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OUTLINE

« THE STAR FORMATION CYCLE

SCIENTIFIC CONTEXT | RADIO EMISSION FROM YSOs

« HIGH-MASS STARS AND STELLAR CLUSTERS
« OPEN QUESTIONS



THE STAR FORMATION CICLE

105-106 M, T~10 K, N(H,)~102 cm3
[0.01-0.1 pc] onset of
future star formation
(011 M)
powerful jets + a natal disk (0.01-0.1 Me)
+large scale envelope [0.1pcin size]

envelope is

dissipated. A young star (or stars) and a

disk (1-10% My) remain

cessation of
accretion on the star and dispersal of

the molecular gas

0.5-3 Myr
Cloud collapse ~105 yr
-
tens of InterStellar Medium, Protostar
pc lecular Cloud
I\gv' e 10000 au
Stellar Death Envelope
Dissipation

\ L =

Stellar/Planetary
System B

>10 Myr Planet formation,
Disk Dissipation

3-10 Myr

Protoplanetary Disk

Image Credit: L. |. Cleeves, PhD Thesis (adapted from Bill Paxton (NSF/AUI/NRAQ))



Adapted from Feigelson & Montmerle (1999)

RADIO EMISSION FROM YSQOS
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o THE M, - M gcc CONNECTION e

JET/OUTFLOW ,
s Infall onto the star-disk system from the parental envelope
ENVELOPE % Accretion from the disk on the star
INFALL DISK
ACCRETION % Highly collimated jets with high velocities (~100 - 1000 km/s); remove angular
momentum
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optical lines, (e.g. Hy; Gullbring et al. 1998) -2 0g (M°- /o) 2 107 10" 10° 10’ 10 10° 10° 108
- Embedded protostars: indirect methods (using

M . O Ly, arises from stellar component)

RADIO CONTINUUM OBSERVATIONS: POWERFUL TOOL TO INVESTIGATE THE
CONNECTION BETWEEN EJECTION (TRACED BY THE RADIO LUMINOSITY)
AND ACCRETION (TRACED BY Lgg)
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JETS AND HIGH-VELOCITY SHOCKS

Angularly Resolved Radio Jets in YSOS

Anglada, Rodriguez, Carrasco-Gonzalez (2018)
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L1157 OUTFLOW * .*

Busquet et al. in prepa :
:

Color: Spitzer 8um
Black: [SIl]] image
White: Si0O (2-1)

-

SpItzer CoMposite Image -3.5/4.3/8 um -

XLooney et al> 2007

Carrasco-Gonzalez et al. (2010)

Protostellar Shocks

SerpensRodriguez—Kamenetzkg et al. (2016)
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Rodriguez-Kamenetzky et al. (2019)

JETS AND RHIGH-VELOCITY SHOCKS

radio to X- and y-rays

% Usually associated with non-thermal

synchrotron emission

v Shocks produced by the interaction of a
supersonic jet with the environment
 Emitin a wide range of wavelengths: from

v Molecular outflows and shocks display a

rich chemistry

I I I I I I
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Figure adapted from Testi et al. (2014)

Disk/Stellar
Winds

DISKS IN YSOS

MIR

Cosmic Rays

Scattered Light
(sub-)mm

= 4 i 1'0 1;)0)
Radio (cm) wavelength observations:
Free-free emission at cm wavelengths produced by a photo evaporating
disk assuming the disk is headed by EUV or X-ray radiation

IR/mm wavelength observations:

XXX
HOOIRRHIRK
SRR
SERRRKKK
SRR
RRX

Unique access to cold

material in the disk
mid plane

(GlO2) smalpuy



YSO0S IN THE SOLAR NEIGHBOURHOOD

SERPENS: 146 sources, 29 YS0Os OPHIUCHUS: 189 sources, 56 YS0s
(Ortiz-Ledn et al. 2015) (Dzib et al. 2013)

2,

L1740

;

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

TAURUS: 610 sources, 59 Y50s

(Dzib et al. 2015) ONC: 556 sources (Forbrich et al. 2016)

