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TAURUS: 610 sources, 59 YSOs  
(Dzib et al. 2015)

SERPENS: 146 sources, 29 YSOs  
(Ortiz-León et al. 2015)

Credit: ESA/Gaia/DPAC, CC BY-SA 3.0 IGO

OPHIUCHUS: 189 sources, 56 YSOs 
(Dzib et al. 2013)

PERSEUS: 206 sources, 42 YSOs 
(Ortiz-León et al. 2015)

ONC: 556 sources (Forbrich et al. 2016) 
ORION: 376 sources,  234 YSOs (Kounkel et al. 2014)
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Image credit: ESO/H. Drass et al.
THE ORION NEBULA CLUSTER

 Most stars in the Galaxy form in clusters or in groups of at least a few tens of stars (e.g., Lada & Lada 2003)  

 Our Sun was born in a cluster environment (Adams 2010)

W H Y  S T A R  C L U S T E R  F O R M A T I O N ?



P L T H E  T A R G E T S

THE IRDC 
G14.225-0.506

THE VOLS PROJECT
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T H E  I R D C  G 1 4 . 2 2 5 - 0 . 5 0 6  ( M 1 7  S W e x )
 d=1.6 kpc (Zucker et al. 2020) in the M17 region (Omegą Nebula) 

 Rich population of protostars and YSOs (Povich & Whitney 2010, Povich et al. 2016) 

 2 Hub-filament systems, each one harbouring a deeply embedded protocluster (Busquet et al. 2013, Busquet et al. 2016, 

Ohashi et al. 2016, Chen et al. 2019) 

 G14.2 is forming stars at a furious rate but has not yet spawned the most massive O-type stars (Povich et al. 2016)

Image Credit : NASA/JPL-Caltech/Matthew Povich (Penn State)

What are the characteristics of the stellar population? 
Do massive stars form coeval to the low-mass cluster members?



P L

Ro
ge

r 
G

ra
u

, M
a

st
er

 T
h

es
is

 (2
0

20
), 

D
ía

z 
et

 a
l. 

in
 p

re
p

a
ra

ti
on

PILOT PROGRAM WITH THE JVLA ★ Most extended A-array configuration (beam~0.3”~500 au) 
★ Sensitivity: 1.5 μJy/beam @10 GHz (3.6 cm) and 2  μJy/beam @6 GHz (6 cm) 
★ Observing time per pointing: 10.8 hours at 3.6cm and 3.4 hours at 6 cm 
★ 34 radio sources detected in Hub-N and 35 radio sources detected in Hub-S

U N V E I L I N G  T H E  E M B E D D E D  P O P U L A T I O NP L

+ DETECTED @ 6CM 
+ DETECTED @ 3.6 CM 
+ DETECTED AT BOTH BANDS



P L

Roger Grau, Master Thesis (2020), Díaz et al. in preparation

H U B - NP L

Detected at 6 cm and 3.6 cm
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Roger Grau, Master Thesis (2020), Díaz et al. in preparation

H U B - SP L

Detected at 6 cm and 3.6 cm
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N A T U R E  O F  T H E  C M  E M I S S I O NP L

non-thermal thermal
CLASS 0/I CLASS II CLASS III

TAURUS-AURIGA (Dzib et al. 2015) 
OPHIUCHUS (Dzib et al. 2013) 
PERSEUS (Pech et al. 2016)
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TOWARD A DETAILED UNDERSTANDING OF THE STAR FORMATION PROCESS IN G14.225-0.506
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6 Methodology

6.1 Data

parlar de les dades?
-The observations were performed in ??
-Central frequency of ??
-Field of view
...

6.2 Map creation

In order to use the visibilities from each region (north and south) and reconstruct a model
of the sky, we use the program CASA (Common Astronomy Software Applications), which
is a data processing software for data coming from either ALMA (our case) or VLA (Very
Large Array). The task we use is called tclean. It is based on the CLEAN algorithm,
which removes iteration by iteration a fraction of the flux of the pixel with highest bright-
ness from the dirty map and places it in the model image.

We start with the North Hub, as it seems a bit more complex, specially in the part of
the centre. Once we find the best parameters for this region, we can use them for the
South Hub. The main parameter we have to play with is the uvrange, which represents
??? baseline?. We first plot the amplitude vs the uv-distance (Figure 2), to see the range
of this parameter, and how we can change it.

Figure 2: Amplitude vs uv-dist for the North Hub.

We know that the Fourier transform of a punctual source (as a star) is a line, whereas the
Fourier transform of a Gaussian (as the extensive light coming from the background noise)
is another Gaussian. That is why in Figure 2, we can see that for lower uv-distances, the
extended source dominates over the punctual source.
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TOWARD A DETAILED UNDERSTANDING OF THE STAR FORMATION PROCESS IN G14.225-0.506

SMA 1” (~2000 au)

Busquet et al. (2016)

ALMA observations:  
rms ~40 μJy/beam 
Angular resolution ~0.3” (~500 AU)

•HUB-N: 9 FRAGMENTS 

•HUB-S: 17 FRAGMENTS
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HUB-S

ALMA 1.2 mm at 0.3”

ALMA 1.2 mm at 0.3”

20000 au
HUB-N

F R A G M E N T A T I O N  A T  5 0 0  A U P L
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ALMA observations rms ~40 μJy/beam 
PyBDSF to identify sources: Radii~50 - 470 au

Hub-N: 32 sources Hub-S: 35 sources

ALMA @0.3”
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F R A G M E N T A T I O N  A T  6 0  A U P L

Eduard Torres, BSc Thesis (2022), Busquet et al. in preparation

ALMA observations at 1.2 mm 
rms ~50 μJy/beam 

22 sources identified with PyBDSF

Fragmentation and cluster formation in G14.225-0.506 Eduard Torres i Duran
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FIG. 1: Left: ALMA 1.3 mm dust continuum image of G14.2 Hub-S obtained with natural weighting. The synthesized beam is
shown in the bottom right corner of the image. Right: Identified sources by PyBDSF (see Table II), highlighting their location
with white squares.

resolutions to study the emission from the envelope and
the emission from the accretion disks.

