-like values and
thus small dust grains.

The nature of the extended emission around Elias 29 also
appears to be tightly linked to the S-shaped H, outflow detected
by Bussmann et al. (2007), rather than to an infalling envelope.
As this outflow appears to be encountering an expanding bubble
south of the source (Johnstone et al. 2000; Boogert et al. 2002),
shocks might be brightening up the dust emission or accumulat-
ing large amounts of dust in a localised space (Oya et al. 2025).
It is thus not trivial to exclude that the observed emission and its
spectral index @ ~ 3 is a combination of extended dust thermal
emission and free-free emission. We thus caution about the grain
growth interpretation of Miotello et al. (2014), who estimated a
dust opacity spectral index 8 = 0.6 + 0.3 with lower resolution
observations, consistent within 1o~ with the one found in this
work in the same range of uv-distances after the subtraction of
the compact region: 8 = 1.0 £ 0.3 (Fig. 5). A more detailed inter-
pretation of the continuum emission of this source lays out of the
scope of this work.

Beyond the sources of which above, a lower limit for @ has
already been published by Sabatini et al. (2024) for the dusty
cavity wall associated with the RCrA-IRS7B system, as they did
not recover the 3 mm emission in their high resolution maps.
In this work, by imaging the data with a restricted uv-range
(Section 2), we recovered the larger-scale emission associated
with the outflow cavity walls of this protostar and measured a
spectral index along them of @ = 3.3 + 0.1. We again assumed
relatively high temperatures along the cavity walls, 8 = a — 2 =
1.3. This value is neither clearly ISM-like nor definitely consis-
tent with dust growth. Further data are needed to make a more
accurate measurement in this case.

Finally, a detailed analysis of the cavity wall of L1551-IRS5
is consistent with the presence of relatively large dust grains (8 <
1) along its cavity walls (Sabatini et al. 2025).

We thus note that the ALMA FAUST program is proving
crucial for determining the dust properties along the walls of
protostellar outflow cavities.

5. Discussion

In Section 1, we discussed the important roles dust plays in star
and planet formation and in the ways we observe this processes
through the Galaxy. Those aspects justify the need to further
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Fig. 7. Spectral index distributions ordered following the spatial and time evolution of dust in star- and planet-forming environments. (i) « in the
submillimetre (<350 GHz) for the diffuse ISM (grey dotted representative distribution from Planck Collaboration Int. XIV 2014); (ii) at 1-3.1 mm
for the protostellar envelopes at 500 au scales from this work and G19 combined (violet); (iii) at 1-3.1 mm for the class O protoplanetary disks from
this work and G19 combined (green); (iv) for typical class II disks at 1-3.1 mm (green dash-dotted line, Tazzari et al. 2021). We also show the
spectral indices reported by Bracco et al. (2017) for prestellar cores (blue box), class 0 YSOs (red/orange boxes), and a T Tauri disk (green box),
all within a common filament in Taurus. The spectral indices of protostellar envelopes appear to be bridging the gap between ISM and disks, hints
to a continuous evolution of dust properties from one to the other. On the right, a sketch represents the evolution of dust that emerges from the
spectral indices variations, with growth from the (sub-)micron grains in the ISM to the mm/cm-sized grains of disks, through infalling envelopes.

The typical scales and values are the ones of the aforementioned studies.

constrain the dust size distribution in protostellar envelopes, and
thus the following discussion.

5.1. A variety of spectral indices in protostellar envelopes

Large surveys have been conducted in planet-forming disks to
measure their spectral indices and to understand when and where
grain growth starts (e.g. Ricci et al. 2010; Tazzari et al. 2021).
As planet formation has been shown to possibly onset at the ear-
liest stages of the star formation process (Manara et al. 2018;
Sheehan & Eisner 2018; Tychoniec et al. 2020; Segura-Cox et al.
2020), much more attention has been drawn upon the study of
dust emission during the class 0/1 stages of protostellar evolu-
tion (e.g. Ohashi et al. 2023; Maureira et al. 2024). Not only
has there been a shift in time to try and look for the first hints
of dust growth, a shift to larger scales has also been suggested
towards possible dust agglomeration in cores and envelopes (see
Section 1 for more details).

