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1 INTRODUCTION

ABSTRACT

We present a composite model and radiative transfer simulations of the massive star-forming
core W33A MML1. The model was tailored to reproduce the complex features observed with
Atacama Large Millimeter/submillimeter Array at =0.2 arcsec resolution in CH3CN and dust
emission. The MM1 core is fragmented into six compact sources coexisting within 1000 au.
In our models, three of these compact sources are better represented as disc-envelope systems
around a central (proto)star, two as envelopes with a central object, and one as a pure envelope.
The model of the most prominent object (Main) contains the most massive (proto)star (M =
7M ) and disc + envelope (Mgas = 0.4 M ), and is the most luminous (Lain 10*L ).The
model discs are small (a few hundred au) for all sources. The composite model shows that the
elongated spiral-like feature converging to the MM1 core can be convincingly interpreted as a
filamentary accretion flow that feeds the rising stellar system. The kinematics of this filament
is reproduced by a parabolic trajectory with focus at the centre of mass of the region. Radial
collapse and fragmentation within this filament as well as smaller filamentary flows between
pairs of sources are proposed to exist. Our modelling supports an interpretation where what
was once considered as a single massive star with a  10° au disc and envelope is instead a
forming stellar association which appears to be virialized and to form several low-mass stars
per high-mass object.

Key words: radiative transfer — stars: formation —stars: massive —stars: protostars.

supported discs (e.g. Cesaroni et al. 1999; Zhang et al. 2002; Patel
et al. 2005; Carrasco-Gonzalez et al. 2012). However, the advent

The formation of stars can occur in different environments, ranging
from isolated to highly clustered systems (Lada & Lada 2003).
There is evidence that the more massive the stellar system is, the less
likely it is to form in isolation (Sana 2016). Therefore, improving
our understanding of intermediate- and high-mass star formation
comes together with our knowledge of the formation of multiple
stellar systems. A recent review that emphasizes the link between
the formation of massive stars and their clusters is presented in
Motte et al. (2018).

Earlier interferometric observations showed that massive stars
form through accretion from structures that could be rotationally
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of the Atacama Large Millimeter/submillimeter Array (ALMA)
is changing the landscape of star formation research by provid-
ing unprecedented high angular resolution, sensitivity and dynamic
range images of the participating dust and gas. One of the overall
conclusions that can be obtained from considering recent results
is that a few intermediate and massive stars can form as scaled
up versions of the low-mass star formation paradigm: a single
Keplerian disc — which could be circumbinary — plus a rotat-
ing/infalling envelope at early stages (e.g. Sanchez-Monge et al.
2013; Beltran & de Wit 2016; Girart et al. 2018); whereas many
massive stars form in clustered systems at clump ( 0.1to 1pc; Liu
et al. 2015) or even core (<0.1pc; Johnston et al. 2015; Beuther
et al. 2017; Hunter et al. 2017; Maud et al. 2017) scales. Cesaroni
et al. (2017) find evidence for Keplerian discs in about half of their
small sample. In contrast, Ginsburg et al. (2017) find no evidence

Downl oaded 1 FOIRHEREL 9y Q3ERrd Universify Ripse P4 PELRLl gf dheRovaldhsiranpmisabsosiety

by University of Leeds -

on 22 August 2018

Librarian user


mailto:andres.izquierdo.c@gmail.com
mailto:r.galvan@irya.unam.mx

2506  A. F lzquierdo et al.

of discs in a more highly clustered and luminous star formation
region.

Radiative transfer simulations are needed to interpret the com-
plexity of current observations. A variety of public codes to calculate
the (sub)mm line and continuum emerging from 3D models have
been presented and tested in the literature, e.g. moLLIE (Keto & Ry-
bicki 2010) and Lime(Brinch & Hogerheijde 2010). Some of these
codes provide basic model set-ups, but composite 3D models are
often needed to better represent complex structures. In this spirit,
efforts to produce radiative transfer models of star-forming systems
with multiple components have recently appeared in the literature
(Schmiedeke et al. 2016; Quénard, Bottinelli & Caux 2017).

In this paper, we present a multiple-component radiative transfer
model that aims at reproducing the main features observed with
ALMA in the high-mass star formation core W33A MM1 (e.g.
Maud et al. 2017; Galvan-Madrid et al. 2010). This core is the
most massive in W33A and hosts the most luminous Young Stellar
Object (YSO), traced by a faint hypercompact H i1 region (van der
Tak & Menten 2005). Further evidence for at least one massive
(M>10M ) YSO in MM1 comes from high angular resolution
IR observations (Bunn, Hoare & Drew 1995; de Wit et al. 2007,
2010; Davies et al. 2010). Previous sub-arcsecond Submillimeter
Array (SMA) observations pointed towards the existence of a mas-
sive gaseous disc of a few M surrounding a potentially massive
(M 10M ) YSO centred in the millimetre source Main within
MM1 (Galvan-Madrid et al. 2010).

W33A is part of the W33 molecular cloud complex (van der Tak
et al. 2000; Immer et al. 2014; Lin et al. 2016). Its parallax distance
to the Sun has been measured to be 2.4*5-1] kpc (Immer etal. 2013).

The ALMA observations that we model here were presented in
Maud et al. (2017). These data have >3 better angular resolution
and x15 better sensitivity than our previous SMA observations.
The ALMA images reveal that what we previously thought was a
massive rotating disc, probably with one unresolved companion, is
actually a multiple system in formation, although the kinematics is
still dominated by the most massive object MM1 Main. A prominent
spiral-like filamentary gas stream appears to feed the central part of
MM1 from the north-west.

The outline of the paper is as follows: Section 2 describes the ob-
servations that we model. Section 3.1 explains the individual physi-
cal components that are used. Section 3.2 details on the construction
of the composite 3D grid. Section 3.3 describes the implementation
in Lime. Section 3.4 describes the logical order in which the final
global model was found. Section 3.5 explains the determination of
the model parameters. Sections 4.1 and 4.2 give the results of the
line and continuum model, including a comparison to observations.
Sections 5 and 6 are a discussion of the results and the conclusions,
respectively. Appendix A shows the channel map emission in the
models and observations. Finally, Appendix B gives information on
how to access the tools that we developed to create the complex
models and how to use them within Lime, which we believe can be
of interest to the community.

2 OBSERVATIONAL DATA

The ALMA observations were originally scheduled as an A-ranked
Cycle 1 project (2012.1.00784.S — PI: M. G. Hoare), but due to
the need for the then longest baselines, they were not successfully
executed until June 2015. For more details of the data set, we refer
to Maud et al. (2017).