TABLE I: ALMA imaging parameters from C5+C8 configu-
rations

Image Beam P.A. rms

weighting (00⇥00) (�) (µJy/beam)

natural 0.105⇥ 0.088 �83.01 50

robust=0 0.040⇥ 0.037 89.85 70

III. RESULTS

Figure 1 (left panel) shows the 1.3 mm image toward
G14.2 Hub-S obtained with natural weighting. Most of
the sources are grouped and in some cases they appear
aligned in rows of 2, 3 and up to 5 cores. In Fig. 2
we present zoom-in images of the central part of Hub-
S, showing both the natural weighted image (color scale
and white contours) and the robust=0 image (black con-
tours).

A. Source Identification

In order to identify the sources we used the Python
Blob Detector and Source Finder tool (PyBDSF [13]).
First, PyBDSF reads the image created by CASA and it
computes the root mean square (rms) �a quantity that
gives an idea of the average background noise� with a
squared 2D box that scans across the map. We can de-
fine the box size (usually the size of the artifacts, we set
20 pixels) and the number of pixels the box has to jump
in consecutive measures (a third or a fourth of the box
size). Proper values of these inputs are crucial to com-
pute correctly the rms, so we opted to use an adaptive
box that is reduced in size near bright sources. Once
we have the rms, PyBDSF splits the pixels higher than
a threshold value (in our case 3.5�, where � is the rms

of the map) from the background noise and they consti-
tute emission islands. Then, the islands are fitted with
multiple Gaussians, which are grouped into sources.
We applied PyBDSF to the natural image first due to

its higher sensitivity and we got a new map of 22 iden-
tified sources (see Fig. 1-right panel) and a list of their
properties: peak position (R.A. and Dec.), total flux,
peak flux, deconvolved angular size (major and minor
axis), and position angle (P.A.). Once the sources were
identified, we obtained their parameters in robust=0 im-
age by fitting a 2D Gaussian function with CASA. Ta-
ble II lists the main properties of the 22 sources.

B. Mass estimation

We estimated the mass M of each source using the
expression below

M =
c2

2kB⌫2
S⌫d2

⌫Td
, (1)

where c2 = 8.99 ⇥ 1020 cm2 s�2 is the squared speed
of light in vacuum, kB = 1.38 ⇥ 10�16 cm2 g s�2 K�1

is the Boltzmann constant, ⌫ = 2.2615 ⇥ 1011 s�1 is
the frequency of our observations, S⌫ is the flux listed
in Table II, d is the distance to the source (1.6 kpc=
4.937⇥ 1021 cm), ⌫ is the dust mass opacity coe�cient,
and Td is the dust temperature. We adopted a dust mass
opacity coe�cient 1.3 mm = 0.899 cm2 g�1 [7] that cor-
responds to coagulated grains with thin ice mantles in
cores of densities ⇠ 106 cm�3. We assumed a constant
dust temperature of 25 K for all cores [see e.g., 6]. Fi-
nally, we obtain the following expression:

M(M�) = 3.262⇥ 10�2S⌫(mJy) (2)

Table II lists the estimated masses from the natural
weighted and robust=0 images. We obtained masses
from 0.01 M� up to 1.3 M�. Masses in the robust=0 map

Treball de Fi de Grau 2 Igualada, Juny 2022

SMA 1” (~2000 au)

Busquet et al. (2016)

★ Mass(gas+dust)= 0.01- 1.3 Msun 
★ Radii: 10- 80 AU Rsun 

Protostellar disk  
candidates

P L
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FIG. 1: Left: ALMA 1.3 mm dust continuum image of G14.2 Hub-S obtained with natural weighting. The synthesized beam is
shown in the bottom right corner of the image. Right: Identified sources by PyBDSF (see Table II), highlighting their location
with white squares.

resolutions to study the emission from the envelope and
the emission from the accretion disks.
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the sources are grouped and in some cases they appear
aligned in rows of 2, 3 and up to 5 cores. In Fig. 2
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S, showing both the natural weighted image (color scale
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FIG. 2: Close-up image of the central part of Hub S (bottom right panel). Boxes indicate zoom-in images (a, b, c, and d)
with the Source ID indicated. In all panels white contours are 3 and 6� level of the natural weighted image, where � is the
rms of map (see Table I) and black contours is the robust=0 image. The linear scale is indicated in each panel. The ALMA
synthesized beam are shown in the bottom left (natural) and bottom right (robust=0) corners of each image.

tend to lower than natural weighted masses, as expected.
The robust=0 image filters out the extended emission of
the envelope and the main contribution to the mass is
from the disk. In a few cases the robust=0 mass is com-
parable (or even greater) than the natural mass (Source
ID 3, 9, 14, 19) because the source is unresolved (see
e.g., Fig. 2-panel c for Source ID 14). Figure 3 (top)
shows the histogram of the mass distribution for the de-
tected sources. Overall, the number of sources decreases
as mass increases, with the exception of the most massive
objects. However, this increase is due to a di↵erent bin-
ning in the mass distribution, hence it is not “real”. Due
to the uncertainty in the dust mass opacity coe�cient
and the temperature, the values of the derived masses
are good to within a factor of 2.