It is thus becoming crucial to constrain spectral indices dis-
tributions for protostellar envelopes, bridges through which ISM
dust is funneled onto young circumstellar disks. In Fig. 7, we
show the measured 1-3.1 mm spectral indices for evolved class
II disks in Lupus (Tazzari et al. 2021); the ones of young class
0/1 disks from this work and Galametz et al. (2019); a repre-
sentative distribution (8 = 1.51 + 0.13) of the ones at Galactic
scales as measured by Planck Collaboration Int. XIV (2014) as
computed based on sub-mm wavelengths corresponding to 100,
143, 217, and 353 GHz frequencies; the spectral indices reported
by Bracco et al. (2017) for prestellar cores, class O YSOs, and
a T Tauri disk within a common filament; and finally the 1-3.1
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mm spectral indices of protostellar envelopes known to date (this
work and Galametz et al. 2019).

The distribution of the spectral indices displayed in Fig. 7 in
the envelopes of the class 0/I sources, in class II sources and
in the ISM distribution suggests a continuous evolution from
more diffuse to denser media, explored for the first time at these
intermediate scales. This finding reinforces the idea of an evolu-
tionary bridge between these types of environments, it extends to
smaller scales the similar conclusions previously drawn at larger
scales of Bracco et al. (2017), i.e., between 4000 and 20 000 au,
see Fig. 7, and provides an important foundation for further
investigation of dust evolution in its pathways from diffuse to
denser media.

5.2. The spectral indices of the ALMA FAUST sample

Among the sources observed by FAUST and studied in this work
(Table 1), we find five for which no envelope is detected either
at 3.1 mm or in both bands, and thus we cannot derive a spectral
index for its emission. For the remaining eight sources, we find
mostly flat profiles of @ and 8 at envelope scales, with values
resembling the ones of the diffuse ISM, and thus not showing
evidence for early grain growth. Only in the cases of IRAS4A
(this work) and L1527 (pilot study by Cacciapuoti et al. 2023)
we observe a 8 gradient. These two sources are in overlap with
the PABI CALYPSO sample and thus we can compare our results
to the ones of Galametz et al. (2019). In particular, we find
consistent values of @ and £ in the uv-plane for both.

Moreover, thanks to the overall higher sensitivity and resolu-
tion of the FAUST data, we could constrain the spectral index of
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Fig. 8. Value of the spectral index of the dust opacity 3 at 500 au scales
from Table 4 as a function of bolometric luminosity of the sources.
A black dotted line connects the measured values for IRAS4A and
L1527 IRS as measured by G19 and in this work, overlapping within
the FAUST and CALYPSO samples (indicated by points with a black
central dot). A green dashed line represents typical ISM-like values.
For IRAS4C a lower limit is symbolised with an upward arrow. The
Pearson correlation coefficient p and associated p-value are reported in
the upper box.

a few bright sources also in the image plane, providing an intu-
itive display of its variations on the 2D plane of the sky: this was
done for IRAS15398-3359 (Fig. 6), and BHB07-11, VLA1623A
and IRAS4A (Fig. D.1).

The former shows ISM-like 8 along outflow cavity walls as
described in Section 4.4; BHB07-11 and VLA1623A show lower
spectral indices towards the central 300 au (contaminated by
their disks) and ISM-like values where the contamination of this
regions fade (2500 au), consistently with the values recovered
in the uv-plane after subtraction of the central disk component
(in Fig. 4). Finally, the spectral index of IRAS4A varies between
2.5 and 3.1 between 50 and 500 au (Section 4.3). As the inner
200 au of IRAS4A are likely optically thick (see Section 4.3),
this gradient might be shaped by optical depth effects (consis-
tently with Li et al. 2017; Ko et al. 2020). Even so, at 500 au,
where the envelope seems to be optically thin, we find a rela-
tively low @ ~ 3.1 (8 ~ 1.1), which cannot rule the presence of
sub-millimetre grains at those scales. Such a , hovering close
to the limit usually assumed for grain evolution of 1, suggests
that constraining parameters that affect 8 secondarily, like dust
composition and porosity, could be important.