ORION: 376 sources, 234 YS0Os (Kounkel et al. 2014)




o HIGH-MASS STARS AND STAR CLUSTERS @

abuo-zayouesg 'y : 1pal] abeuw

ISOLATED ELUSTERED 0
S
é Molecular cloud
o
- Filament
-[Gaﬁalk& Qlofsson 2007& f. NASA ESA and E Same [ESA/STScl] a
© Cluster
Most stars in the Galaxy, including our Sun, form in
groups and clusters o <
(e.¢, Lada & Lada 2003, Adams 2010) ©
High-masS*disks




o HIGH-MASS STARS AND STAR CLUSTERS @

STRONG UV/X-RAY EXPLOSIVE MOLECULAR
RADIATION FIELD OUTFLOWS

PRESENCE OF MASSIVE STARS AND STAR CLUSTER MAY HAVE SIGNIFICANT EFFECTS ON
THE STAR AND PLANETARY FORMATION PROCESSES

Images Credit: ESO; ALMA (ESO/NAOJ/NRAQ), J. Bally/H. Drass et al.; ESO/M. McCaughrean et al. (AlIP); Matthew Bate, University of Exeter

DYNAMICAL ENCOUNTERS



OPEN QUESTIONS

Previous radio continuum studies conducted toward high-mass star-forming regions suffer from sensitivity limitations
(1o noise level is at most ~5-10 pJy/beam) that allowed to detect ONLY the most massive objects
(e.g, Sanchez-Monge et al. 2013, Mosacadelli et al. 2016; Rosero et al. 2016, 2019)

HOW THE ENVIRONMENT WHAT DETERMINES THE HOW DO M, c AND M ARE THE RADIO, IR, AND X-
INFLUENCES THE FORMATION OF NUMBER OF OBJECTS AND EVOLVE WITH TIME? RAY PROPERTIES OF THE
STAR CLUSTERS AND e —— DO THEY PROCEED IN THE CLUSTER MEMBERS SIMILAR
PLANETARY SYSTEMS? NASCENT CLUSTERS? SAME WAY ACROSS THE T0 THOSE INFERRED IN LOW-
ENTIRE MASS SPECTRUM? MASS STARS FORMED IN
ISOLATION?

PRESENT WORK FUTURE WORK
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SCIENTIFIC CONTEXT

« FILAMENTS AND THEIR FRAGMENTATION

. FRAGMENTATION AT 500 AU CURRENT WORK

« UNVEILING THE EMBEDDED POPULATION



FILAMENTS AND THEIR FRAGMENTATION @

TOWARD A DETAILED UNDERSTANDING OF THE STAR FORMATION PROCESS IN G14.225-0.506

G14 eYIHIT] % Network of dense filaments emanating from the two hubs (Busquet et al.
2013, Chen et al. 2019)

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

% Population of X-ray emitting intermediate-mass pre-main sequence stars
detected with Chandra (Povich et al. 2016)

Busquet et al. (2013)

% SMA and ALMA observations reveal an embedded cluster (Busquet et al. 2016,
Ohashi et al. 2016) toward each hub with different levels of fragmentation




FILAMENTS AND THEIR FRAGMENTATION

TOWARD A DETAILED UNDERSTANDING OF THE STAR FORMATION PROCESS IN G14.225-0.506

2013, Chen (incl. Busquet) et al. 2019)

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

% Population of X-ray emitting intermediate-mass pre-main sequence stars
detected with Chandra (Povich et al. 2016)

Busquet et al. (2013)

| % SMA and ALMA observations reveal an embedded cluster (Busquet et al. 2016,
= 0Ohashi (incl. Busquet) et al. 2016) toward each hub with different levels of

fragmentation
- HUB-N: 9 FRAGMENTS

- HUB-S: 17 FRAGMENTS




© FILAMENTS AND THEIR FRAGMENTATION

WHAT ARE THE PHYSICAL AGENTS RESPONSIBLE FOR SHAPING THE ISM INTO FILAMENTARY STRUCTURES?
WHAT CONTROLS THE FRAGMENTATION PROCESS?
WHAT ARE THE CHARACTERISTICS OF THE STELLAR POPULATION?
DO MASSIVE STARS FORM COEVAL TO THE LOW-MASS CLUSTER MEMBERS?

ALMA MOLECULAR LINE AND CONTINUUM

e T Y S,

OBSERVATIONS

POLARIMETRIC OBSERVATIONS:

SOFIA, €S0, SMA, ALMA

JVLA RADIO CONTINUUM OBSERVATIONS




Busquet et al. (2013)

FILAMENTS AND THEIR FRAGMENTATION @

ALMA cycle 6 project (12 m + ACA): C0(1-0), C'80(1-0), CS(2-1), €345(2-1), SO 3(2)-2(1), 3450 3(2)-2y) + 3mm continuum

JZ000 Declination

o

5 My Movie 1

¥ e O e N N, § W Nl Nl BTN g R W IF N ST

63.3992 km/s

18"18™M28°® 20° 16® 12® 08% 04* Q0"
J2000 Right Ascension

Collaboration: UB - ICE - IRYA - CfA- ASIAA

Is it raining over hub-filament systems?