We compared our results to two other works at dif-
ferent spatial scales (2400 AU [2] and 640 AU [1]). As
can be seen in Fig. 4, the masses estimated with the SMA
data are one order of magnitude greater than the ones es-
timated with ALMA at scales < 1000 AU. This indicates
that there is a large mass reservoir around the compact
sources identified by us. This material can still be added
eventually to the disk and to the protostar itself. In fact,
the fraction of mass that is in the disk with respect to the
envelope mass (see Table II) is around 10% or even less.
Therefore, all these protostars can still grow in mass and
become massive stars.

C. Size estimation

PyBDSF gives an estimation for the deconvolved major
and minor axis DCmaj,min, in units of arc-seconds, of the

FIG. 3: Histograms for the mass (top) and radius (bottom)
distribution for the natural image (purple) and robust=0 im-
age (orange).

source ellipses. We converted these angular quantities
into spatial longitudes Rmaj,min, the major and minor
radius, as follows:

Rmaj,min(AU) =
1

2
DCmaj,min(arcsec)d(pc), (3)

where d = 1600 pc is the distance to G14.2 [9]. Then,
we computed the source radius R reported in Table II

Treball de Fi de Grau 3 Igualada, Juny 2022
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Eduard Torres, BSc Thesis (2022) 
Busquet et al. in preparation
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FIG. 2: Close-up image of the central part of Hub S (bottom right panel). Boxes indicate zoom-in images (a, b, c, and d)
with the Source ID indicated. In all panels white contours are 3 and 6� level of the natural weighted image, where � is the
rms of map (see Table I) and black contours is the robust=0 image. The linear scale is indicated in each panel. The ALMA
synthesized beam are shown in the bottom left (natural) and bottom right (robust=0) corners of each image.
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are good to within a factor of 2.
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FIG. 2: Close-up image of the central part of Hub S (bottom right panel). Boxes indicate zoom-in images (a, b, c, and d)
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rms of map (see Table I) and black contours is the robust=0 image. The linear scale is indicated in each panel. The ALMA
synthesized beam are shown in the bottom left (natural) and bottom right (robust=0) corners of each image.
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are good to within a factor of 2.
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FIG. 2: Close-up image of the central part of Hub S (bottom right panel). Boxes indicate zoom-in images (a, b, c, and d)
with the Source ID indicated. In all panels white contours are 3 and 6� level of the natural weighted image, where � is the
rms of map (see Table I) and black contours is the robust=0 image. The linear scale is indicated in each panel. The ALMA
synthesized beam are shown in the bottom left (natural) and bottom right (robust=0) corners of each image.
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objects. However, this increase is due to a di↵erent bin-
ning in the mass distribution, hence it is not “real”. Due
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are good to within a factor of 2.
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that there is a large mass reservoir around the compact
sources identified by us. This material can still be added
eventually to the disk and to the protostar itself. In fact,
the fraction of mass that is in the disk with respect to the
envelope mass (see Table II) is around 10% or even less.
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radius, as follows:
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tend to lower than natural weighted masses, as expected.
The robust=0 image filters out the extended emission of
the envelope and the main contribution to the mass is
from the disk. In a few cases the robust=0 mass is com-
parable (or even greater) than the natural mass (Source
ID 3, 9, 14, 19) because the source is unresolved (see
e.g., Fig. 2-panel c for Source ID 14). Figure 3 (top)
shows the histogram of the mass distribution for the de-
tected sources. Overall, the number of sources decreases
as mass increases, with the exception of the most massive
objects. However, this increase is due to a di↵erent bin-
ning in the mass distribution, hence it is not “real”. Due
to the uncertainty in the dust mass opacity coe�cient
and the temperature, the values of the derived masses
are good to within a factor of 2.

We compared our results to two other works at dif-
ferent spatial scales (2400 AU [2] and 640 AU [1]). As
can be seen in Fig. 4, the masses estimated with the SMA
data are one order of magnitude greater than the ones es-
timated with ALMA at scales < 1000 AU. This indicates
that there is a large mass reservoir around the compact
sources identified by us. This material can still be added
eventually to the disk and to the protostar itself. In fact,
the fraction of mass that is in the disk with respect to the
envelope mass (see Table II) is around 10% or even less.
Therefore, all these protostars can still grow in mass and
become massive stars.

C. Size estimation

PyBDSF gives an estimation for the deconvolved major
and minor axis DCmaj,min, in units of arc-seconds, of the

FIG. 3: Histograms for the mass (top) and radius (bottom)
distribution for the natural image (purple) and robust=0 im-
age (orange).

source ellipses. We converted these angular quantities
into spatial longitudes Rmaj,min, the major and minor
radius, as follows:

Rmaj,min(AU) =
1

2
DCmaj,min(arcsec)d(pc), (3)

where d = 1600 pc is the distance to G14.2 [9]. Then,
we computed the source radius R reported in Table II
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Color scale and white contours: naturally weighted image 
Black contours: Robust=0 image 
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Fragmentation and cluster formation in G14.225-0.506 Eduard Torres i Duran

FIG. 4: Mass distribution for the natural image (160 AU) and robust=0 image (64 AU), compared with previous works: TFG
of A. Brichs (640 AU, [1]) and SMA observations (2400 AU, [2]).

as the geometrical mean of the major and minor radius,

R =
q

1
2RmajRmin.