5.3. The spectral index of the dust opacity and protostellar
properties

In order to explore the possibility of correlations between proto-
stellar properties and dust opacity spectral indices in envelopes
in a more robust statistical way, we put together the constraints
derived in this work (and in the pilot study by Cacciapuoti et al.
(2023) for L1527 IRS) with the ones obtained by Galametz et al.
(2019) for the CALYPSO sample, in an effort to synthesize all
the available robust measurements for envelopes and gain better
statistics. Figures 8 and 9 show the estimated S for all objects at
a scale of 500 au as a function of protostellar bolometric lumi-
nosity Ly, and temperature Tpo. No significant correlation is
found between any of the pairs. For all correlation tests in this
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Fig. 9. Same as Fig. 8, but for spectral index of the dust opacity as a
function of the bolometric temperature of the sources.

work, we used the pearsonr routine of scipy, which computes
the Pearson correlation coefficient p and performs a test of the
null hypothesis that the distributions underlying the samples are
uncorrelated and normally distributed. We report p and the p-
value of this test in Figs. 8 through 11. The reported p-value
indicates the probability of an uncorrelated system producing
datasets that have a Pearson correlation at least as extreme as the
one computed from these datasets (thus, small p-values indicate
significant correlations).

It is interesting to note that a correlation with bolometric
temperature might have indicated a link between the maximum
inferred grain sizes and the evolutionary stage of the object, or in
other words, the timescales over which dust might evolve. How-
ever, it could also be that the typical timescale of grain growth
in envelopes is small compared to the protostellar lifetime and so
convergence is reached fast and no difference is seen within the
window of 0.1 Myr that we probe. Moreover, using bolometric
temperature as an age indicator might only work for very large
sample, given the limitations it bears to classify source evolution
(e.g. Tobin & Sheehan 2024).

A correlation with the internal luminosity might have hinted
at changes in 8 due to higher or lower temperatures in the
envelope, and thus potential changes in dust composition.

Finally, to be sure that higher optical depths due to edge-on
sources are not confounding the results, we plot 8 against sources
inclination. No trend is found (Fig. 10).

5.4. The spectral index of the dust opacity and the envelope
mass of the protostar

While no link is evident with Ty, Ly, or source inclination,
a significant (see previous section) correlation is found between
B and the mass of the protostellar envelopes Me,y, as well as
between the latter and the gradient of the S profile (Figs. 11
and 12). Both correlations were already shown by Galametz et al.
(2019), and here gain in statistical significance. Indeed, while in
G19 they both had a p-value of ~0.12, with the new data added
in this work the p-values decrease to 0.01 for 8 vs M,,, and
to 0.001 for ﬁ;ﬁ(‘; 4 V8 Moy, Such correlations have been inter-
preted as a potential link between the derived 8 and the mass
loss rates of outflows by Cacciapuoti et al. (2024b). This sce-
nario was proposed in order to explain the unexpected large grain
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Fig. 10. Same as Fig. 8, but for the spectral index of the dust opacity as a
function of inclination. An inclination of zero corresponds to a face-on
source.
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Fig. 11. Same as Fig. 8, but for the spectral index of the dust opacity as
a function of envelope mass.