Due to the multiplicity in the region within a few arcseconds, we
modelled only the data that are less morphologically confused, and

lines that do not appear to be spectroscopically blended or contam-
inated by others. Therefore, we selected the CH3CN J = 19—18,
K= 4, and K = 8 lines, as well as the 0.8 mm (Band 7) continuum.
We also use the 1.3 mm (Band 6) continuum for further comparisons
with our models, although it has a slightly lower angular resolution.
The 1.36 mm (220.818 GHz) continuum image has a synthe-
sized beam FWHM = 0.33 x 0.24 arcsec, with a position angle
PA = —46.2°. The rms noise in this image is 0 ms 1.3mm = 112 ply
beam™ (0.035 K). The 0.86 mm (349.454 GHz) continuum image
has an FWHM = 0.21 x 0.14 arcsec, PA = —80.9°and 0 ms0.8mm
=177 pJy beam™! (0.059 K). The K = 4 (v = 349.3463 GHz) and
K =8 (vo = 349.0249 GHz) CH3CN cubes have almost identical
beams with FWHM = 0.20 < 0.14 arcsec and a PA = —79.8°. Their
noise levels are @ yms ks = 3.7 mJy beam™ (1.28 K) and 0 ;s ks = 2.1
mJy beam™! (0.73 K), respectively, in channels 0.42 km s~ wide.

2.1 Main observational features

In this section, we enumerate the main observational features that
motivated the components of our MM1 model. Further motivation
will become apparent through the rest of the paper.

In Fig. 1, we present the Band 7 continuum emission and the
CH3CN J = 19—18, K = 4 moment 0 maps for the observational
data. There, we highlight the compact sources as reported in Maud
et al. (2017) and Galvan-Madrid et al. (2010): Main, south (S),
south-east (SE), east (E), and ridge. Two new compact sources are
proposed in this paper and are labelled under the same rules: Main
north-east (MNE) and south north-west (SNW), as well as five inter-
source filaments represented with dashed lines, and the spiral-like
filament in the northern part of the region.

The existence of MNE and SNW is mainly motivated by the
CH3CN line emission. The moment 0 map evidences extended
emission towards the north-east of Main and the north-west of S.
This emission is also warm (see Maud et al. 2017), and its veloc-
ity field is more consistent with separate, redshifted blobs (see the
last row of Fig. Al) than with a single, more extended source. For
more details, see Section 4.1. On the other hand, the existence of
inter-source filaments is motivated mostly by the extended features
in the continuum maps that appear to join the compact sources (see
Fig. 1 and Section 4.1.2), although some of these features are also
apparent in the CH3CN maps.

3 MODEL

3.1 Physical models

In order to describe this complex star formation region, we produce
a global model made of the superposition of individual components,
all within a 7000 au cubic region representing W33A MML1. In this
section, we describe the physical attributes of the individual com-
ponents. We emphasize that the final model is not unique nor a best
fit, but it provides a reasonable match to the data and is physically
motivated. The justification for the use and characteristics of each
element are further explained in Sections 3.4, 3.5 and 4.

From the seven compact sources, four of them are disc-envelope
systems (Main, S, SE, Ridge), two of them are pure rotating/infalling
envelopes (MNE, SNW), corresponding to less evolved YSOs and
one is a turbulent sphere (E), corresponding to an even younger
object. Fig. 2 shows a schematic diagram of the relative positions
and central masses of these sources.

Additionally, we include five cylindrical filaments joining pairs
of compact sources (also sketched in Fig. 2), plus a larger spiral-like

Downl oaded f%mRA§547/830§§8§32§1%50@9%\§):55/ article-abstract/ 478/ 2/ 2505/ 4992323

by University of Leeds - Librarian user
on 22 August 2018



3D radiative transfer modelling of W33A MM1

W33A - MM1. Band 7 - Continuum, data
T 1 T T T

3000
2000 - B
Spiral-like
filament =
1000 |- o
-] B .
3 0
—1000 |- B
—2000 |- 1
—3000 1 il 1 L 1
—3000 -2000 -—1000 0 1000 2000 3000
AU
1073 1072 10
Jy beam~!

2507

CH3CN J=19-18 K=4 - Moment 0, data

3000
2000 - -
Spiral-like "
filament Ridge
1000 - B
o .
—1000 |- B
—2000 |- —
—3000 1 L 1 Il L
—3000 -2000 -—1000 0 1000 2000 3000

AU

< T

0.3 0.6 0.9 1.2 1.5 1.8
Jy beam~! km s!

Figure 1. Left: ALMA 349 GHz (0.8 mm) continuum image of W33A MML1. Right: velocity-integrated intensity (moment 0) of the CH3CN J = 19—18,
K= 4 line data. Cells with intensity below 10 per cent of the peak were masked out. The compact sources included in the model are marked by crosses (+).
The dashed arrows represent the modelled inter-source filaments and their flow direction. A label indicates the zone where the spiral-like filament resides. The

beam size is shown in the lower left corner of the panels.
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Figure 2. Configuration of compact sources and inter-source filaments in
the W33A-MM1 model. The x- and y-axes are parallel to RA and Dec. The
z-axis is parallel to the line of sight, with positive values increasing away
from the observer. The z = 0 plane intersects the position of Main, and (x,
y) = (0, 0) coincides with the phase centre of the ALMA images. Arrows
indicate the direction of the gas flows between sources. The sizes of the
markers are related to the mass of the sources as shown in the top subplot.

filament which we interpret as an accretion flow feeding the centre
of MM from its periphery, as proposed by Maud et al. (2017).

3.1.1 Compact sources

We implemented a standard YSO modelling for the four disc-
envelope sources, following the approach of Keto & Zhang (2010).
Those authors superpose a rotationally supported flared disc em-
bedded in an infalling and rotating envelope. The envelope is mod-
elled using the prescription of Ulrich (1976), who constructs the
density and velocity fields assuming that the particles around the

stellar source follow ballistic paths. Although simple, this model
has been useful to reproduce observations from the scales of low-
mass (proto)stars up to high-mass clusters (e.g. Whitney et al. 2003;
Keto 2007; Maud et al. 2013).
For the envelope density, we use equation (1) of Keto & Zhang
(2010):
cosf 2

Penv(r,0) = peO(I’/Rd)73/2 1+ m

x [1+ (r/Rg)"*(3cos? 8, — 1)] ¢, (1)

where r is the distance to the centre of the model and 6 the polar
angle; Ry is the centrifugal radius, defined as an equilibrium zone
where the gravitational force of the central-point mass is equal to
the centrifugal force of the rotating envelope; 8 is the initial angle
of the streamline and pe, is the envelope normalization density at
r =Ry and 6 = 1/2. They must satisfy the geometrical relation
[equation (2) of Keto & Zhang 2010]:

. Ry cos 8, sin? 90. @
cosBy — cos B

This constraint can be used to find an analytical expression for
cos Bg (see its functional form in equation (13) of Mendoza, Cantd
& Raga 2004).