As can be seen in Table II and Fig 3 (bottom), we ob-
tained sizes from 10 AU to 80 AU (size range is narrower
in robust=0 data). The median radius is 39±13 AU (nat-
ural image) and 26±9 AU (robuts=0 image). The major
tendency for our results is that source sizes in the nat-
ural weighted map are higher than their corresponding
robust=0 size, in agreement with the mass behaviour.

D. Multiplicity

Comparing our ALMA results to the SMA observa-
tions at lower resolution (Fig. 5), we can assess how many
ALMA sources constitute the SMA cores [2]. We iden-
tify 7 single protostars (S), 2 binary systems (B), 2 triple
systems (T ), none quadruple (Q) and 1 quintuple. The
multiplicity fraction (MF ) is the ratio of multiple sys-
tems over all of them (including the single ones) and can
be thought of as the probability of a given system having
companions. It is defined as:

MF =
B + T +Q+ ...

S +B + T +Q+ ...
= 0.42± 0.14 (4)

The companion star fraction (CSF ) is the average
number of companions per system:

CSF =
B + 2T + 3Q+ ...

S +B + T +Q+ ...
= 0.83± 0.11 (5)

The uncertanties are computed using the Wilson score
interval [10].

IV. CONCLUSIONS

We studied the IRDC G14.2 Hub-S at di↵erent spatial
scales to estimate the mass, size and multiplicity of the
cores and their surrounding material. From our work,
we found mostly low-mass objects except for a couple of
cores with masses ⇠1 M� (Source ID 15, 19). Concerning

FIG. 5: ALMA 1.3 mm image overlaid with the SMA
1.3 mm image (contours) at 1.500 resolution [2]. Con-
tours are 3, 6, 9, 12, 18, 28 and 48 times the rms of map (⇠
1 mJy beam�1). The ALMA and SMA synthesized beams
are shown in the bottom right and bottom left corners, re-
spectively. The 22 identified sources are indicated with red
squares.

to the size, we obtained disk radii ranging from 10 AU
to 80 AU. In regard to multiplicity, we could observe at
high angular resolution that several cores observed with
SMA are in fact multiple systems (e.g., Source ID 9, 12)
and some were still single sources (e.g., Source ID 15).

Even if our cluster is constituted by low-mass disks,
one can say from Mdisk

Menv
values, that they have still a large

amount of material in the envelope. We do not know yet
how much of this envelope will dissipate or be accreted to
the disk but G14.2 Hub-S might end up forming a cluster
of high-mass stars.

Treball de Fi de Grau 4 Igualada, Juny 2022

Mdisk/Menvelope (%) 

3.8 6.0 7.3 13.1 6.1 4.1 11.2 1.5 11.2

All protostars can still grow in mass and become cluster of 
massive stars
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Díaz et al. in preparation

Median length = 21.92 arcsec~0.15 pc 
Minimum length = 2.54 arcsec~3500 au

IR and X-rays Radio (VLA) ALMA+SMA

Median length = 24.22 arcsec~0.16 pc 
Minimum length = 0.06 arcsec~84 au

Median length = 1.71 arcsec~2400 au 
Minimum length = 0.02 arcsec~28 au
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Size= μm Size= Mkm

Galametz et al. (2019), Maury et al. (2022) 
See also: Tychoniec et al. (2020), Bouvier et al. (2021)

 Low dust emissivity index (β<1) 
 Presence of large (mm-sized) dust grains in 
Class 0 envelopes 
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Size= μm Size= Mkm

 Low dust emissivity index (β<1) 
 Presence of large (mm-sized) dust grains in 
Class 0 envelopes 

ALMA JVLA/SKA/ngVLA
Figure adapted from 
Hoare et al. (2015)



T H E  O P H I U C H U S  A  C L U S T E R P LP L

 Distance ~139 pc (Zucker et al. 2020) 

Previous VLA observations 
(Coutens et al. 2019) 

 18 sources detected in at X-band (16 YSOs) 

 Di$erent types of emission (gyro-
synchrotron, free-free from thermal jets, 
free-free from photoevapoated disks, 
synchrotron emission) 

 Dust emission contributes < 30 %

A&A 631, A58 (2019)

 VLA1623 A/B

SM1 A-MM33

GSS30-IRS1
GSS30-IRS3

LFAM3
VLA1623 W

GSS29

GSS26DorAr Ea/Eb

GSS30-IRS2

S2

S1

J162625.23

Fig. 1. Field of view covered by
VLA X band observations shown in
blue. The position of the detected
Class 0, I, II and III sources are
indicated with yellow circles, orange
squares, red diamonds, and pink stars,
respectively. Sources VLA1623 and
DoAr 24E are binary systems. The
extragalactic candidates are indicated
with green triangles. White contours
represent 850 µm continuum observa-
tions from the JCMT Gould Belt Sur-
vey taken by SCUBA-2 (Pattle et al.
2015; Kirk et al. 2018).

disks in Oph A, and the prospects related to the upcoming Square
Kilometre Array (SKA).

