Star-forming regions, clumps and cores - outline

> How do we observe star-forming regions in our own Galaxy?
» Cold (and Warm) HI: the building blocks of star-forming regions
> From HI to HZ2: the transition phase to molecular clouds

» From H2 to CO: why this molecule 1s so crucial for observations (and
all the limitations..)

» (CO0) Molecular clouds: physical properties, dynamics and (partial?)
collapse



Molecular clouds from CO: dynamical properties
For each cloud we now know A

Mo (per pixel and tot)
total # pixels A,y
brightness temperature 7;

'M’ R,O'—)Z,p, Ny2

Velocity LSR (km/s)

Velocity LSR (km/s)

We can now estimate parameters that correlate these quantities, among which the
most important to us are:
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Free-fall time Virial parameter
See lecture from See lecture from

Patrick Hennebelle Ralf Klessen




Free-fall time and SFR

If all CO clouds are collapsing under their own gravity

Mo ~ 1.6 x 10” Mg

Mot _
=) SFR = to ~ 160 Mg yr—*
3T ft
tg = ~ 1.0 x 107
=\ 326, SRS
The MEASURED SFR across the Galay ~ =~ 1 — 2 Mg yr— !

Which leads to a star formation efficiency SFE ~1%

What 1t slowing down the clouds gravitational collapse???

This question 1s THE reason why we are still investigating
the star formation mechanisms in our Galaxy!!!




Turbulence in the ISM?

100% turbulence m
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There must be some interplay between gravity (sustained by
feedback mechanisms) and turbulence to slow-down the collapse




Turbulence in the ISM?

“Big whirls have little whirls that feed on their velocity, and little whirls
have lesser whirls, and so on to viscosity” Richardson 1922

See lectures from
Jennifer Schober - Blakesley Burkhart - Sébastien Galtier
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Turbulence in the ISM?

“Big whirls have little whirls that feed on their velocity, and little whirls

If we assume that

have lesser whirls, and so on to viscosity”

Richardson 1922

See lectures from

Jennifer Schober - Blakesley Burkhart - Sébastien Galtier
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Virial parameter

The virial parameter derives from the virial theorem, which (in our case)
relates the total kinetic energy with the gravitational energy of a cloud with
mass M, radius K and velocity dispersion o

See lecture from Ralf Klessen

The virial parameter 1is defined as (Bertoldi & McKee 1992):

Kinetic energy (« o¢2)
2 /
B £5CT@VZ{ _E;k¢

— 9 n
GM ~ 3 E.

Qoyir —

Gravitational energy

The factor g accounts for non-uniform density
and for the cloud’s ellipticity (usually a ~ 1)



Virial parameter

50%R
Qyyir — —
GM

See lecture from
Ralf Klessen
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Very naively
speaking:
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IF the kinetic energy 1is
generated by a force that acts as
a support against the (global)
collapse e.g. ISM turbulence —

Evin and E; are 1n competition
within each cloud:

the cloud 1s globally
prone to the gravitational
collapse

E.;n << E; the turbulent motions are

Ekz’n ~ EG

dominating. The cloud 1is
not bound and may dissolve

the cloud 1s near virial
equilibrium: 1t could
slowly collapse



Virial parameter

Qyir —

GM

See lecture from
Ralf Klessen

0 My << 1

Very naively _
speaking: ® yygr > > 1

IF the kinetic energy 1is
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a

a support against the (global)

_EEC} collapse e.g. ISM turbulence —

Evin and E; are 1n competition
within each cloud:

E.., << E; the cloud 1s globally
prone to the gravitational
collapse

E.;n << E; the turbulent motions are
dominating. The cloud 1is
not bound and may dissolve

Evin ~ E; the cloud 1s near virial
equilibrium: 1t could
slowly collapse

Also called 2n Larson relation



Are clouds nearby near virial equilibrium?

Oy X RO'5 1st Larson relation

50~R
Ayir = —
GM

1 2"d Larson relation




Are clouds nearby near virial equilibrium?

Oy X RO'5 1st Larson relation
50~R |
lyir = e, — 1] 2nd Larson relation
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Are clouds nearby near virial equilibrium?

O, X RY-2
502 R

Dpir — —
GM

1

1st Larson relation

2"d Larson relation

M

— const. mmm) —__ ~ ), = const.

3rd Larson relation

Do they correctly
describe the
interplay between
gravity and
turbulence 1in
MCs?

First works in
12C0 (1-0) seemed
to confirm that

(Larson 81; Solomon+87;
Heyer & Brunt 2004)

Solomon et al. 1987
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Molecular clouds from CO: physical and dynamical properties

Miville-Dechenes+17
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Molecular clouds from CO: physical and dynamical properties

1st Larson relation
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Molecular clouds from CO: Mass — Radius relation

Miville-Dechenes+17
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What are the implications?