The velocity components of the envelope are (see equations 14—
16 of Keto & Zhang 2010):

GM 172 COSG 1/2
ve(r,0)=— = L+ ose. ®)

GM Y2 (cos@,—cosf 2 , cosh 12

Ve(r,8) = r sin® cos By

4
Vol 8) = GM  YZsing, L cos® 2 ©)
eI Ty sing cos 8,
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For the temperature of the envelope we follow Whitney et al.
(2003) and assume Ten () 933, The proportionality constant is
left as a free parameter to adjust density weighted mean tempera-
tures according to the observational data.

We include the possibility of adding a conical cavity with an
arbitrary opening angle.

For the disc, we implemented the standard prescription by Pringle
(1981). We assume a steady, Keplerian, flared disc limited within
the centrifugal radius Ry of the envelope. The disc density field is
given by equation (3.14) of Pringle (1981):

Paisc(Z, R) = po(R) exp{—2*/2H*(R)}, (6)

where R and z are cylindrical coordinates. H(R) is the scale height
of the disc and po(R) is the disc density function in the mid-plane
(equations 7 and 8 of Keto & Zhang 2010):

H(R) = Ho(R/R )%, (6a)

Po(R) = Appe, (Re/R)*%. (6b)

The scale height at the stellar radius is set to Hy = 0.01R , and
A, is the density factor between disc and envelope at Rq. The disc
velocity is (equation 3.3 of Pringle 1981):

Viss = GM /R 0, (7

and the temperature (equation 12 f Keto & Zhang 2010):
1/4

3GM M
Taisc = Bt m 1- , (8)

:0\13\

where By is a factor to adjust disc heating and M is the mass
accretion rate given by equation (3) of Keto & Zhang (2010):

M = pe,4mR2vy, (9)

where vy is the Keplerian velocity at Ry.
Fig. 3 shows the density and temperature structure of example
disc and envelope models.

3.1.2 Accretion filaments

Elongated features joining some pairs of compact sources are ap-
parent in the continuum images and in the line cubes (see Section 4).
We modelled them as “accretion filaments’. Most of them are im-
plemented as straight cylinders of  10° au length that join pairs of
compact sources, and with uniform density and temperature. The
accompanying code leaves open the option of adding a dependency
of density and temperature with cylindrical radius. We assume the
kinetic energy of the filaments is related to their gravitational po-
tential energy as given by the virial theorem:
3acMm 1,

—— = -V ,

5 r 2

from which we obtain the speed at each point of the model. The
main axis of each cylinder is defined as rey—ax = r > — r <, where
r > and r < are the positions of the most and least massive compact
object in each pair. Additionally, we consider that the gravitational
potential is fully determined by the most massive of the pair of
sources and that the velocity in the cylinder points towards that
source. This is analogous to considering that the entire gas inside
the filament is within the Hill radius of the most massive compact
source. The velocity field for each cylinder can be written as:

6GM > Y2 r—r-
5 [r—r =32

(10)

1)

chl(r) =

Since our simplifying assumptions imply that the most massive
compact source is taking material from the least massive one, we
fixed the systemic (initial) velocity of the flows to be the same as
that of the low mass source in each pair. Note that the previous
assumptions automatically fix the relative orientation of compact
sources in the z-axis (line of sight).

There are five filamentary flows between pairs of compact
sources in our model: SE - S, SE — Main, SE -~ MNE, E -~ MNE
and E - SE (see Fig. 2).

Additionally to the small cylindrical filaments, we include a larger
(7240 au length) accretion filament reaching the central part of
MM1 from its north side, following the interpretation of Maud
et al. (2017) that this spiral-like structure is a ‘feeding filament’
that deposits material to the central region of MM1. We model the
feeding filament structure using a parabolic cylinder with focus at
the centre of mass of the entire region.

The speed along the parabolic trajectory is given by orbital energy
conservation, and we also include a velocity component of collapse
towards the axis of the parabolic filament. Thus, the vector velocity
is

2GM, 1/2

—_— f + v, 12
TR in (12)

Vpar(r) =

where f and i are the tangent and normal unitary vectors associated
to the main axis of the parabola. We set the infall velocity (vin)
within the parabolic filament in terms of the speed of sound in the
medium: ¢ = (ykgT/2my)Y2, where y is the characteristic heat
capacity ratio of the medium, kg the Boltzmann constant and my
the Hydrogen mass. More details can be found in Section 4.1.2.

For simplicity, we set the density and temperature of the filaments
to be homogeneous in each of them.

3.2 The model grids
3.2.1 Global grid

We create a global grid that harbors the individual local grids
(models) together. Each local grid is rotated and translated within
the global grid according to the restrictions given by observational
data. The global grid is homogeneous and cubic: it has 301 nodes
distributed in equal steps over 7000 au in each direction, i.e. it is
built with 27 < 108 points, and its linear resolution is 23.3 au.
Fig. 4 shows a visualization of the final global grid where the density
of plotted points is proportional to the model density.

To overlap the local grids within the global grid, an algorithm
for distance minimization between the nodes of both was made.
Thus, spatial information is extracted from each node of each local
grid and the corresponding nearest node in the global grid is found.
This point will inherit the physical properties that the local grid
point was saving. Since local grids are generally more spatially
resolved than the global grid, it is likely to occur that some cells of
a given local grid converge to the same closest node in the global
grid. When this happens, the latter node takes the average of the
overlapping densities. Other properties are taken as their density-
weighted averages.

After the previous step is done, the algorithm similarly checks
whether two or more nodes of different local models collapse into
the same node in the global grid. This time, the latter node takes the
sum of the densities (for mass conservation) and other properties
are again density-weighted averages.
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Figure 3. (a) Left: density (colours) and temperature (contours) profiles for a pure (Ulrich) envelope compact source. The example corresponds to the final
model for MNE. (b) Right: density and temperature profiles for a compact source made of a disc plus an envelope. The example corresponds to Main, which
has a cavity. The top subplots show the edge-on (i = 90°) middle cut of the models, and the bottom subplots show the face-on (i = 0°) middle cut.
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Figure 4. Visualization of the global grid, which is made of the superposi-
tion of many local grids, each representing an individual submodel. Regions
with a higher density of points have a larger mass density in the model.
Colours indicate the depth in the z-axis, with positive values increasing
away from the observer. The z = 0 plane intersects the position of Main,
and (x, y) = (0, 0) coincides with the phase centre of the ALMA images.

