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Abstract. We report on the user-friendly sr3pmopeLs Python package originally released in
Izquierdo et al. (2018), which is able to create complex 3D models in the context of star for-
mation. These models are then plugged into radiative transfer codes such as LIME, POLARIS, Or
RADMC-3D to calculate synthetic images of their dust and free-free continuum, as well as their
molecular and recombination line emission. We summarize the first two applications of these
tools. 1) In Izquierdo et al. (2018) we modelled ALMA observations of the massive YSOs in
W33A MM], an object previously interpreted as a single, massive disk in the pre-ALMA days,
and that current data revealed is a multiple, complex system being fed by accretion stream-
ers. ii) In Galvan-Madrid et al. (2018) we investigated the effects of self-obscuration in class
0 protostellar disks, where we found that observed shallow (sub)mm spectral indices can be
explained without invoking for very fast growth of dust grains. We also reproduce resolved
images of dark lanes — “hamburguers” — in these YSOs when observed with the maximum

resolution achievable with ALMA.
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1. Introduction

Synthetic observations are becoming one of
the most important tools to bridge the gap be-
tween raw theory and observations (e.g., Smith
et al.l[2016; |Offner et al.|2011). We do not di-
rectly observe any astrophysical phenomena,
but rather some of their tracers passed through
an instrument response. In summary, one needs
to have a physical model over which radiative
transfer calculations are performed. Further
steps such as passing the calculated model
through the instrument response or model min-

imization are also desirable. Some very useful
tools have been developed in the past to aid
the interpretation of radio- and (sub)mm data
(e.g., ivan der Tak et al.l2007), but the consid-
ered physical models are typically very simple.

With the advent of (sub)mm interferome-
try, high dynamic range observations at 0.01”
to 1” resolution are now routinely performed.
Those resolutions are equivalent to a physical
resolution power of ~1 to 100 au in nearby,
low-mass star formation regions, or to ~ 10! -
10° au in sites of high-mass star formation at
kpc distances. Furthermore, synthesis-imaging
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Fig. 1. Example of a customised sinusoidal, in-
falling, and rotating filament modelled with the
sr3pMoDELS package. The grid points are randomly
distributed according to the density profile defined
by the user. The colour map stands for the filament
temperature.

instruments natively produce 3D or 4D data
cubes with information on two position, one
velocity/frequency, and optionally one polar-
ization dimensions. Spectral cubes have typ-
ical resolutions in the range ~0.1 to a few
km s~!. Modern aperture-synthesis interferom-
eters such as ALMA reach up to ~50 in the dy-
namic range of recovered angular scales and up
to > 10? in peak S/NI

The previous instrumental specifications
have implications for modelling. Radio images
that often were a simple ‘blob’ could be mod-
elled reasonably well with homogeneous slabs
or spheres, but resolved maps often cannot.
ALMA and the expanded VLA are finding pre-
viously unknown multiplicity and features in
almost every type of astrophysical source.

2. The SF3dmodels package

SF3DMODELS is a package that hosts physically-
motivated analytical models, often used in star-
formation research, but with wider applicabil-
ity. Optionally, several individual local mod-
els can be put into a global model that is then
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translated to the format of commonly used
radiative-transfer codes, such as LIME (Brinch
& Hogerheijde | 2010), poLaris (Reissl et al.
2018), or rapmc-3p (Dullemond_ et _al. 12012)
to produce synthetic images. Further analy-
sis tools can pass these ‘perfect’ synthetic im-
ages through the instrument response to con-
sider the effects of noise, spatial filtering, and
angular resolution. sF3pmMoDELs is fully public
and documented™ If you find SF3DMODELS use-
ful for your research, please cite lzquierdo et
al.l(2018).

2.1. The grid makers

Individual models from the library are cre-
ated in local grids. As of August 2019, the
model library includes: a variety of disk mod-
els based on a classical accretion disk pre-
scription (Pringle] [981), but with flexibility
to include piecewise density, temperature, and
velocity fields; envelopes such as a modified
Ulrich flow (Mendoza et al. 2004); generic tur-
bulent spheres; cylindrical or parabolic fila-
ments; jets as described in Reynolds |([986);
and a variety of shapes matching those of ob-
served ultracompact HII regions (De Pree et
user to easily set simpler models such as uni-
form or power-law density and temperature
distributions that might be useful when dealing
with unresolved observations or benchmarks.
The grid cells in SF3DMODELS can be ei-
ther cartesian with regular sampling or ran-
domly distributed according to the gas prop-
erties. Often times, especially for high dy-
namic range problems, it is useful to better
sample dense regions to resolve structures that
contribute the most to the gas mass and fo-
cus the computational time accordingly dur-
ing the radiative transfer. Moreover, models
with complex geometries are easier to make
up if random/non-regular grids are considered.
Figure [shows the density-weighted 3D grid
points distribution of a sinusoidal, infalling and
rotating filament set up with the FILAMENT mod-
ule of sF3DMODELS via an irregular mesh. The
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grid can trace any other gas property and par-
ticularly take advantage of the LIME capabilities
to handle this type of grids for further radiative
analysis.