Molecular clouds from CO: Heyer relation

1st Larson relation
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Molecular clouds from CO: Heyer relation
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« The kinetic energy E(x dominates over the gravitational term —

> . 5 Clouds mostly unbound
regimes:



Molecular clouds from CO: Heyer relation

O,V / RO.S [km S-1 pC-O.S]
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« The kinetic energy E(x dominates over the gravitational term —

> . 5 Clouds mostly unbound
regimes:

« The kinetic energy E¢ correlates with X



Molecular clouds from CO: Heyer relation

O,V / RO.S [km S-1 pC-O.S]

o1l .
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2 [MSun pC-z]

« The kinetic energy E(x dominates over the gravitational term —
Clouds mostly unbound

See Ballesteros-Paredes+2011

2 regimes?

« The kinetic energy E¢ correlates with ¥ — E¢x may be driven by
gravity itself — Clouds mostly (or partially) bound!!



Are molecular clouds self-gravitating?
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Are molecular clouds self-gravitating?
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Those points are from a 13CO (1-0) survey..




Which CO tracer?

12C0 (1-0) 1is THE most abundant CO in the Galaxy

|

at “high densities” (ny; ~ 103 - 104 cm3) it becomes optically THICK

Other CO transition/isotopologues may be very useful to look INSIDE the “edges”

of molecular clouds!!!

12CO Moment-0 Map (K.km.s™1)
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Credits: D. Colombo & J. Urquhart

Which CO tracer?

. | seoicism

Survey Transition Coverage

GRS 13CO (1-0) 15°< | < 55°

ThrUMMS 12CO (1-0) -60° < | < 0°
13C0 (1-0)
C!30 (1-0)

FUGIN 12cO (1-0) 10° < | < 50°
13C0 (1-0)
C'30 (1-0)

SEDIGISM 13CO (2-1) -60°< | < 18°
C30 (2-1)

COHRS 12cQ (3-2) 10° < | < 55°

CHIMPS 13CO (3-2) 28° < | < 46°
C130 (3-2)

CHIMPS2 12CO (3-2) -5°< | < 28°
13CO (3-2)
C130 (3-2)

...ahd more!




Molecular clouds in 13CO (2-1): SEDIGISM
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Larson & Heyer relations in 13C0 (2-1) & CO (3-2)
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The 1nner, denser part of a molecular cloud could be bound. How do they look like?
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Star-forming regions, clumps and cores - outline

> How do we observe star-forming regions in our own Galaxy?
» Cold (and Warm) HI: the building blocks of star-forming regions
> From HI to HZ2: the transition phase to molecular clouds

» From H2 to CO: why this molecule 1s so crucial for observations (and
all the limitations..)

> (CO) Molecular clouds: physical properties, dynamics and (partial?)
collapse

» From MCs to filaments: the densest regions of molecular clouds



Denser regions in CO molecular clouds: (Galactic scale) FILAMENTS
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Denser regions in CO molecular clouds: (Galactic scale) FILAMENTS
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Can also be seen in DUST SDC335 Peretto+13
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Filaments in dust emission

Wavelength (um)
500350 250 160 70

T 1 T
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The Spectral Energy 10!2 ——rrrrrry
Distribution of the cold -
(T~10-40K) dust emission 1010 f-

associated with N
filamentary structures can 108 k-
be approximated with a 0] L
modified greybody function §?106_
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Blackbody at
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Opacity at a given  €Xxponent of the power-law " Tqust = 25K

frequency V.. dust emissivity at large

wavelengths
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Tgust = 35K
== Tdqust =45K

See lecture from Karine Demyk




Filaments in dust emission
Wavelength (um)
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Observing dust emission in the NIR/MIR/FIR/sub-mm
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Observing dust emission in the NIR/MIR/FIR/sub-mm
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Observing dust emission in the NIR/MIR/FIR/sub-mm
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Observing dust emission in the NIR/MIR/FIR/sub-mm
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it int danipemission in the NIR/MIR/FIR/sub-mm
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The Herschel FIR/sub-mm observatory

Band (um) Bolometers Beam size Sensitivity
(arcsec) (mly)
PACS 70 2048 3.2 5.0
PACS 160 512 6.4 10.0
SPIRE 250 139 18.1 7.0
SPIRE 350 88 25.2 7.0
SPIRE 500 43 36.6 7.0

PACS: 70 - 160 pm (Poglitsch et al. 2010) SPIRE: 250 - 350 - 500 pm (Griffin et al. 2010)

Projection of focal plane onto r:;l:scope Beam eering
bolometer arrays

Y
Red photometer
32x16 pixels (2x16x16)  EEEHAEREE

Blue photom:
64x32 pixels (4x2x16x16)