3.2.2 Local grids

For the compact sources, each local grid was also set to be homoge-
neous in Cartesian coordinates. These local grids can have different
physical sizes and resolutions each.
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For the models containing an Ulrich envelope, we added a condi-
tion to ensure that no point of their grids falls into the mathematically
undefined position (r, 8) = (Rg, T/2), where the density diverges.
The interpretation of this jump in density is that the ‘true’ disc starts
inwards (Mendoza et al. 2004).

For the cylinders, the nodes of their local grids are evenly and
randomly distributed. To do so, we first generate a random point
along the axis of the cylinder. Secondly, we create a vector with
fixed position in that point, with random orientation (restricted to
be perpendicular to the axis) and length in the ranges [0, 2m] and
[0, Reyi], respectively. This recipe is repeated (2Rey1)?|Feyi—ax]/dr?
times to ensure that all the cells of the global grid enclosed by
the virtual cylindrical surface will have enough points around them
to be filled with. dr is the maximum possible separation between
neighbouring nodes in the global grid: dr =  dx2 + dy?2 + dz2.

The grid of the parabolic filament was built in a similar way
to those of the cylinders, with an extra consideration due to the
curved trajectory. First, we consider the characteristic equation of a
parabola is X2 = 4py, where p is the parameter that accounts for its
focus. Then, it is possible to calculate all the tangent vectors in the
parabolic section of analysis as follows:

f = cos(8)i +sin()j,

B(x) = tan"1(x/2p), (13)

if its vertex is located in (0,0). Each of these tangent vectors repre-
sent a local main axis around which we generated a random point
as in the second step of the construction of cylindrical grids. We

MNRAS 478, 2505-2525 (2018)
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repeat this step enough times to populate correctly this zone in the
global grid, as explained in the previous paragraph.

3.3 Radiative transfer simulations

We use version 1.6.1 of the Line Modelling Engine code (LimE,
Brinch & Hogerheijde 2010) to perform radiative transfer simula-
tions of the physical grids described in the previous section. LIME
calculates both molecular line and (dust) continuum maps by solv-
ing the molecular excitation or fixing it in the LTE case, and then
the transfer of radiation through the model. It builds unstructured
3D Delaunay grids by generating a set of random points across the
domain that will be accepted or rejected according to the density
of the given model. Then, the grid is smoothed via Voronoi tessel-
lations. LimE retrieves molecular data from the LAMDA data base
(Schoier et al. 2005).

A few adaptations had to be made to be able to feed our models
into Live. The necessary code is available through the GitHub link
provided in Appendix B. We included a header script in LimME to
upload the output data from our model-generating codes. Also,
we added in the user interface script (model.c) an algorithm to
determine the nearest neighbours between the randomly generated
set of points in Lime and the points of our global grid, following the
suggestions made in the Lime documentation.* Given that our grid is
homogeneous in Cartesian coordinates, it is possible to efficiently
determine the closest pairs of points. Let us call a random generated
LIME point (X, Yr, Zr) and its nearest point in our grid (Xm, Ym, Zm)-
First, we compute the nearest yz plane associated with the given x;,
S0, Xm is found. Then, in that plane we look for the nearest column
associated with the given y;, so yy, is found. Finally, in that column
we compute the nearest cell associated with the given z;, so zy is
found. In the end, the point (X, yr, z;) receives all the properties
belonging to (Xm, Ym, Zm)-

The rotational (J, K) transitions of CH3CN are such that several
K lines for a given J + 1 — J can be observed in a single spectral
set-up (e.g. Cummins et al. 1983; Remijan et al. 2004). This fact has
made these lines a widely used tracer of warm, dense gas (e.g. Araya
et al. 2005; Purcell et al. 2006; Cesaroni et al. 2017). We use LTE
calculations for our modelling. This is justified since the critical
density of the J = 19—18, K= 4, and K = 8 transitions at the model
temperatures is ne = 1 % 107 cm™3. Also, “effective’ densities for
thermalization are typically at least one order of magnitude below
critical densities (Evans 1999). Most of the mass in our domain is
above the critical density of the modelled lines.

We allow for different CH3CN abundances with respect to H, for
each submodel (see Section 3.5). The gas-to-dust mass ratio was set
to 100 in the entire global grid.

Some fluctuations in the model continuum emission appear be-
cause the grid points randomly generated by Live? do not map the
region completely, since they are fewer than the model grid points.
Therefore, different model regions are better covered with Live grid
points in some runs than in others. To smooth these fluctuations,
for each continuum image presented in this paper, we generated
10 images with the same set of parameters. Then we extracted the
median of the intensity for each pixel and constructed a final image.
This averaging process is equivalent to generate an image with a
higher number of grid points in Lime, but faster. We found that the

Thttp://lime.readthedocs.io/en/latest, section Advanced set-up.
2Defined with the “plntensity” parameter.

line emission is not sensitive to this effect because it is brighter than
the continuum, so the fluctuations are not noticeable.

Finally, the output images and cubes created with LimMe were
passed through the ALMA instrumental response using version
4.4.0 of CASA (McMullin et al. 2007). The task ‘simobserve’ was
first used to generate visibilities from the model images. The array
configuration, integration time, date, hour angle and precipitable
water vapor were all set to properly emulate the observing con-
ditions of the data. The task ‘clean” was then used to create the
ALMA-simulated images from the model visibilities. The simu-
lated and observed images have noise levels and beam sizes match-
ing each other within a few per cent.

3.4 lterative building of global model

In this section, we summarize the order in which the global model
was tailored and the motivation for its specific features. Section 3.5
goes deeper into the determination of the free parameters of the
local models.

We started modelling compact source Main with a single massive
envelope, but in the end a disc embedded within an envelope was
a better match to the data. Then, we proceeded to model compact
sources S, SE, E, and Ridge. Each source was modelled separately
in the same way as Main, in its own local grid. The top row of
Fig. 5 illustrates the effects of changing the model prescription for
compact source S on its CH3CN line profiles, modelled in isolation.
More details can be found in Section 4.1.1.