2. Observations

We performed five epochs of mosaic observations towards the
Oph A YSO cluster at X band (8.0–12.0 GHz) using the VLA
(project code: 16B-259, PI: Audrey Coutens). All five epochs of
observation (see Table 1) were carried out in the most extended,
A array configuration, which provides a projected baseline range
from 310 to 34 300 m. We used the 3-bit samplers and configured
the correlator to have 4 GHz of continuous bandwidth cover-
age centered on the sky frequency of 10 GHz divided into 32
contiguous spectral windows. The pointing centers of our obser-
vations are given in Table 2. They are separated by 2.60, while
the primary beam FWHM is 4.20. In each epoch of observa-
tion, the total on-source observing time for each pointing was
312 s. The quasar J1625-2527 was observed approximately every
275 s for complex gain calibration. We observed 3C286 as the
absolute flux reference. The joint imaging of these mosaic fields
forms an approximately parallelogram-shaped, mosaic field of
view, of which the width and height are ⇠60. Figure 1 shows the
observed field of view.

We calibrated the data manually using the CASA1 soft-
ware package, following standard data calibration procedures.
To maximize sensitivity, we combined the data from all five
epochs of observation. We ensured that highly variable sources
did not affect the image quality or the results by additionally
imaging the individual epochs separately (see Sect. 3.2.2). The
imaging was done with Briggs robust = 2.0 weighting, grid-
der = “mosaic”, specmode = “mfs”, and nterms = 1. This setting
was used to maximize signal-to-noise ratio (S/N) ratios. Using
>1 nterms is not suitable for this project given the sources are
relatively faint. At the average observing frequency, we obtained
a synthesized beam of ✓maj ⇥ ✓min ⇠ 0.004⇥ 0.002 and a maximum
detectable angular scale of ⇠500 (or ⇠700 au). After primary

1 The Common Astronomy Software Applications software package,
release 4.7.2 (McMullin et al. 2007).

Table 1. VLA observations.

Epoch Starting time Initial API rms Projected baseline F
gain
9.9 GHz

(UTC) (�) (m) (Jy)

1 2016-12-02 21:31 11 310–34 300 1.4
2 2016-12-05 21:18 6.0 460–34 300 1.3
3 2017-01-06 18:05 13 325–32 800 1.4
4 2017-01-14 18:40 13 310–34 300 1.3
5 2017-01-22 17:12 4.4 665–33 100 1.3

Notes. API refers to Atmospheric Phase Interferometer, which observes
an 11.7 GHz beacon from a geostationary satellite with a 300 meters
baseline. F

gain
9.9 GHz is the measured flux of the gain calibrator J1625-

2527.

Table 2. Mosaic pointings.

Name RA Dec
(J2000) (J2000)

X1 16h26m32s.00 �24�24030.000
X2 16h26m20s.62 �24�24030.000
X3 16h26m26s.31 �24�22015.000
X4 16h26m14s.93 �24�22015.000

beam correction, we achieved a rms noise level of ⇠5 µJy beam�1

at the center of our mosaic field, degraded to ⇠28 µJy beam�1

toward the edges of the mosaic. The flux calibration uncertainty
is expected to be about 5%.

3. Results

3.1. Source census and comparison with other surveys

In total, we detected 18 sources above 5� in our mosaic
field of view. The fluxes of the detected sources were mea-
sured by performing two-dimensional Gaussian fits, using the

A58, page 2 of 12

Figure from
 Coutens et al. (2019)

ALMA observations at 3 mm and 1 mm are available 
(Kirk et al. 2017, Cieza et al. 2018, 2021, Friesen et al. 2018)



Q K XBands:

αcm=0.95

αmm=2.3

T H E  O P H I U C H U S  A  C L U S T E R P LP L

Image credit: NASA/JPL-
Caltecg/WISE Team

YSOs at di$erent evolutionary stages: from Class 0/I protostars 
to more evolved Class II and Class III objects

VLA observations with the A configuration 
 Receivers: X (8 - 12 GHz), K (18-26 GHz) and Q (40-48 GHz) 

 Individual pointings at K and Q bands covering 18 YSOs 
 2 Pointings in band X  (FoV~15’~0.6 pc) 
 18 Epochs in band X, rms~3-4 μJy/beam (dynamic range~800)  
 beam ~0.39”x0.21”, P.A.=9.7º

VLA

GOALS:  

 Disentangle any thermal/non-thermal ionized gas emission from dust 
in the disks  

 Trace the evolution of solids across di"erent stages of disk evolution
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26 radio emitters



V L A  X - B A N D  G A L L E R Y P LP L

70 au
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Class 0 Class I Class II Class III

Extragalactic

Galaxy 
Candidate

0.2” LFAM 328 au
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GSS30 IRS1 GSS 35
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GSS 26
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DoAr 24Ea

70 au
Same color scale in all panels 
First contour: 3σ (steps of 3σ)
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V L A  K -  A N D  Q - B A N D  D E T E C T I O N S P LP L

70 au
SM1

28 au

GSS30 IRS1

 16 YSOs detected at 7 mm (beam ~10 au) and 19 YSOs detected at 1.4 cm (beam ~20 au) 
 Majority of YSOs are unresolved, indicating the extremely compact nature of the cm 

emission
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V A R I A B I L I T Y  A T  V L A  K -  A N D  Q - B A N D S P LP L