Hi-GAL: the Herschel Galactic Plane survey of the Milky Way in the FIR / sub-mm

70-160-250pum composite

Credits: Gianluca Li Causi (INAF-IAPS) Molinari+ 2010, 2016




Filaments
> 30000 Hi-GAL candidate filaments across the Galactic Plane!!!
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How to characterize filaments from observations

Filaments are Wang+2015
elongated, dense, cold
structures. The
simplest (and more
effective) approach to
model them 1is the

‘
&
B

Cen [ )
)8 i
i ‘ y
S
: % ;
i h
‘ -
[ ‘- Il
Musca filament 1 .
South | )

(Myers+17)

Hydrostatic, isothermal
cylinder model

(Ostriker 1964) (

« Mass M, Length L (derived from dust emission) <

« Velocity dispersion oot (derived from CO transitions)



How to characterize filaments from observations

« Linear mass m (mass per unith length): 1N, =

M
L

2
1 41 : . T — QOth — QkBT Musca filament
« A critical line mass i it - 7rlcrrt( ) —_ —— = kit =

G um,G

(From the integration of the mass per unit length
of an 1isothermal cylinder of (infinite) length.
For details see Ostriker 1964)
Radially unstable and
should collapse under
their own gravity

ef? m f > 1 — (supercritical) <

. F <1 = (subcritical
TTlcrlt ( ) Can remain 1in

hydrostatic equilibrium




How to characterize filaments from observations

Remember however that we observe supersonic, non-thermal motions o, that
dominates the velocity fields of our star-forming regions

20§h
G

For 7=10 K == g4, ~ 0.1 km/s << o0¢ut

!

TN~y (Cftot) —

T crit (T) —

2
20¢04

G

. 2 2 2
With Otot = Onth T Oth

Under the assumption that ALL o, works to support the
filament against the collapse



How to characterize filaments from observations

2 2
_ 204, 204
E——) mvir(gtot) — G

Combining the LARGEST sample of filaments structures to date from several
different surveys, observationally we found (Hacar+23):

.= —2 14
Hovir G 0.5 pc



How to characterize filaments from observations

Combining the LARGEST sample of filaments structures to date from several

different surveys, observationally we found (Hacar+23):
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Star-forming regions, clumps and cores - outline

How do we observe star-forming regions in our own Galaxy?
Cold (and Warm) HI: the building blocks of star-forming regions
From HI to HZ2: the transition phase to molecular clouds

From HZ2 to CO: why this molecule 1s so crucial for observations (and
all the limitations..)

(CO) Molecular clouds: physical properties, dynamics and (partial?)
collapse

From MCs to filaments: the densest regions of molecular clouds

Pc-scales clumps: the nursery home of stars and protoclusters
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Super-critical filaments: the nursery home of pc-scales clumps
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Super-critical filaments: the nursery home of pc-scales clumps

0°25'

20'

Galactic Latitude
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Mallick+23
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Galactic Longitude

These are the most common structures where you form clumps
(pc-scale condensations with ~spherical shape)



Clumps physical properties

“pre-stellar” | protostar (“pre-stellar”| protostar

Declination
46:00.0 45:00.0 44:00.0 43:00.0 42:000 41:00.0 -8:40:00.0




Clumps in the Galaxy
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Clumps physical properties

Properties Molecular Filaments Clumps
clouds
Radius/ up to 150 up to 100 ~0.05-1
(pc)
Temperature ~ 10-30 ~ 10-35 ~ 10-40
(KD
Mass up to few 10° | up to few 10> | up to few 10%
(Mg)

Surf. density
(g/cm?)

~0.0004-0.006

~0.0005 - 0.5

~0.01 - 10

Miville-Dechenes+17
Duarte-Cabral+21

Schisano+14, 20
Hacar+23

Urquhart+14
Traficante+15
Elia+17, 21




Clumps kinematics

Higher surface density compared to filaments/clouds [:::$>

an optically thin tracer

CO is not anymore
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Clumps dynamics
| MALT90

Hi—GAL

The largest 90 GHz survey aimed to
i The largeff survey of €lumps in the Galaxy ; characterize the physical and chemical

<Jm"~ ;(Molunari et dl. 201@) 5.4 evolution of high-mass

- " clumps

Sl Over 15@@@@ clumb5M1th well deﬁned |

propertles dcorosg the whole Galactic Pl%pe
(Ella#17 A5

star-forming

Over 2000 clumps observed in 16

molecular transitions Including
N,H* (1-@) and HCO*+ (1-0)
(Jackson+13)

A1l MALTO9Q clumps (2012)

MALT90 clumps with good N,H* (1-0) spectra %
(S/N=25) :

MALTO9Q clumps with well-defined
Hi-GAL distances ( 1210°)

Hi-GAL clumps with well defined dust SED
(24<2<870) um and gas emission properties

Traficante+18b
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Clumps dynamics

1st Larson relation
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Clumps dynamics

1st Larson relation
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Star-forming regions, clumps and cores - outline

> How do we observe star-forming regions in our own Galaxy?
» Cold (and Warm) HI: the building blocks of star-forming regions
> From HI to HZ2: the transition phase to molecular clouds

» From H2 to CO: why this molecule 1s so crucial for observations (and
all the limitations..)