% Probe the kinematical imprints of filaments and
their surrounding and discern whether the collapse
signature prevail on scales ranging from several pc to

a few times 0.
% Compare wit

01 pC

1 numerical simulations of global,

multi-scale collapse (e.g, Gomez & Vazquez-Semadeni
et al. 2014, Vazquez-Semadeni et al. 2019) with
different treatments for turbulence, gravity and
magnetic fields: which of these ingredients is the
main driver of structure and dynamics?




FRAGMENTATION AT 500 AU

ALMA observations rms ~40 pi)y/beam -

color scale: SMA @ 1" . N oo
od contoure. ALMA mo 2+ PYBDSFtoidentify sources: Radii~50 - 470 au  [Elasezale
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© UNVEILING THE EMBEDDED POPULATION @

PILOT PROGRAM WITH THE JVLA

Spitzer- 8um

.. % Most extended A-array configuration (beam~03"~600 au)

B & Sensitivity: 1.5 p)y/beam @10 GHz (3.6 cm) and 2 pJy/beam
@6 GHz (6 cm)

% Observing time per pointing: 10.8 hours at 3.6cm and 3.4 hours
atb cm

—16°48'00"

—16°52'00"

(14.2-N (14.2-5
36 RADIO SOURCES

0(J2000)

—16°56'00"

Roger Grau, Master Thesis (2020]

—17°00'00"

18"18™20% 18™00%
2(J2000)
+ DETECTED @ 6CM

+ DETECTED AT BOTH BANDE Collaboration: UB - CfA - ICE- ASIAA - Univ. KAln - Cal. Polytechnic Univ.



Roger Grau, Master Thesis (2020]
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UNVEILING THE EMBEDDED POPULATION @

G14.2-S C-band
G14.2-S X-band

200 400 600 800 1000 1200 1400 1600
Size (mas)

PILOT PROGRAM WITH THE JVLA

Rosero et al. (2019)
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OUTLINE

SCIENTIFIC CONTEXT CURRENT WORK

- ANEW ERA FOR RADIO ASTRONOMY FUTURE pRO,ECTS

« THE VOLS PROJECT



© A NEW ERA FOR RADIOASTRONOMY

Atacama
Large
Millimeter /
submillimeter
Array

Py

N
XAL PN

ZaY 4

SKA1: 50 MHz - 15.4 GHz 2b3 antennas

New Receijvers: SKA 2: 15- 50 GHz 1.2 - 116 GHz

Band 2: 67 - 116 GHz

Band 1: 35 - 50 GHz
(under construction)

o
o)
g

% RESOLUTION: 0.08" at 6.7 GHz ~160 au @ 2 kpc; 0.04" at 12.5 GHz ~80 au @2kpc

o
o
o

Atmospheric transmission
5
Ul

s CONTINUUM SENSITIVITY: 1.3 pJy/beam @6.7 GHz; 1.2 p)y/beam @ 12.5 GHz GHz

o
N
o

Frequency (GHz) . ] ]
Yagoubov et al. (2020) in ONLY 1 hour of observing time!



o VOLS: THE VLA ORION A LARGE SURVEY @

Large Proposal for the JVLA, 306 hours of observing time awarded
Pl: G. Busquet co-PlIs: P. Hofner (USA), M. Fernandez-Lopez (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 0rion (Kounkel et al. 2014)
o Global collaboration: 44 researches from 25 institutions worldwide

18 I

RADIO OBSERVATIONS e 0 R R |
8 : - ’ . . ¥ . - , ~/ - “~L1641-C- -|_1"64.1_N
GAIA DR3 CATALOG R SO

(U-band excess and Hq line profile)

Galactic Latitude (°)

N
o
LH[,IU.'CJ .|l:.’| I .Lb!rHL.JU!GIW LUUJIJ. GJIIL;!_-|

214 212 210 208
Galactic Longitude (°)




i) Harbours high-mass star formation

ii) Largest cloud of low- and intermediate-mass star formation within 500 pc

WHY ORION?