70 au
SM1

28 au

GSS30 IRS1

 Multi-epoch observations cover 

timescales of 1 to 37 days 

 2/3 of our sample exhibit high 

variability in both K and Q bands 

 Class I sources are, on average, 

the most variable objects at K-

band

(Radley et al. in preparation)
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K-bandQ-band
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S P E C T R A L  E N E R G Y  D I S T R I B U T I O N  

!cm=0.8

!mm=1.7

GSS30 IRS1 - Class I !~2                  β~0: Bigger grains

Work in 
progress

6cm data from Dzib et al. (2013), ALMA data from Kirk et al. (2017), Cieza et al. (2018) and Friesen et al. (2018)



T H E  V L A  O R I O N  A  L A R G E  S U R V E Y   
( V O L S )  

Image Credit: NRAO/VLA

Proyecto realizado con la Beca Leonardo a Investigadores en Física 2022 
de la Fundación BBVA

https://vols.fqa.ub.edu



V O L S :  T H E  V L A  O R I O N  A  L A R G E  S U R V E Y
Large Project for the JVLA, 306 hours of observing time awarded 

PI: G. Busquet, co-PIs: P. Hofner (USA), M. Fernández-López (Argentina), P. Texeira (UK) 
C- and Ku band observations with the A and B configurations (~120 au): continuum + lines (RRL and masers emission) 

Improve the sensitivity by a factor of 20 compared to previous surveys in Orion (Kounkel et al. 2014) 
Global collaboration: 45 researches from 25 institutions worldwide

RADIO OBSERVATIONS 
&  

GAIA DR3 CATALOG  
(U-band excess and Hα line profile) VOLS 

coverage

Figure from Meingast et al. (2016)
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How do Ṁacc and Ṁloss evolve with time? 

How do they depend on the initial conditions (i.e., environment) and on the mass of the central object?

V O L S :  I M M E D I A T E  O B J E C T I V E

JET/OUTFLOW

DISK 
ACCRETION

ENVELOPE 
INFALL

Figure from Rosero et al. (2019) 
see also:  Anglada et al. (2018), 

Purser et al. (2021), Kavak et al. (2021)

Beltrán & de Wit (2016)

• Pre-main sequence stars: Ṁacc inferred from optical lines, (e.g.  Hα; Gullbring et al. 1998) 
• Embedded protostars: indirect methods (using Ṁloss or Lbol arises from stellar component)

VOLS 3σ 
detection limit

P L



MULTIPLICITY 
Complement previous studies 

(targeting Class 0/I) 
Detect companions without 

significant dust emission but strong 
sources of free-free or gyro 

synchrotron radiation

HII REGIONS 
Reveal radio emission from many 

more embedded OB-type stars 
Possible to detect embedded early-

type stars earlier than B6

SUBSTELLAR REGIME 
Unbiased survey searching for 

thermal radio jets driven by 
porto-brown dwarfs 

First clues about the number of 
such objects formed in a cloud
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i) Harbours high-mass star formation 
ii) Largest cloud of low- and intermediate-mass star formation within 500 pc 
iii) Contains a wide range of environments, from rich clusters emerging from massive filaments to a more scattered population in low 

density regions 
iv) Strongly interacting with a young OB association

A TESTBED FOR STAR FORMATION THEORIES

★ Stellar content, spatial distribution, and SED (Megeath et al. 2012, 2016, Furlan et al. 
2016,  Groβschedl et al. 2019) 
★ Spectroscopic data from APOGEE-2: kinematics and physical properties (stellar 

luminosities, masses, radii, ages) of the YSOs (Kounkel et al. 2018) 
★ High-energy X-ray regime: Chandra Orion Ultra-deep Project (Getman et al 2005) 

and XMM-Newton.  
★ Inventory of filament (e.g., Hacar et al. 2018, Suri et al. 2019), level of turbulence and 

feedback and presence of expanding shells (Feddersen et al. 2018, 2019)

W H Y  O R I O N ?

FOCUS OF DEDICATED OBSERVATIONS:

Figure from Groβschedl et al. (2019)
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FOCUS OF DEDICATED OBSERVATIONS:

Figure from Groβschedl et al. (2019)

VOLS coverage
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Fig. 9. The green shaded area indicates the extinction threshold of AK,Herschel > 0.8 mag. Superimposed are the YSO candidates (see legend). For
each source we calculate the projected distance to the closest pixel in the Herschel map (green) above the extinction threshold. The resulting
normalized cumulative distribution is shown in Fig. 10.

Fig. 10. Normalized cumulative distribution of the projected dis-
tances of YSOs to the nearest Herschel map pixel with AK,Herschel >
0.8 mag (green pixels, Fig. 9). Separated in colors are the three YSO
classes: Class I (protostars, red), flat-spectrum sources (flats, orange),
and Class II/III (disks, blue). The observed distributions are shown as
black lines, and the color shaded areas show the confidence inter-
val contours at 68.3%, 95%, and 99.7% (1�, 2�, and 3�). The first
bin, indicated by the vertical gray dashed line, gives the resolution of
Herschel (3600, 0.07 pc at 414 pc). Hence, sources in the first bin are
projected directly on top of regions of high dust column-density.

threshold (Fig. 9). The resulting normalized cumulative distribu-
tion function of the distances (given in pc) is presented in Fig. 10,
with the bin-size corresponding to Herschel resolution. The dis-
played confidence intervals are obtained with bootstrapping. To
this end, we draw random values out of each sample with re-
placement with 2000 iterations, while the sub-samples have the
same size as the original sample size of each class. The resulting
distributions are significantly di↵erent from each other within
3�. Essentially all protostars are seen in projection of regions
of high dust column-density (99.5% ± 0.5%), while flats also
show a stronger connection (86.0% ± 2.7%) compared to disks

(63.1%±1.0%)19. To get a measure for the background we check
the distribution of all 800 000 VISTA sources, and find that only
about 7.7% of these sources are projected on regions above the
extinction threshold.