> (CO) Molecular clouds: physical properties, dynamics and (partial?)
collapse

> From MCs to filaments: the densest regions of molecular clouds
> Pc-scales clumps: the nursery home of stars and protoclusters

> Gas dynamics in filament and clumps: the role of environment



Clumps dynamics in context
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Clumps dynamics in context
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Clumps dynamics in context

10.0C T T T TTTT] T T T TTTT] T T T TTTT] T T T T
- OPillai et al. 2011 £ . -
" ®Palau et al. 2015 1st Larson relation -

® Peretto et al. 2006

X MSCI

- Gibson et al. 2009

X Heyer et al. 2009 GMCs

slope= 0.09+0.04 . bt 23 <
- * ri ( -
L * i MIR bysgg«_ii ] %
o A 4 HIl regions % ¥
z iﬁ X b
(/2] —
- ® o i N —
E 1 .0 C ‘ -‘E‘ g *3)‘ X;’x A A" : N p <\ / -
S - = A o £ iR X X -
o) B ’ : :"f * g ]
- -J - -
_ o -
B g .0 1 ‘1 0 ]
O ' Radius (pc) '
o 7
Q- 7
//Q“ 7 Heyer & Brunt (2004) .
Siie Traficante+17, 18a b
O.1 r 1} 'l 1} 0 B II A Il | Il p_B_ B II 1} 1} 'l 1} B B ll Il | | | B B 1
0.01 0.10 1.00 10.00 100.00

Radius (pc)

But such a scatter..could i1t be the role of environment?



Filament to clumps dynamics

« Hi-GAL clumps in the Traficante+17, 18a, Elia+17 catalogues
« Hi-GAL filaments in the Schisano+20 catalogue

Hi-GAL clump
30131-0644
250 um map

Hi-GAL clump

28537-0277

Hi-GAL filament F1118518 250 pm map

Column density map

Hi-GAL filament F1120491
Column density map




Filament to clumps dynamics

- 70 pm © 250 pm

/Oum-quiet

clumps ~NO feedback
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e.g. Urquhart+ 2014 e.g. Tan+ 2014



Filament to clumps dynamics

Clump-scale
kinematics from
NoH+ (1-0)
observations

Filament-scale

kinematics from
13CO (1-0)
observations

T (K)

P ON2HY

49433-022 1

30

50 60
Velocity LSR (km/s)

IRAM 30m, Traficante+17, 18a

80
vise (km s7)

(GRS, Jackson et al. 2013)

1st and 2" moment of the map spectrum

V1> and <o>




Filament to clumps dynamics: the role of environment
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Filament to clumps dynamics: the role of environment
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Filament to clumps dynamics: the role of environment

o (km s™)

Traficante+20

0.01 0.10
£ (g cm™)

Clumps with evidence of dynamical activity .
and/or gravitationally driven motions (infall?)
at the pc scales (asymmetric HCO+ (1-0) spectra)




Filament to clumps dynamics: the role of environment
N Gmaene A\ Yy E
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On the interplay between gravity and turbulence
,‘ )- | Turbulence Gravity Y

<0.01 ¢g
cm2

e
|

’,"

Clouds ;: R %
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Filaments

~0.1 g
cm-2
Clumps
Fragments
>1 g
cm-2

Traficante+2020



The elephant 1in

T
NGC6334

Polarized intensity
PI
850um 100
[mJy/beam]

—35°40'00"
T

Declination (J2000)
—35°50'00"
T
f

14 10

| 2 pc at 1.3 kpe

—36°00'00"

" I N
17"21™00°
Right Ascension (J2000)

Arzoumanian+21, NGC6334 (BISTRO survey)

the room: magnetic

-1 100

4"24™00" 4"20™00"
Right Ascension (J2000)

Palmeirim+13, Taurus B211

Changing of orientation with column density (e.g. Soler+19)

or above certain spatial scales (Doi1+20), from =

to mostly L

Does the orientation correlate with SFR?

YES (L1+17)

NO (Soler+19)




ense Cores

10 S T[K] < 200

106 sn [cm‘3] s 10°
[pc] ~0.02

Dense Clumps
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Filaments
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Circumstellar/Protoplanetary Disks
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Molecular Clouds

e T~10K

*10 Sn[cm™3] 5102
*L S100pc

HI atoms

* T~50-100K (T~8000 K)
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* L<250pc

Realistic illustration of Milky Way (NASA/JPL-Caltech)
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Clumps in the Galaxy

SDC23271-0263 Hi-GAL #110522
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