The next step was to construct the global grid (Section 3.2.1)
and allocate the compact sources within it. The first global grid
contained only compact sources. This global model was compared
to the observations, then the small inter-source filaments were de-
fined and assigned to a second global grid. Small adjustments to the
properties of the compact sources and small filaments were done
by physically motivated trial and error to better match this second
global grid to the observational data. The influence of the global en-
vironment on the line profiles of source S can be seen in the bottom
row of Fig. 5.

The final addition to the global grid was the spiral-like filament
feature. The assumption of a parabolic orbit with focus at the centre
of mass of MM1 was readily a good approximation. Then, the 3D
orientation and density of the parabola were adjusted to match the
observed velocity gradient and fluxes. This filament was initially
considered to be static, but a radial collapse component was added
to better match its observed velocity dispersion and morphology in
the channel maps (see Fig. Al).

Finally, the newly proposed compact sources MNE and SNW
were added to reproduce finer features in the images. Their inclusion
helped to reproduce the extended heating and velocity dispersion
towards the north-east of Main and the north-west of South (S), as
well as the secondary features around Main and S (more details
below). In the resulting global grid, additional small adjustments to
each component were tried until we were satisfied with the match
between the global model and observations. We reiterate that the
models are not best fits to the data, but a physically motivated
representation that matches the observations reasonably well (e.g.
Schmiedeke et al. 2016).

3.5 Determination of model parameters

Tables 1 and 2 list the free and derived model parameters for the
compact sources (discs and envelopes) and filaments, respectively.
In this section, we describe how the values of those free parameters
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Figure 5. CH3CNJ=19-18, K =4 (left) and K= 8 (right) spectra for different isolated (top row) and global (bottom row) models for source S. The scenarios
are: disc-only (yellow line), envelope-only (red line) and disc + envelope (green line). The dashed lines in the bottom panels show the ALMA data. The rms

noise levels in the spectra are 1K (see Section 2.)

Table 1. Top: Free parameters for compact sources. Bottom: Derived properties from model output.

Parameter Main MNE S SNW SE E Ridge
Stellar mass(M ) (M ) 7.0 0.6 2.8 0.6 0.9 - 0.9
Mass accretion rate (M) (M yr™1) 40x107* 1.3 %107 1.0 x 107 28x107° 1.1% 107 - 1.0 x 107
Env. temp. at 10 au (T1o,,,) (K) 375 2500 1875 1875 500 - 250
Centrifugal radius (Rq) (au) 152 302 362 202 264 - 164
Cavity half opening angle (6y,) (deg.) 40 - 20 - - - -
Disc density ratio (Ap) 24.1 - 7.5 - 11.9 - 12.6
Disc temperature factor (Br) 5.0 - 15.0 - 11.3 - 3.8
Abundance (Ncrzen/NH,) 1.8 x 1077 1.3x 1077 6.0 < 1077 3.8 %1078 1.0 x 1077 1.8x 1078 6.7 < 1078
Position angle (PA) (deg.) —23 23 15 45 10 - 5
Inclination (i) (deg.) 45 40 30 40 45 - 45
Systemic velocity (vsys) (km s™1) 33.7 41.7 355 41.2 38.1 38.7 38.2
Local grid radius (au) 500 400 400 300 500 400 300
Stellar radius (R ) (R ) 30.2 3.8 2.3 5.2 0.9 - 0.9
Mean temperature? (K) 990 832 806 695 413 140 201
Envelope density at Rq (pe,) (cm™3) 1.8 x 108 7.2 x 108 2.0 x 108 2.8 x 107 6.2 x 108 1.3 107D 1.2 x 107
Envelope mass (Meny) (M) 0.122 0.009 0.003 0.014 0.010 0.039 0.005
Disc mass (Mgisc) (M ) 0.271 - 0.011 - 0.028 - 0.012
Total mass of gas (Mgas) (M) 0.393 0.009 0.014 0.014 0.038 0.039 0.017

aDensity weighted mean temperature; Pmean density in E.
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Table 2. Same as Table 1 but for the filamentary structures.

Parameter Spiral E -~ MNE E - SE SE -~ MNE SE - Main SE - S
Dominating mass (M¢; M =) (M ) 12.0 7.0 0.9 7.0 7.0 2.8
Filament density (po) (cm™3) 8.0 < 107 4.3 % 108 8.0 x 107 8.3 x 106 8.3 x 108 3.8 x 107
Filament temperature (K) 200 250 250 250 250 250
Filam. abundance (Ncr;en/Nh,) 1.5 1078 0.8 %1078 1.0 x 1078 5.0 x 1078 5.0 x 1078 0.7 %1078
Cylindrical radius (au) 200 150 100 150 150 150
Length (au) 7240 1300 870 2060 1540 2430
Mean tangential velocity (km s™1) 4.0 3.9 11 3.1 3.1 15
Mass inflow rate (107> M yr™1) 475 2.79 0.32 0.22 0.22 0.48
Mass of gas (Mgas) (M) 0.410 0.045 0.012 0.007 0.005 0.036

were determined. We emphasize that our method was intuition-
guided trial and error. To find a good set of parameters we iterated
over different model versions mainly comparing their CH;CNK =4
and 0.8 mm continuum to the data, whereas the K = 8 line and
1.3 mm continuum were just used as a posteriori checks.

Although the central stellar mass M is not the unique parameter
that affects the line-width, it is the most important (see equations 3—
5 and 7). For a first estimation of the stellar mass of the compact
sources, we first inspected the channel maps around their central
positions as defined from the continuum peaks. In some compact
sources, a velocity gradient was clearly discernible (S, SE, Ridge),
while in some others it was not (Main, MNE, SNW), probably due
to the confusion with neighbouring emission. For the sources with
clear velocity gradients, we extracted their spectra averaged over the
relevant apertures and made Gaussian fits to obtain estimations of
the projected rotation velocity of the gas ( v= 0.5FWHM), while
estimating the disc radius r from measuring the angular separation
between the blue- and redshifted emission lobes. Using these pa-
rameters, we made a first estimation of the central mass assuming
Keplerian rotationasinM = v2r/G. For the sources without clear
velocity gradients in the channel maps, we estimated their stellar
mass by matching the full width at half-maximum (FWHM) of the
modelled CH3CN line with the data in the central beam of each. For
the case of Main, we started with the 13 M estimation from Maud
etal. (2017), and reduced itdownto 7 M  due to our interpretation
of multiplicity (see Section 4.1.1 for more details).