Looking at the original MGM YSO catalog, there are
90.0% ± 1.7% Ps and 64.8% ± 1.0% Ds projected above the
threshold. Compared to our results, we see that the MGM pro-
tostars show a less clear connection to regions of high dust
column-density, while the disk samples are similar within the
errors. Di↵erences are due to the exclusion of false positives and
YSO reclassification by including flat-spectrum sources.

To check the influence of the chosen flat-spectrum range of
�0.3 < ↵ < 0.3 on the spatial distribution result in Fig. 10,
we re-did the above test with a larger range of �0.5 < ↵ < 0.5
(e.g., Teixeira et al. 2012). We find that the resulting distributions
still show a significant di↵erence between the classes, and the
fraction of sources projected on top of high column-density stays
essentially the same for each class.

Next, we investigate the possibility that the flat-spectrum
sources presented in this paper are a simple mix of disks and
protostars. For this we created a random mix of these two classes
following the ratio of protostars to disks (0.072) to create a pop-
ulation of “synthetic flat sources”. In this case, it is clear that the
distribution of the synthetic flat sources (65.7% ± 3.5%) is sub-
stantially di↵erent from the observed distribution of flats, being
actually very similar to the distribution of disks, and can be ruled
out. As a second more stringent test, we did the same experi-
ment, but only for disks that would be observed as flats due to
inclination e↵ects (estimated to be about 3.6% of the total sam-
ple of disks, see Sect. 5.2). This leads to an almost even number
of Ps (91) and Ds (94) to be drawn randomly from these sam-
ples. In this case we find that the spatial distribution of synthetic
flat sources is similar within 3� to the observed one, while be-
ing marginally di↵erent from each other within the 1� range,
with 80.9%±2.6% projected on regions of high column-density.
Nevertheless, we would expect that in the latter scenario the flat
sources would be on average fainter because of the obscuration
of the edge-on disk, which is the opposite of what is observed
(see Sect. 5.2). This argument was also made in Muench et al.
(2007). These simple experiments suggest that a flat-sources

19 The percentages in parenthesis give the fraction of sources in the first
bin in Fig. 10, with the standard deviation as uncertainty, corresponding
to a 1� uncertainty.
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i) Harbours high-mass star formation 
ii) Largest cloud of low- and intermediate-mass star formation within 500 pc 
iii) Contains a wide range of environments, from rich clusters emerging from massive filaments to a more scattered population in low 

density regions 
iv) Strongly interacting with a young OB association

A TESTBED FOR STAR FORMATION THEORIES

★ Stellar content, spatial distribution, and SED (Megeath et al. 2012, 2016, Furlan et al. 
2016,  Groβschedl et al. 2019) 
★ Spectroscopic data from APOGEE-2: kinematics and physical properties (stellar 

luminosities, masses, radii, ages) of the YSOs (Kounkel et al. 2018) 
★ High-energy X-ray regime: Chandra Orion Ultra-deep Project (Getman et al 2005) 

and XMM-Newton.  
★ Inventory of filament (e.g., Hacar et al. 2018, Suri et al. 2019), level of turbulence and 

feedback and presence of expanding shells (Feddersen et al. 2018, 2019)

W H Y  O R I O N ?
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most uncertain parameter, as most shell candidates are not
detected over their entire velocity range. Therefore, the
estimated expansion velocity may be considered a lower limit.

The model is meant to be a very idealized version of an
expanding shell. Real shells are not symmetric; they inherit the
turbulent structure of the cloud emission. Unlike the model,
most observed shells are not completely contained within the
cloud. Our model also assumes optically thin emission, which
is unrealistic for CO12 (and possibly CO13 ) over much of the
cloud. Because the model is not flexible enough to account for
these complications, we do not attempt a statistical fit of the
model to the CO data. The parameter ranges reported in Table 1
produce the range of models that most closely resemble the
observed shells.

Model PV diagrams are shown in Section 3. These figures
show that matching any one model to an observed shell is
difficult and this is reflected in the uncertainties on the model
parameters we report in Table 1.

3. Results

We identify 42 shell candidates in Orion A. Figure 1 shows
the peak CO12 brightness temperature in Orion A with shell
candidates overlaid. Table 1 lists the estimated range in model
parameters (radius, thickness, expansion velocity, and systemic
velocity) of the shell candidates.

Table 2 lists the criteria (defined in Section 2.4) each shell
candidate satisfies. We assign a confidence score of 1–5 to each
shell equal to the number of criteria the shell satisfies. A score
of 1 means the shell candidate was identified in CO channel
maps but satisfies no other criteria. A score of 5 is given to the

shells that satisfy all criteria. The properties of this most
reliable subset of shells do not differ systematically from the
full set.
We present figures detailing all 42 shell candidates in the

online journal. For each shell, we show a representative
infrared image with integrated CO contours, CO channel
maps,8 and a CO position–velocity diagram. We discuss four
shells in detail here. These four are not meant to be
representative of the entire sample. They are chosen for their
CO morphology and interesting candidate driving sources,
which show clear signs of intermediate-mass stellar feedback
on the cloud.