sizes inferred in the CALYPSO sample envelopes, which seem
to be not justified by grain growth models in collapsing environ-
ments (e.g. Ormel et al. 2009). Indeed, according to Bontemps
et al. (1996), the envelope mass correlates with the CO flux mea-
sured in outflows because ejection and accretion are related in a
way that stronger accretion will lead to more powerful ejection
events. Thus, Cacciapuoti et al. (2024b) showed a correlation
between the observed CALYPSO S values and the mass loss
rates associated with their jets and outflows, suggesting it as a
tentative evidence of the entraining of large grains from the disk
towards the inner envelope. The possibility of such entraining
acting at protostellar stages on submillimetre grains is backed
up by simulations, e.g. of Tsukamoto et al. (2021) and Bhandare
et al. (2024). The ALMA FAUST program setups, however, only
includes the high excitation SiO (5-4) line. A robust identifi-
cation of the high velocity (HV) and low velocity (LV) ranges
of ejection could be tried with such a line but most sources
show non-detections (perhaps because of the episodic nature of
accretion/ejection during class 0/I stages), except three: IRAS4A
(Chahine et al. 2024), VLA1623A (Codella et al. 2024) and
IRAS15398-3359 (Okoda et al. 2021). Thus we cannot accu-
rately differentiate between LV outflows and HV jets, as was
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Fig. 12. Same as Fig. 8, but for the spectral index gradient of the dust
opacity as a function of envelope mass.

uniformly done by Cacciapuoti et al. (2024b) to measure the
related mass loss rates. Still, one could argue that, in light of the
correlation found by Bontemps et al. (1996), almost all FAUST
sources (except IRAS4A) should have low mass loss rates and
thus that the high 8 values we measured for them would preserve
(and strengthen) the correlation of Cacciapuoti et al. (2024b).
In order to further explore the transport scenario, new observa-
tions are needed to constrain the FAUST sources outflows and/or
directly grain properties along outflows across wavelengths (e.g.
Duchéne et al. 2024; Sabatini et al. 2024).

Finally, we note that the 5 values measured for the FAUST
sources result on average higher than the CALYPSO ones of
Galametz et al. (2019). In the former, the mean 8 is 1.42 =
0.06, whereas the average 8 of the latter is 0.78 + 0.09. We ran
a Kologorov—Smirnov (KS) test to assess the statistical signifi-
cance of this statement. The KS statistic, measuring a distance
metric between the samples, results 0.4 and relative p-value
is 0.003. This means that the samples are not consistent with
each other at a significance level 30. This difference could
be due to the nature of the samples, since CALYPSO targeted
the very brightest class 0 sources known at the time, while
FAUST includes sources with fainter extended emission. In turn,
this difference could be explained in two ways (or a combina-
tion of them): (i) the more massive envelopes of CALYPSO
might be so dense in their central regions that the 1 mm emis-
sion is partially optically thick and thus it artificially lowers «
and B, and/or (ii) more massive envelopes are more favourable
sites for grain growth due to their higher inner densities. While
point (i) seems to be unlikely given the typical densities (ngy,
< 10% cm™) and temperatures (T ~ 20 K) assumed for these
environments, further work could more precisely constrain these
parameters and uncover the unexpected. However, this degener-
acy remains an open problem that can be tackled with radiative
transfer post-processing of models of optically thick envelopes
with or without grown grains, and multi-wavelength data analy-
sis susceptible to changes in temperature, optical depth and dust
emissivity altogether.

6. Conclusions

While dust properties have been extensively surveyed in pro-
toplanetary disks and across the ISM at submillimetre wave-
lengths, a gap remained in what we know about them through
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the collapsing envelopes that feed newborn stars and their disks.
This gap was largely due to (i) the difficulty of mapping the ther-
mal emission from envelopes, which is much fainter than the
emission that is recovered from their associated disks; (ii) doing
so in a multi-scale fashion in order to follow the dust evolution
in environments that span from ~50 to ~5000 au; and (iii) dis-
tinguishing the contribution of disks with a high signal-to-noise
ratio from the envelope in order to measure independent spectral
indices. For this reason, only a few objects were studied so far at
this early evolutionary stage.