After their first estimation, the central masses were slightly varied
to better match the data. The inclination i with respect to the line
of sight is also important and is the second preferred parameter
that we vary to adjust line-widths. For Main, we used the previous
estimate based on models by de Wit et al. (2010), whereas for the
other sources we started with the assumption of i = 45° and varied
it until we achieved a line-width that matched the observed.

A cavity with opening half-angle 6, was included in the models of
Main and S. Observations show that MM1 has at least one molecular
outflow centred in Main (Davies et al. 2010; Galvan-Madrid et al.
2010). It is not clear whether S also drives an outflow, but we
incorporated a cavity in its model given that it is the second most
massive source. The cavity was used mainly to refine the line profile
of these sources but also to construct a more realistic model of their
inner regions. We varied 0, from 0° to 80° in steps of 20° (see
Fig. 6).

The mass accretion rate M was varied as a free parameter in
order to scale up or down the density of the compact sources, with
a corresponding effect on the line and continuum intensity levels.
From equation (9), the normalization constant pe, of the envelope
density is directly proportional to M. Note that as a consequence,
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this is also true for the disc density (see equation 6b). Since Main
is a high-mass protostellar object, we used M in the range 10~ to
1072 M yr~! (e.g. Zinnecker & Yorke 2007; Osorio et al. 2009).
For the lower mass sources, we tested values in the range 107° to
105M yrt.

The normalization of the envelope temperature and the disc tem-
perature factor By was set such that the resultant density weighted
mean temperature of the compact sources was consistent with the
temperature map presented in Maud et al. (2017). Similarly, the
disc density ratio A, is used to calibrate the density-weighted mean
temperature, as well as the continuum and line intensities, with the
observational data. We restrict both parameters Br and A, to values

5-20, in order to not exaggerate the relative importance of the
disc with respect to the envelope.

The centrifugal radius of the envelope Ry was chosen to be the
same disc radius previously defined in this section. The line emis-
sion of MNE and SNW is marginally (un)resolved; thus, we re-
stricted Rq to be larger than half of the envelope size. The emission
in Main is quite compact, so we set Ry from the line-width and
continuum intensity in its central beam. The PA in the plane of the
sky was also defined from the same restrictions as Ry. For Main,
previous observations and modelling provided a good first estimate
(de Wit et al. 2010; Davies et al. 2010).

For the CH3CN abundance with respect to Hz, Nerzen/m,, We
tested values from 10~° to 1077, in agreement with determinations
using interferometric observations in massive star formation re-
gions (e.g. Wilner, Wright & Plambeck 1994; Remijan et al. 2004;
Galvan-Madrid et al. 2009). We started with Ngp,en/m, = 107°
and increased it in order to adjust the line emission once the correct
continuum flux was achieved.

The systemic velocity vsys of the compact sources was set to be
the velocity of the line peak in the data. For cases like Main where
the K = 4 CH3CN line was optically thick at the centre, the K =8
line was also considered to refine vgys.

The dominating mass is the mass responsible for the gravita-
tional field that determines the gas velocity in the filaments (see
equations 11 and 12). For the large parabolic filament, the dominat-
ing mass is set to the total model mass contained in the central region
of MM1, i.e. stellar + gas mass of Main + S + MNE + SNW + the
gaseous mass in their vicinity. For the cylindrical filaments con-
verging to Main or MNE, the dominating mass is the mass of
Main. For the rest of the small filaments, it is the mass of
the most massive of the two sources at the extremes of the
cylinder.

The temperature in each of the filaments was set to be homoge-
neous, and consistent with the determination in Maud et al. (2017).
The density for each filament, homogeneous as well, was used
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Figure 6. Effect of varying the cavity opening angle on the spectra of compact source Main modelled in isolation. The upper row shows from left to right:
8h = 07, 20°, 40°. The bottom row shows 6, = 60° (left) and 6, = 80° (right). The middle panel of the bottom row shows the resulting CH3CN J = 19—18,
K = 4 spectra. Density (colours) and temperature (contours) profiles were also included in the subplots. The cross-sections show edge-on models (i = 90°).
The spectra come from models with inclination i = 45°, the same as Main in the model. It is clear that the two-peaked profile is only seen with cavities wider

than 60° when the disc dominates the emission.

mainly to control the continuum intensity, whereas the CH3CN
abundance was used to further adjust the line emission. We tested
H, particle densities from 10° to 108 cm™2 and abundances from
107°to 1077,

The length of the filaments was estimated from the spatial con-
figuration of the compact sources in the data. We assume that the
cylinders have the same depth in the line of sight as projected length
in the plane of the sky (see Section 4.1.2 for further details). The
cylindrical radii were estimated directly from the apparent angular
width of the filaments in the continuum and channel maps.

4 RESULTS

41 CH;CNJ=19-18,K=4
4.1.1 Compact sources

To compare the model spectra of the compact sources with those
from the ALMA images, in Fig. 7 we show the average spectra
in squared apertures of 0.2arcsec size (approximately the beam
size). The observed lines are generally asymmetric, and in most
cases there are secondary velocity features besides the principal line
peaks. The presence of such features in apertures already as small
as 480 au, as well as the absence of pure two-peaked line profiles,
warns against interpreting the compact sources only as Keplerian,
rotationally supported discs. Nearby companions, envelopes and
filamentary flows can all contribute to the observed spectra.
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The spectrum around compact source Main consists of a single-
peaked line centred at 34 kms™, and a secondary, fainter compo-
nent peaked at 42 kms™ (see Fig. 7). In our model, the brightest
line peak is dominated by Main, whereas the redshifted, fainter
spectral component is contributed by compact source MNE. Our
interpretation also reproduces the spectrum around the central po-
sition of MNE.

To model Main we first considered the simplest case of a pure
Keplerian disc, but such model always produces double-peaked
profiles unless an unrealistically high optical depth — mass — is
used, which consequently also produces line and continuum fluxes
that are too high. We concluded that an envelope surrounding the
disc is the most natural way to produce the single-peaked profile of
the brightest spectral component (see Fig. 7) while matching both
the K = 4 and continuum fluxes. The inclination angle was chosen
based on the restrictions available from the IR interferometric and
photometric modelling of de Wit et al. (2010), who found i  50°
(we set i= 45 for simplicity). Several observations show that Main
drives one, or possibly two massive molecular outflows (Davies
et al. 2010; Galvan-Madrid et al. 2010; Maud et al. 2015) and
possess a cavity on scales of a few <100 au (de Wit et al. 2010).
We included such cavity in the model. Fig. 6 shows the effect of
changing the opening angle of the cavity on the model spectra of
Main. An opening angle 8 = 40° is a good compromise between
the need to wash out the two-peaked line profile (wider cavities do
not since for them the model approximates to a pure disc without
envelope) and having a line that is not too broad and too bright, as
in the case of much narrower cavities.