3.1. A Shell Near the Herbig Ae Star T Ori

Shell10is about 0°.16(1.2 pc) southeast of the massive
molecular core OMC1. The shell meets four of the criteria
listed in Section 2.4.
CO Channel Maps. This shell, like most in the catalog, was

first discovered by inspecting the CO12 channel maps
(Figure 2). The shell first appears as disconnected clumps at
8.5 km s−1. At higher velocities, the shell gains prominence
and is most clearly seen as the C-shaped structure at
10.7 km s−1. The shell emission decreases in radius in
subsequent channels as the cross section of the shell on the
sky shrinks. At 12–13.3 km s−1, an unrelated spur of

CO12 appears to the southwest of the shell. This spur is part
of the larger-scale expansion driven into the molecular cloud by
the M42 H II region. This expansion, identified by Loren
(1979) and Heyer et al. (1992), can also be seen near
Shell11in Figure 11.
Position–Velocity Diagram. Figure 3 shows the position–

velocity diagram of CO12 across this shell. To increase the
signal-to-noise in the PV diagram, we compute the azimuthally
averaged PV diagram through the center of the shell at four
equally spaced position angles. The PV diagram does not
clearly show the ∪ or ∩-shaped signature expected of an
expanding structure. However, averaging across many position
angles may dilute the expansion signature if the shell is not
azimuthally symmetric. In the case of Shell10, the averaged
PV diagram may dilute some of the emission at v>
12.5 km s−1.
Infrared Nebulosity. Figure 4 shows the 8 μm map high-

lighting dust emission near the shell. The dust emission toward
the west side of the shell is spatially coincident with the CO
structure. An unrelated infrared-bright spur (see Shimajiri
et al. 2011, 2013) projected from north to south through the
center of the shell highlights the cometary structure shaped by
the hard ionizing radiation field from the Trapezium OB
association to the northwest.
Potential Driving Sources. This shell contains several

intermediate-mass stars and protostars. TOri is a 5Myr old
Herbig A2-3e star (Hillenbrand et al. 1992; Liu et al. 2011)
offset from the center of the shell by approximately 0.2 pc to
the southeast. Fuente et al. (2002) identified a cavity in
integrated CO13 and C18O around TOri. They argue that
intermediate-mass pre-main-sequence stars like TOri excavate
the molecular gas around them over time. They find the
youngest stars in their sample at peaks of dense gas and more

Figure 1. Peak CO12 intensity with shell candidates. The solid circles indicate
12 shells that satisfy all criteria listed in Section 2.4. The dashed circles show
30 less robust shell candidates.

8 The figures include CO channels that show clear shell emission. Sometimes
the best model central velocity listed in Table 1 corresponds to a channel that
does not contain emission. In this case, the shell velocity range in Table 1 will
not be the same as the velocity range shown in the channel maps.
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 Summary of the known YSOs covered by VOLS  
(# known objects/ # radio counterparts)

83 hours of observing time at C-band (~6 cm) with the A configuration completed  (April - July 2022) 
Full polarization, CH3OH and OH masers, 10 Hydrogen RRL 

Each pointing observed 2 times (~1.2 minutes) in a single scheduling block (of ~3 hours), rms~ 15-20 μJy/beam (final rms ~3 μJy/beam) 
26 epochs: time variability from hours to months 

Observations at Ku-band (2 cm) with the B configuration (225 hours) will be conducted during January-May 2023 and May-September 2024 
Includes: CH3OH and OH masers + 8 Hydrogen RRL + HC5N + SO

V O L S :  S T A T U S  O F  T H E  O B S E R V A T I O N S

VOLS coverage

SURVEY VOLS (0.5 deg2)
INFRARED 

(VISION, Spitzer) 1640 / 145 (~9%)

HOPS 
(Herschel) 75 / 5 (~7%)

VANDAM 
(ALMA, VLA) 108

GAIA 1311*

 * Number of Gaia sources (EDR3) with a counterpart in the VISION catalog

85 POINTINGS 
@ 6cm
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V O L S :  F I R S T  I M A G E S

Each image: 24.000 x 57.600 pixels ~ 1.38x109 pixels!

VOLS data reduction pipeline already developed by VOLS members (Girart, Tobin, 
Rosero, Carrasco-González, Passetto): includes gain compression correction, polarization, 
line emission, and self-calibration

31 TB of raw data 

Disk space and CPU are key factors:  

Calibration and imaging will require 4 x 31 TB

 0.5 TB of raw data  
Continuum image: 24 GB  
 Line image: 77 GB

1 SB of 3 hours

~3 TB of images for C-band only

P L



V O L S :  F I R S T  I M A G E S
C-band 

Observed on 01/05/2022

ORION NEBULA CLUSTER  
~40 sources

800 AU

400 AU

400 AU
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M A C H I N E  L E A R N I N G  I M P L E M E N T A T I O N

Proyecto realizado con la Beca Leonardo a 
Investigadores en Física 2022 de la Fundación BBVA

Source detection and classification 
 Cross-correlation at other wavelengths 
 Radio template for future radio facilities 

(SKA, ngVLA)
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