A TESTBED FOR STAR FORMATION THEORIES

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 0B association

FOCUS OF DEDICATED OBSERVATIONS:

% Stellar content, spatial distribution, and SED (Megeath et al. 2012, 2016, Furlan et al.
2016, GroPschedl et al. 2019)

% Spectroscopic data from APOGEE-2: kinematics and physical properties (stellar
luminaosities, masses, radii, ages) of the YS0s (Kounkel et al. 2018)

% High-energy X-ray regime; Chandra Orion Ultra-deep Project (Getman et al 2005)
and XMM-Newton.

% CARMA-NRO Orion Survey: inventory of filament (Suri et al. 2019), level of turbulence
and feedback and presence of expanding shells (Feddersen et al. 2018, 2019)

Galactic Latitude

-18°

-19° ¢

20° t

N

-21°

Figure from GroBschedl et al. (2019)
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VOLS: THE VLA ORION A LARGE SURVEY @

IMMEDIATE OBJECTIVE

0.003

How do M. and M,,.. evolve with time?

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

0.0058

0.011

0.022

0.086

0.17

0.34

summary of the known YSOs covered by VOLS

(# known objects/ # radio counterparts)

SURVEY VOLS (0.5 deg?)

INFRARED

(VISION, Spitzer)

1640 [ 145 (~9%)

HOPS o
(Herschel) 7S 1S [~7%)
VANDAM
(ALMA, VLA) 108
GAIA 1311*

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

VISION catalog



® VOLS: THE VLA ORION A LARGE SURVEY

0btain a census of the stellar population at cm wavelengths of Orion A

% Build the Radio Luminasity Function over a wide range of masses/luminosities, evolutionary stages, and environmental
conditions

s Accurate spectral indices (distinguish thermal and non-thermal emission)

Y Together with previous ancillary datasets across the EM spectrum: correlation between the characteristics of the radio
emission from YSOs and their stellar properties

| 0 ‘ngla (2018) o
105 . S::;rl]fej;?l. (201;,b12012)
104 %{ gmg—rlzlih?s ;vurvey
31 % UC/HC HII (1994)
. 10 | R
Na 102~ Lyman Continuum from ZAMS I; o
G e R S B e sy O
£ 107 5 =87x107 (L) /[ AN P =107(5,4%)"" (low—masg) . 3 . i
E R . e aur Explore these correlations Quantify how
I | . i —1.5+ K& ~1.0 -
CQA 4| o %o @5_6 _ 1.5 75?‘7 A n S .
10" - Q. - *’ .
| $%8° T O g A * ] R 1 b\/ SpECtral |ndex, accretion and
10 MRl = E O Q;EN“,;E;* B A G | ,
103 e / I =30 - e o 4 S evolutionary stages and mass-loss proceeds
[as 1> . * e} . —_— 2 o "
s 3 109 (Mgigr/M .
19902 107 10° 10" 10° 10° 10° 10° 10 -i asl a,g o® p= 10 (5,8 - 20 Waig /o) environment
Lb"l (LQ) o =01 ,0‘8 > Shock lonization Model
SR P Beltran & de Wit (2016)
~ Ll ® Scaife et al. (2011)
—60— ’/’ A\ High LgminosiFy Objects-Literature ]
Rosero et al. (2019) . B vcin  romvermr
—4 -2 0 2 4

log S,d*> (m)y kpc?)




VOLS: THE VLA ORION A LARGE SURVEY @

SECONDARY GOALS

MULTIPLICITY
Complement previous studies
(targeting Class 0/I)
Detect companions without
significant dust emission but strong
sources of free-free or gyro
synchrotron radiation

Class 0 L;,,,=59.8L, T,,=51.9K
A =5.1" (2023.6 au)

10"

Tobin et al. (2020)

0.5" (200.0 AU)

HIl REGIONS
Reveal radio emission from many
more embedded 0B-type stars
Possible to detect embedded early-
type stars earlier than B6

|||||| [ i 04
05

50
07
08
3 09
I —— B 15GHz | BO
L 1 BO.5
45 - B1
B2

B3
|85
B6
187

e ey | 1 1 1 —LB8

)

Log(N[sec

Courtesy R. Cesaroni

Log(Rs[pc])

Morata et al. (2015)

First clues about the number of
such objects formed in a cloud

SUBSTELLAR REGIME
Unbiased survey searching for
thermal radio jets driven by

norto-brown dwarfs

3041938 & 1.8-cin]
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