MNRAS 478, 2505-2525 (2018)
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Figure 7. CH3CN J = 19—18, K = 4 spectra of the modelled compact sources compared with the data. The header on each panel indicates the region of
analysis. The central panel is a snapshot of the velocity channel v = 38.05 kms™1, where the 0.2 < 0.2 arcsec integration apertures around compact sources are
marked in white. The dashed line apertures are centred in the new compact sources proposed by the model (MNE and SNW). The black square shows an extra
aperture of interest in between compact sources Main and S, labelled as Main-S in the spectra. The cyan markers indicate the centre of the compact sources

included in the model.

Although Main is still the most massive object in the field (the
full list of free parameters and derived quantities is in Table 1), we
determined a lower central mass and smaller disc size than previous
estimates. In previous (sub)mm observations where the entire MM1
core® was marginally resolved, the kinematics was interpreted as
originating from a dynamical mass of 10-15M  withinan 1200
au radius (Galvan-Madrid et al. 2010). Maud et al. (2017) deter-
mined a dynamical mass 13 M within a 1000 au radius from the
current ALMA data. Given that we interpret emission peaks MNE,
SNW and S as separate YSOs, and also consider several filamen-
tary flows feeding Main, MNE and S from the east and south-east,
our model of Main requires a lower stellar mass (7 M ), dynamical
mass (stellar + disc + envelope, 7.4 M ), and disc radius (150 au)
than previous estimates. The total stellar + gas mass of our model
within a 1000 au radius of the stellar source in Mainis 12 M ,
consistent with previous estimates. The 150 au disc radius that we
propose for Main is unresolved by our observations with 400 au
resolution, but ALMA long-baseline data will be able to test our
hypothesis or discard the existence of a true disc on scales <100
au.

For compact source S, as for the case of Main, the observed pro-
file is not a simple two-peaked line. In this case there is a dominant

3\We refer to MM1 as a “core’ following the convention of using this word for
structures of  0.03-0.2 pc size (e.g. Bergin & Tafalla 2007). The individual
discs and envelopes in our model are smaller scale structures within the MM1
core.

peak at 36 kms™!, with a fainter, redshifted shoulder from 40 to
44 kms™t, which in our model comes from the neighbouring com-
pact source SNW (see below). Fig. 5 shows a comparison of the
CH3CN J = 19—18, K = 4, and K = 8 lines for source S resulting
from three model scenarios: an envelope without disc, a disc without
envelope, and a disc + envelope. The line profile of the pure enve-
lope, and more prominently, of the pure disc, have the two peaks
characteristic of rotation, whereas in the disc + envelope model the
peaks are much less noticeable. To reach the desired peak intensity
at the K = 4 transition, we scaled up the density through increasing
the mass accretion rate in the different model scenarios. A pure
envelope needs to become too optically thick over a wide velocity
range, in which case the line is too ‘square-shaped’. Similarly, a
pure disc does not preserve the desired peak intensity at the K =8
transition. Regarding to the continuum emission, the pure envelope
has low mean and peak intensities ( 1/5 compared to the data at
349 GHz), whereas the pure disc generates intensities that are too
high by <4. Moreover, only the disc + envelope model shows a line
profile similar to the data in both transitions while maintaining the
correct continuum intensities. Thus, we concluded that a disc + en-
velope is the best model for source S. We included a cavity in this
model too, given that S is the second most massive source. After
spanning the possible range of values for the inclination angle with
respect to the line of sight i and the cavity half-opening angle 6, we
found that i = 30° (closer to face-on than to edge-on) and 8, = 20°
match well the observations (see Fig. 7). The results are degenerate,
but more sensitive to variations of the former parameter.
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Two small peaks close to Main and S are reproduced by including
two new compact sources, which we label Main NE (MNE) and
South NW (SNW). The emission from these objects is reproduced
by considering two low-mass sources with a central mass of 0.6 M
surrounded by a pure Ulrich envelope. The model spectrum of SNW
has a significant contribution from the nearby, brighter source S.
Similarly, the spectrum of MNE is influenced by the contribution
from Main (see Fig. 7).

Compact source SE is modelled as a disc + envelope system,
in a similar way to Main and S. There are no previous constraints
on its disc inclination, so we decided to set it to 45°. The model
reproduces the principal line peak at  38kms™, but does not re-
produce the fainter blue- and redshifted components (Fig. 7), which
likely arise from contamination of neighbouring molecular lines.
This contamination is also apparent at similar velocity ranges in the
spectra around compact sources E and Ridge, all of them related to
the larger spiral-like filament.

Compact source E does not have any evidence of velocity gradi-
ents in the observational cubes. Therefore, we decided to model it
as a sphere with a power-law density profile and a random velocity
distribution. The velocity dispersion was chosen to reproduce the
observed line-width. This source probably represents a younger,
lower mass, pre-stellar core.

Compact source Ridge is embedded within the spiral-like filament
before it reaches the crowded central part of MML1. Its relatively
high brightness and velocity dispersion motivated us to model it as
a disc-envelope system rather than just a turbulent sphere as was
the case for source E. The model line is brighter and narrower than
in the data, but still matches them reasonably.

We also show in Fig. 7 the zone between Main and S, labelled
as Main-S. In the model, the spectrum of Main-S has contribu-
tions from three compact sources: Main, S and SNW. The good
match illustrates that our model is a reasonable approximation of
the observed system. Tablel lists the final model parameters for the
compact sources.

4.1.2 Accretion filaments

Two types of accretion filaments are included in our global model of
W33A MML1 (see Section 3.1.2): a larger spiral-like filament feeding
MM1 from the outside, and smaller, straight filaments joining pairs
of compact sources. Table 2 lists the parameters of the selected
models.

