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Star-forming regions, clumps and cores - outline 

Ø How do we observe star-forming regions in our own Galaxy?
 
Ø Cold (and Warm) HI: the building blocks of star-forming regions

Ø From HI to H2: the transition phase to molecular clouds

Ø From H2 to CO: why this molecule is so crucial for observations (and 
all the limitations…)

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

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

Ø Pc-scales clumps: the nursery home of stars and protoclusters

Ø Gas dynamics in filament and clumps: the role of environment
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Our Milky Way: how to observe star-forming regions?

DUST can be seen in high density regions and it emits in the continuum. 
The cold dust (T~10-50K) associated with star-forming regions emits 
mostly in the Mid/Far-Infrared (MIR – FIR) regime: (~8 - ~3000μm) 

Molecules and atoms can be seen throughout the Interstellar Medium (ISM) 
of the Galaxy and they emit at specific frequencies. The simplest ones 
that we are interested in can be seen in the ~radio regime (~1mm – 30cm) 

Radio 
regime:

Atoms +
molecules

MIR/FIR 
regime:

cold dust



Our Milky Way: how to observe star-forming regions?
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D?

We need a telescope able to 
resolve a ~10 pc scales at, say, 
10 kpc away from us observing at, 

say, λ = 21cm (𝜈∼1.42 GHz)

𝜃

How do we observe atoms/molecules in the sky at radio wavelengths?
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How do we observe atoms/molecules in the sky at radio wavelengths?

Front End: The front end components of the radio receiver systems are those where
incoming radio waves are initially received.

Back End: The back end instrument is used to determine the kind of signal we want
to measure from the front end data. Usually offer a FIXED number of 
channels/bandwidth available to choose. 



IRAM 30m telescope (Granada, SP)
Front end: EMIR

How do we observe atoms/molecules in the sky at radio wavelengths?



IRAM 30m telescope (Granada, SP)
Front end: EMIR

bandwidth 
~1 GHz

How do we observe atoms/molecules in the sky at radio wavelengths?

1. Do we want to observe the continuum 
from dust at e.g. E90 (~3mm)? We 
will use the bbc continuum back end 



IRAM 30m telescope (Granada, SP)

1. Do we want to observe the continuum 
from dust at e.g. E90 (~3mm)? We 
will use the bbc continuum back end 

2. Do we want to identify a spectral 
line transition with E90 such as, 
e.g., N2H+ (1-0) @93.3 GHz?  We will 
use e.g. the FTS back end. He has 
~20000 channels available. We can use 
it at 50 kHz resolution

Front end: EMIR

Good sampling (~1 GHz bandwidth)

How do we observe atoms/molecules in the sky at radio wavelengths?



IRAM 30m telescope (Granada, SP)
Front end: EMIR

Poor sampling (~4 GHz bandwidth)

How do we observe atoms/molecules in the sky at radio wavelengths?
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How do we observe atoms/molecules in the sky at radio wavelengths?
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See lecture from 
Simon Glover

It is usually

• brightness temperature TB(K)
• antenna temperature TA(K)
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Remember the Doppler shift…the Galaxy is rotating!

How do we observe atoms/molecules in the sky at radio wavelengths?
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Galactic rotation curve
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Galactic rotation curve

R☉ ∼8.15 ±0.15 kpc

How do we observe atoms/molecules in the sky at radio wavelengths?
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Galactic rotation curve

R☉ ∼8.15 ±0.15 kpc

Within ± 250 km/s with respect to our 
Local Standard of Rest (LSR) velocity V 

we are able to cover almost all the 
emission from a specific line along any 

given line of sight

How do we observe atoms/molecules in the sky at radio wavelengths?

VLSR can be used to define the distance 
of a given source, from a Galactic 
rotation curve (with many limits: e.g. 
Urquhart+18, see D. Elia’s lecture)



When you want to observe the sky you look for:

• Continuum only: Position-Position (PP) 2D maps

• Spectral lines cube: Position-Position-Velocity 
(PPV) datacube

P
P

V

For each given 
LOS

How do we observe atoms/molecules in the sky at radio wavelengths?

VLSR (km/s)
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HI: the building block of SF regions

HI is the main reservoir of gas which ultimately will form the 
molecular clouds

Simplest assumption: 2-phases neutral medium (Cold and Warm)

Case 1: 
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Dense, cold gas: CNM

Tenuous, warm gas: WNM

Krolik, McKee & Tarter (1981)



Krolik, McKee & Tarter (1981)
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HI: the building block of SF regions



Krolik, McKee & Tarter (1981)

Dense, cold gas
 CNM

Tenuous, warm gas
 WNM

The gas is thermally unstable at 
intermediate densities 

(1 – 20/30 cm-3)

• Cool down and get denser     -> 
  join the CNM (T~100 K, n~20-50 cm-3)

• Heat and become more tenuous -> 
  join the WNM (T~8000 K n~0.2-0.5 cm-3)

STABLE STABLEUNSTABLE

HI is the main reservoir of gas which ultimately will form the 
molecular clouds

Simplest assumption: 2-phases neutral medium (Cold and Warm)

HI: the building block of SF regions



HI: how do we observe it?