We measured the spectral index of submillimetre dust for
the ALMA FAUST Large Program sample of class 0/I proto-
stars in order to constrain the dust distribution of 13 protostellar
envelopes. We used the methods described by Cacciapuoti et al.
(2023) to distinguish the emission from the disk and envelope in
order to accurately derive the spectral indices of the dust opacity
of the larger scale emission. We studied 13 sources in a robust
and consistent way and measured the spectral index of the enve-
lope dust emission for 11 of them. Adding to the previous 9
measurements in the literature (G19), we built a more statisti-
cally relevant sample. On the basis of this study, we draw the
conclusions listed below:

o The large-scale dust emission of most FAUST sources shows
flat spatial profiles (ﬁ;ﬁg 4, ~ 0) with ISM-like values (6 ~
1.4-1.8). This indicates a dust size distribution with maxi-
mum grain sizes smaller than 100 um for eight sources;

e The spectral index of the dust opacity of L1527 IRS, L1551-
IRSS, and IRAS4A shows lower 8 and/or spatial gradients.
L1527 IRS was discussed by Cacciapuoti et al. (2023), and it
varies from 1 to 1.5 across envelope scales. L1551-IRS dis-
plays a flat 8 ~ 1. Finally, for IRAS4A, g varies from 0.5
to 1.1. These gradients might be attributed to a combina-
tion of variations in the optical properties of the grains (e.g.
dust growth) with the relatively higher optical depth in the
innermost regions of these sources;

e Compiling the previously known (n = 9) 1-3 mm spec-
tral indices of protostellar envelopes from Galametz et al.
(2019) with those of this work (n = 11), we showed that the
spectral indices of the protostellar envelopes are intermedi-
ate between those from more evolved protoplanetary disks
and the larger-scale ISM. This suggests a bridge between the
environments in terms of the dust evolution (Fig. 7);

e We found no correlation of 8 with the evolutionary stage of
the source, as tentatively identified by the bolometric tem-
perature Ty, nor with the internal source luminosity Ly, or
with the source inclination;

e We statistically strengthened the correlation that was sug-
gested by Galametz et al. (2019) between S (or its gradient)
and the envelope mass Mc,,. The inferred spectral index of
the dust opacity is lower in more massive envelopes, which
might be tracing high optical depths at I mm in the inner-
most regions of the more massive protostellar envelopes. It
might alternatively suggest that more massive envelopes are
favourable sites for grain growth (or a combination of both);

e The extended continuum emission of IRAS15398-3359,
L1551-IRS5, RCrA-IRS7B, and Elias 29 is co-spatial with
known outflow cavities. These sources are characterised by
an ISM-like spectral index, which indicates small dust grains
along the cavity walls that are carved by the outflows, except
for L1551-IRS5 (see also Sabatini et al. 2025). It remains
unclear whether these grains are lifted from the disk or
are pristine envelope grains that are detected at compressed
cavity walls;

e The young protoplanetary disks of the FAUST sample are
compact (down to <9 au; see also Maureira et al., in prep.)
for a follow-up at higher resolution and are all consistent
with optically thick emission (@ ~ 2.0), except for those of
VLA1623A (@ ~ 2.3), BHB07-11 (@ ~ 2.7), and IRAS4A
(a ~ 2.6; see Table 3.

Pushing the limits of ALMA in resolution, recoverable scales,
sensitivity, and frequency ranges today allows us to isolate
and study the continuum emission of relatively faint extended
envelopes that are infalling onto young protostars. Increasing
the number of sources for which these measurements are per-
formed and refining the methods for obtaining these estimates is
of critical importance to constrain the dust size distribution in
the early stages of collapse. It remains an open question whether
dust growth already starts at envelopes scales and if dust grains
are lifted from young disks to envelopes via outflows. Answering
this will need large samples, a more thorough understanding of
the temperature profiles in the innermost regions of these envi-
ronments, and multi-wavelength analyses to weigh the effects of
optical depth.

Moreover, beyond the total intensity submillimetre regime,
infrared data will significantly contribute to narrowing the frame
around the dust properties of the envelopes by investigating
extinction profiles and ice variations at these high densities.
This is now within reach through the sensitivity and resolution
of JWST (e.g. McClure et al. 2023; Dartois et al. 2024). Sec-
ond, submillimetre polarimetric data could be used to further
constrain the dust properties because these data are sensitive to
intermediate dust sizes in the range of 10-100 um (e.g. Valdivia
et al. 2019; Guillet et al. 2020).
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Appendix A: Continuum emission images

While our analysis was mainly conducted in the uv-plane, we
here report the continuum emission maps for each source of
the FAUST Large Program for completeness at 3.1 mm. These
images were also used to visually assess the best model(s) with
which to describe the data (see Figures 1 and A.1).