Fig. 8 shows the moment maps (velocity integrated intensity,
intensity-weighted mean velocity, and intensity weighted veloc-
ity dispersion) of the model and the observational data. It is seen
that the spiral-like ‘feeding’ filament model is a good description
of the observations. This filament approaches the central part of
MM1 coming from the near, north-west side of the observer, and
moves towards the east and away from the observer, to finally turn
towards the observer while merging with MM1 close to compact
source E. We emphasize that the model is physically motivated,
since the velocity field was calculated assuming test particles that
approach from the infinite at rest and follow a parabolic trajectory
in which the mass of the central region of MM1 resides at its fo-
cus. This simple prescription naturally reproduces the blueshifted—
redshifted—blueshifted pattern of the line-of-sight velocity across
the filament as projected on to the plane of the sky. The real fila-
ment seems somewhat more closed and extended than the model
in its far end, something that a purely parabolic trajectory cannot
reproduce. In spite of being quite warm (200 K), an extra velocity

component was needed to reproduce the observed velocity disper-
sion along the trajectory of this filament. We therefore implemented
the reasonable assumption that the filament has radial, transonic
collapse. With y = 7/5 (diatomic molecules) we set a radial infall
velocity vi, = 1.5¢c; = 1.6kms™ (see Section 3.1.2), something
in between the subsonic and supersonic collapse observed towards
low- and high-mass star-forming cores, respectively (e.g. Galvan-
Madrid et al. 2009; Keto, Caselli & Rawlings 2015). Adding this
radial component increased the velocity dispersion to levels close
to the observed, although still slightly below. Fig. 9 shows a com-
parison of the model and observed spectra in an aperture containing
the entire spiral-like filament.

The small (length  10° au) cylindrical filaments are required to
reproduce the elongated emission joints observed between compact
sources in the line emission maps and the (sub)mm continuum (see
Section 4.2). Again, the models are physically plausible since we
consider that the gas follows Newtonian dynamics and go from
the less massive object to the more massive one. Their length in the
line-of-sight direction is considered to be the same as their projected
size in the plane of the sky. Two such flows go from compact source
E to SE and MNE, and three more go from compact source SE to
Main, S, and MNE. Table 2 lists the selected parameters of these five
filaments. The existence of the two filaments that cross diagonally
(SE — Main and SE — MNE) is not clear, but including them helped
to reproduce line emission extending towards the north-west of
compact source SE. Figs 8 and Al show that the model cylinders
fill the gaps of emission at the centre of MM1, and that they also
help to reproduce the velocity dispersion between compact sources.
Our small model filaments are homogeneous and do not reproduce
the clumpiness suggested by the data.

Something worth noting is that fixing the starting and ending
point of the cylindrical flows, plus the above-mentioned dynamical
initial condition, automatically sets the line-of-sight arrangement
of sources, allowing us to fully determine the 3D structure of the
model cluster.

4.1.3 The entire W33A MML1 region

Besides the localized features, the model also successfully repro-
duces the global features of W33A MML1. Fig. 8 shows that the
line intensity is dominated by the north—south elongated emission
coming from compact sources Main, MNE, S and SNW, with sec-
ondary peaks at the positions of SE, E, and Ridge, and extended
emission along the spiral-like filament and in the junctions between
compact sources. The overall velocity field is also well reproduced:
the brightest peak in Main is the most blueshifted, as well as the area
going north—south from Main to S on the east side of S. The east
(blueshifted) to west (redshifted) velocity gradient centred on S is
also reproduced. The jump to redshifted emission going from Main
to MNE is also apparent, as well as the middle-velocity (green) val-
ley between MNE-Main-S-SNW and E-SE, and redshifted emission
at the positions of E and on the west side of SE. The overall velocity
pattern of the spiral-like filament is also reproduced, as described
in the previous section. The observed MM core is somewhat more
extended than the model, probably due to extended emission not be-
longing to any compact source or filament. The velocity dispersion
maps also match well. The highest velocity dispersion is localized
around the most massive compact source Main, with high peaks
around S. However, the model is short in the velocity dispersion
around compact sources SE and Ridge. This extra observed ve-
locity dispersion could be due to contamination of neighbouring
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Figure 8. Top row: intensity moments for the model CH3CN J = 19—18, K = 4 line. Left: velocity-integrated intensity (moment 0). Centre: intensity-weighted
mean velocity (moment 1) integrated between 25.0 and 49.8 kms~!. Right: intensity-weighted velocity dispersion (¢, moment 2) over the same integration
range as the moment 1. Bottom row: same as top row but for the ALMA data. Cells with intensity below 10 per cent of the peak were masked out. The compact
sources included in the model are marked by crosses (+). The beam is shown in the lower left corner of top left panel.

molecular lines within the velocity integration range for these two
sources (see Fig. 7).

Fig. 9 shows a comparison of the model and observed spectra
averaged in larger apertures containing the entire MM1 core and a
region covering the brightest emission (Main + MNE + S + SNW),
labelled as ‘central’. In the former, it is clear that the model repro-
duces the line centroid and width but is lacking about one-third of
the peak aperture-averaged brightness temperature, i.e. the missing
extended emission mentioned above. The match of the model in the
‘central’ part is better, although still some brightness from extended
emission is missing. Appendix A shows the channel maps of both
the model and ALMA data for further comparison. It is also clear
from these that some extended emission is missing in the model,
but that such emission could not be modelled with a core-scale,
Ulrich-type or spherical envelope.

4.2 (Sub)millimetre dust continuum

Model continuum maps of the thermal dust emission at 220.8 GHz
(1.36 mm) and 349.3 GHz (0.86 mm) and the corresponding ALMA
maps are shown together in Fig. 10. We use an opacity power-law
K = Ko(v/vg)P with an opacity index B = 1.7, typical of the ISM,
and a normalization ko = 0.5cm?g~* at 220 GHz as in Galvan-
Madrid et al. (2010). The global model was chosen to match well

the 0.86 mm continuum and CH3CN J = 19—18 line, and then the
resulting 1.36 mm flux is calculated.

In Table 3, we list the peak and averaged continuum intensities
over the same apertures used for the line analysis (Figs 7 and 9).
We avoid quoting fluxes* for the following reasons: (i) The Band 7
and Band 6 beams are about and larger than the 0.2 arcsec apertures
that we use for the compact sources, respectively, and the sources
are also of the order of this size. Thus, fluxes measured over these
apertures do not exactly correspond to the correct source flux. (ii) In
some cases there is crowding between the compact sources and also
with the filaments. Selecting larger apertures compared to the beam
would help to solve the previous point (i), but then the fluxes do
not correspond anymore to those from individual objects. Selecting
smaller apertures helps to isolate individual sources, but the situation
of point (i) gets worse.

For compact source Main, we found that a disc is needed to match
the high and compact continuum intensities. Without a disc, a pure
envelope only produces 10 per cent of the needed continuum emis-
sion, and its appearance is more extended than in the observations.
This is a natural consequence of the envelope being less compact

4Throughout this paper, we use the word “flux’ to refer to a flux density,
defined as a solid-angle integrated intensity.
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