Complex models can be created by co-
adding several local grids into a global grid.
The physical resolutions of these several grids
can be different. If the sub-models overlap in
3D space, the average density in the corre-
sponding cells is the mass-conserving average,
the average temperature is the mass-weighted
average, and the average velocity field is the
mass-weighted vector average (Izquierdo et al.
2018).

2.2. The grid ingestors

Once the final model grid is created, it can
easily be written into the format of LIME or
RADMC-3D. LIME uses a non-homogeneous grid
created from Delaunay triangulation (Brinch:
& Hogerheijde| [2010), whereas rRADMC-3D is
cartesian with the option of Octree refinement
(Dullemond et al.[2012)). se3pmobELs efficiently
maps the model grid into the desired format
for the ray-tracing within the radiative trans-
fer code (Izquierdo et al.[2018). Input param-
eters for LIME or RADMC-3D can also be written
by sr3pmopELs within a single Python script, so
that the user does not need to fiddle with the
particular format of input files in those pack-
ages.

We now summarize the first two applica-
tions of SF3DMODELS.

3. A complex model with radiative
transfer for W33A MMH1

W33A is a massive star-formation region
known for its high bolometric luminosity and
faint radio-continuum emission (Lin et al.
20165 lvan der Tak & Menten/2005). On parsec
scales, filaments of dense molecular gas con-
verge toward a central hub that hosts ongoing
massive star formation (Galvan-Madrid et al.
2010). Previous marginally resolved observa-
tions suggested the presence of a massive rotat-
ing disk/toroid with radius of a few x1000 au
around a central (proto)star with mass M, ~
15 My (Galvan-Madrid et al. 2010; [Davies
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et al.l2010). However, new ALMA observa-
tions changed this picture entirely. What was
thought as a single object or binary, turned out
to be a system with as many as 7 young stel-
lar objects (YSOs). On top of that, this young
stellar association or cluster is being fed by an
accretion streamer (Maud et al.[2017).

The case for modelling this complex star-
forming system was the main driver for the
original development of sr3pmopELs. Figure
2 shows radiative transfer models of the
(sub)mm CH3CN lines for this source before
(leftmost two columns) and after (rightmost
three columns) the ALMA observations pre-
sented in [Maud et al.| (2017). The multiplicity
of YSOs and gas streamers is also seen in other
lines and dust continuum emission (Izquierdo
et al.|2018; Maud et al.|[2017). Thanks to the
thorough modelling, we are able to extract use-
ful information, as summarized below.

- There is an accretion filament or streamer
feeding the fragmented core. The mass, length,
and flow rate of this streamer are M ~ 0.4 M,
I ~ 7000 au, and M ~ 5 x 107 My yr !
Its short duty cycle (r ~ 8000 yr) suggests
that either: i) we are witnessing a relatively
late stage of accretion, ii) there is replenish-
ment from larger scales, iii) the CH3CN lines
are only tracing a small fraction of the total
infalling gas at these scales. Option i is dis-
favored when the weak ionization feedback is
considered (weak cm continuum emission; [van
der Tak & Menten|2005), but is consistent with
the current gas/star mass ratio at these scales
Mgas /My ~ 0.1 (Izquierdo et al.|2018]). Option
ii is suggested from the observational evidence
for converging gas flows at multiple scales
(Maud et al.l2017; Immer et al.2014; |Galvan-
Madrid et al.J[2010). Regarding option iii, even
if the gas kinematics are only inferred from
(several) CH3CN lines, the total gas mass is
inferred also from modelling of the dust emis-
sion in two different wavelengths. Therefore,
we discard this option at scales of a few x1000
au, although it could be correct at larger scales,
which is related to option ii.

- There are accretion streamers joining
some pairs of (proto)stars. Three of them are
robust ‘detections’ from the modelling and two
need confirmation. Their combined flow rate
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Fig.2. Leftmost 2 x 2 columns and rows: previous radiative transfer modelling of CH3CN line emission
under the expectation of a single disk+envelope. The frames with color scale show the moment 1 map of
different transitions at different energies and critical densities. The spectrum of one of them is also shown.
Rightmost 32 columns and rows: the bottom row shows the new ALMA observations presented in Maud et
al.| (2017) and modelled in|Izquierdo et al] (2018). The source breaks into several centers of star-formation
activity and gas flows between them, plus one prominent gas streamer feeding the system. From left to right
moment O (integrated line emission), moment 1 (‘mean’ velocity) and moment 2 (velocity dispersion).
The top row shows the new multi-component model created with sr3pmopeLs. The radiative transfer was

calculated with LIME.

is M ~ 4 x 107 M, yr!, very close to that
inferred for the larger, core-feeding streamer.
Most of the accretion goes to sources Main
and MNE. All this together suggests a hierar-
chical distribution of the accretion flows, dom-
inated by the most massive source(s). This
outcome is similar to that found in radiation-
hydrodynamical simulations of gravitationally
unstable star-forming cores (e.g., Krumholz et
al 12007).