The continuum emission around the young protostars in the
FAUST sample presents itself as quite diverse.

Some sources (CB68, L483, Elias 29, GSS30, IRS7B,
IRS63, IRAS4C) appear very compact in nature, with small to no
obvious extended emission in the standard images produced for
this work (see previous section). However, the envelope emission
becomes clear in the uv-plane, where short-spacing (large-scale)
emission is observed in excess of the compact component in
some cases (see appendix B). On the other hand, another class
of sources presents much more extended emission in the form
of envelopes. BHB07-11 (Fig. 1) displays an inner circumbinary
disk and a more extended flattened envelope structure, as already
observed by Alves et al. (2017). A similar structure is observed
for VLA1623A, in which a compact central component is asso-
ciated with an extended envelope around it that reaches beyond
a few hundreds astronomical units. see sections 3.

The protobinary IRAS4A shows very bright and asymmetric
envelopes around both IRAS4A1 (centre) and IRAS4A2 (north-
east). see sections 3 and 4.3.

Finally, some of the sources present emission for which the
morphology is consistent with that of outflow cavity walls. In
one case, for IRAS15398-3359, the extended emission detected
at both 1.2 and 3.1 mm is very clearly associated with the cavity
walls carved by the molecular outflow of the central protostar, as
observed already by Jgrgensen et al. (2013) at 0.88 mm. For the
compact Elias 29, extended dust emission is also detected south-
wards and possibly associated with a reported S-shaped outflow
(Bussmann et al. 2007). see Section 4.4.

Appendix B: Fits results

Here, we report the best-fit models in the uv-plane along with
the residuals, for each of the analysed sources in the same fash-
ion as the example in Fig. 2. The fits are shown on the real and
imaginary parts of the visibilities and sampled over the cov-
ered (u,v) points, hence the visible wiggles at long baselines.
The fits were performed with galario (Tazzari et al. 2018). See
Figures B.1, B.2, B.3, B.4, B.5, B.6, B.7, B.§, B.9, B.10, B.11.

Appendix C: Removal of secondaries

Here, we show the results of the removal of secondary sources
in the field of view of VLA1623A and IRAS4A, as anticipated
in Section 3. We modelled the secondary sources as gaussians
using uvmodelfit CASA routine, converted the output compo-
nent list using the ft task, input it into the model column of the
original data sets and finally subtract the model from the data
using uvsub. Figures

Appendix D: 2D spectral index maps

As described in section 4.2, we here report in Fig. D.1 the 2D
spectral index maps of three of the four brightest envelopes in
our sample, for which such an analysis was attempted. The other
one, around IRAS15398-3359, is already reported and discussed
in section 4.4. The statistics of the 1.2 and 3.1 mm maps used to
generate the 2D spectral index maps are reported in Table D.1.
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Fig. A.1. Same as Fig. 1 but for the 3.1 mm emission.
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Table A.1. Technical details of the FAUST maps at 1 mm (Fig. 1) and at 3.1 mm (Fig. A.1).