- The stellar mass, rather than being con-
centrated in a single object, is distributed into
several. There is still one massive (proto)star
with M, =~ 7 My, which is also the
most actively accreting. There are five other
(proto)stellar sources with central masses in
the range M, ~ 0.6 to 2.8 My, plus one starless
envelope. The total stellar (Mg,s = 11 M) and
gas mass (Mg,s = 1 M) in the model are con-
sistent with previous observations too.

- The dispersion of l.o.s. velocities of the
(proto)stars in the model o5 & 1.5 km s
is very close to the 1D escape velocity from
the model grid ve ~ 1.3 km s~!. The nascent
stellar association appears to form in a quasi-
virialized state. This is consistent with recent
numerical simulations that show that virialized

(gas) cores fragment into more objects com-
pared to sub-virial ones (Rosen et alll 2019).

4. On the effects of self-obscuration
in class 0 protostellar disks

(Sub)millimeter spectral indices for dust con-
tinuum emission lower than the ISM value
a =~ 3.7 are usually interpreted as a signa-
ture of grain growth in — class II — proto-
planetary disks (e.g.,lCarrasco-Gonzilez et all
2016). This is a most likely explanation, given
that this continuum emission is almost always
in the Rayleigh-Jeans limit (hv << kgT) and
believed to be optically thin. It is also a rea-
sonable assumption because class II disks have
had already > 1 Myr to evolve after the appear-
ance of a protostar.

Class 0 YSOs represent the earliest stage
of protostellar evolution, with a much larger
mass reservoir and a much shorter evolution-
ary timescale compared to class II disks (e.g.,
Evans-et alll2009). Recently, dust spectral in-
dices @ ~ 2 to 3.5 have been systemati-
cally found in class O protostars at disk scales.
Their interpretation has sometimes also been
in terms of dust evolution (e.g.,'Miotello-et-al.
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Fig. 3. Top and bottom rows show disk model images with M = 0.05 Mg, and M = 0.55 My, respectively.
From left to right, panels show a sythetic image a 7 mm (VLA Q band), 0.8 mm (ALMA Band 7) and the
resolved spectral index between these bands. Taken from |Galvan-Madrid et al.| (2018)).

2014). ILi et al.| (2017) showed that a simple
two-temperature model with a hot, relatively
massive region inside a colder, also massive
one was enough to reproduce the low (sub)mm
spectral indices in their class 0 disk sample. In
their interpretation, the hot, inner component
— the inner disk — is hidden at all frequencies
> 100 GHz, and only starts contributing to the
observed flux at lower frequencies, thus flatten-
ing the spectral index. More recently, Lee et al.
(2017) presented astonishing ALMA images of
an edge-on protostellar disk with 8 au resolu-
tion which show a prominent dark lane. This
characteristic ‘hamburger’ morphology proves
the existence of self-obscuration at (sub)mm
wavelengths in at least this particular object.

We used sr3spmopeLs and LIME to system-
atically explore the hypothesis that low spec-
tral indices observed in protostellar disks are
mainly caused by self-obscuration within a
density and temperature gradient. These results
were reported in|Galvan-Madrid et al.| (2018)).

First, we found a fiducial model that repro-
duces within a few percent the reported flux of

theLee et al./(2017) ‘hamburger’ at 0.8 mm, as
well as size, and ‘bun’ contrast. Then we cre-
ated several grids of models to explore the pa-
rameter space and see under which conditions
we get low dust continuum spectral indices.
We varied disk mass, viewing angle, and ob-
serving frequency, as well as the dust opacity
B index2. In total, our grids consist of 16616
model images. These images were resampled
and fitted using the same observing bands and
noise levels as in the sample of [Li et al.| (2017).
The main results are described below (for more
details, see |Galvan-Madrid et al.|[2018).

- Self-obscuration in protostellar disks with
a temperature gradient has important effects in
their appearance, most notably the existence
of dark lanes. These become more prominent
with increasing mass, observing frequency,
and viewing angle closer to edge-on.

- Source-integrated spectral indices tend to
be significantly smaller than the optically-thin
ISM value a5 =~ 3.7. We conclude that all

3 @ = B + 2 in the Rayleigh-Jeans, optically thin
limit.
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ALMA bands are significantly affected for all
models with M > 0.05 M, regardless of incli-
nation.

- Determinations of protostellar disk
masses could often be underestimated by fac-
tors larger than 10. Observations at v < 50 GHz
could be the key to have better measurements
of protostellar disk masses.

5. Future work

We are currently using SF3DMODELS to model
free-free and recombination line emission with
rAaDMC-3D (Peters et al.[2012)) in several projects
with new ALMA and VLA data. We also plan
to further contribute to the science case of a
Next Generation VLA (Galvan-Madrid et al.
2018b)). We look forward to have more users
for sr3pmoDELS within and beyond close collab-
orations.
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