Source Band Beam (arcsec x arcsec x deg) RMS (x107> Jy/beam)
IRAS15398-3359 3 1.15 x 1.05 x 15 2.2
6 1.15 x 1.05 x 15 13.0
CB68 3 1.15x 1.05x 15 3.6
6 1.15 x 1.05 x 15 5.5
1483 3 1.15 x 1.05 x 15 1.4
6 1.15x 1.05x 15 5.8
Elias 29 3 1.15 x 1.05 x 15 2.2
6 1.15 x 1.05 x 15 5.1
VLA1623A 3 1.15x 1.05x 15 4.3
6 1.15x 1.05x 15 354
GSS30 3 1.15 x 1.05 x 15 3.2
6 1.15x 1.05x 15 100.0
RCra IRS7B 3 1.15 x 1.05 x 15 3.5
6 1.15 x 1.05 x 15 64.0
BHBO07-11 3 1.15x 1.05x 15 4.4
6 1.15x 1.05x 15 36.0
IRS63 3 1.15 x 1.05 x 15 2.3
6 1.15x 1.05x 15 20.7
NGC1333 IRAS4A 3 1.15x 1.05x 15 16.0
6 1.15 x 1.05 x 15 390.0
NGC1333 IRAS4C 3 1.15x 1.05x 15 0.7
6 1.15x 1.05x 15 4.0
L1527 IRS 3 1.15 x 1.05 x 15 2.6
6 1.15x 1.05x 15 22.5
L1551-IRS5 3 1.15x 1.05x 15 2.3
6 1.15 x 1.05 x 15 111.0
107!
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Fig. B.1. Same as Fig. 2, for IRAS15398-3359.
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Fig. B.2. Same as Fig. 2, for VLA1623A, but with two Gaussian components (green and cyan) and one Plummer envelope (violet).
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Fig. B.4. Same as Fig. 2, for Elias 29.
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Fig. B.5. Same as Fig. 2, for GSS30. The 3.1 mm emission is well fit by a Gaussian component. At 1.2 mm an envelope excess was included.
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Fig. B.6. Double Gaussian best fit (orange) is overplotted on the real and imaginary parts of the visibilities for the B3 (upper panel, black points)
and B6 (lower panel) observations of BHBO7-11.
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Fig. B.8. Same as Fig. 2, for IRAS4C. The 3.1 mm emission is well fit by a Gaussian component alone.
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Fig. B.9. Same as Fig. 2, for IRS7B. The 1.2 mm and 3.1 mm emission is well fit by two compact Gaussians, consistently to what one can appreciate
from the sky image in Fig. 1.
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Fig. B.11. Same as Fig. 2, for IRAS4A. Here a model including a Gaussian (green) and two Plummer profiles (purple and magenta) is adopted to
account for the binary nature of IRAS4A, consistently to what one can appreciate from the sky image in Fig. 1.
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Fig. C.1. Upper panel: B3 data for VLA1623A before (left) and after subtraction of the three secondary sources in the field of view (right). Lower
panel: same as upper panel, but for B6 data and for the only two sources seen in the smaller field of view. The color scale is preserved for fair
comparison. The beam is shown as a white ellipse in the lower left corners. The remaining data was modelled with two gaussians for the disks of
VLA1623 A and B, and a Plummer envelope centred on VLA1623A. See Fig. 1 for a zoom-in.
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Fig. C.2. Same as Fig. C.1, but for IRAS4A. The secondary sources in the south-west only appear in the larger B3 field of view, and the B6 data
are therefore not shown. See Fig. 1 for a zoom-in.
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Fig. D.1. Same as Fig. 6, but for BHBO7-11 (upper left), VLA1623A (upper centre) and IRAS4A (upper right), L1551-IRS5 (lower left), RCrA-
IRS7B (lower right). The azimuthally averaged spectral index is sampled on a beam-based cadence (Table D.1). White stars mark source positions.
The profile is extracted from concentric annuli around the main target (placed at the centre).

Table D.1. Technical details of the FAUST maps at 1.2 mm and at 3.1 mm used to compute the high resolution spectral index maps of Fig. D.1.

Source Band Beam (arcsec) RMS (x 107 Jy/beam)

IRAS15398-3359 3 0.46 x 0.29 1.7
6 0.46 x 0.29 1.5

VLA1623A 3 0.73 x 0.40 4.8

6 0.73% 0.40 10.0

BHBO7-11 3 0.57 x 0.45 2.6

6 0.57 x 0.45 10.5

NGCI1333 IRAS4A 3 0.48 x 0.31 14.0
6 0.48 x 0.31 42.0

L1551-IRS5 3 0.43 x0.41 1.1

6 0.43 x 0.41 26

RCrA-IRS7B 3 1.15 x 1.05 3.5

6 1.15 x 1.05 64
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