The key observable: 
hyperfine transition at 

λ~21cm

From Stahler & Palla 2005

H atoms can be excited to the F=1 state by collision with 
neighbouring atoms. And deexcited by:

1) Collision with other H atoms

2) Emission of a ~21cm (~1.420 MHz) photon



Leiden 25m
(Netherlands)

IAR 30m
(Argentina)

HI: first all-sky survey (LAB survey, Kalberla+05)
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HI: first all-sky survey (LAB survey, Kalberla+05)



HI – old generation telescopes

Leiden 25m
(Netherlands)

IAR 30m
(Argentina)



Parkes 64m
(Australia)

Effelsberg 100m
(Germany)

HI – NEW generation telescopes



HI: most recent all-sky survey (HI4PI survey, HI4PI coll. 2016)
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HI: most recent all-sky survey (HI4PI survey, HI4PI coll. 2016)



HI: HISA

HISA (HI Self-Absorption features)

THOR survey (Beuther+2016)

Image Credits: Juan Soler



Gas composition in the Milky Way 

Girichidis+2020
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Gas composition in the Milky Way 



Star-forming regions, clumps and cores - outline 

Ø How do we observe star-forming regions in our own Galaxy?
 
Ø Cold (and Warm) HI: the building blocks of star-forming regions

Ø From HI to H2: the transition phase to molecular clouds

Ø From H2 to CO: why this molecule is so crucial for observations (and 
all the limitations…)

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

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

Ø Pc-scales clumps: the nursery home of stars and protoclusters

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



Transition from H to H2

There are several pathways:

Radiative association of 
two H atoms

1.H + H ⇾ H2 + 𝛾

2a. H + e- ⇾ H- + 𝛾,
    H- + H ⇾ H2 + e- 

2b. H + H+ ⇾ H2+ + 𝛾,
    H2+ + H ⇾ H2 + H+ 

Ion-neutral reaction

See lecture from 
Simon Glover



Transition from H to H2

There are several pathways:

Radiative association of 
two H atoms

1.H + H ⇾ H2 + 𝛾

2a. H + e- ⇾ H- + 𝛾,
    H- + H ⇾ H2 + e- 

2b. H + H+ ⇾ H2+ + 𝛾,
    H2+ + H ⇾ H2 + H+ 

Ion-neutral reaction

Hig
hly

 in
eff

ici
ent

!!!

Under the ISM condition the best pathways the formation 
of H2 occurs on the surface of dust grains

See lecture from 
Simon Glover
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Molecular clouds: how do we observe them?

Molecular cloud is (theoretically) defined as a region of gas and 
dust where most of the hydrogen is in form of H2 rather than H



Molecular clouds: how do we observe them?

So let’s see which transition of H2 we can use to observe molecular clouds…

Molecular cloud is (theoretically) defined as a region of gas and 
dust where most of the hydrogen is in form of H2 rather than H



Molecular clouds: how do we observe them?

So let’s see which transition of H2 we can use to observe molecular clouds…

…and we got a problem here: H2 is a symmetric molecule

It has no electric dipole transitions but only 
(forbidden) higher-order ones 

It does NOT emit at the temperatures of a few 10 K to 100 K typical of 
Galactic clouds

Molecular cloud is (theoretically) defined as a region of gas and 
dust where most of the hydrogen is in form of H2 rather than H



Molecular clouds: how do we observe them?

…and we got a problem here: H2 is a symmetric molecule

It has no electric dipole transitions but only 
(forbidden) higher-order ones 

It does NOT emit at the temperatures of a few 10 K to 100 K typical of 
Galactic clouds

We need to use another tracer that must be

• Abundant enough to map the H2 clouds

• With observable transitions at low temperatures (10K-50K)

• Exited at densities of 102 – 104 cm-3 (typical densities of molecular clouds)



Molecular clouds: how do we observe them?

ü CO is the second most abundant molecular species after H2 in the Galaxy

ü CO has a significant dipole moment: it is rotationally excited even at 
very low gas temperatures, T < 20 K

ü It’s critical density is ∼103-104 cm-3 
   (i.e. ~ the expected cloud densities)

We have it!

Carbon Monoxide (CO)

• Abundant enough to map the H2 clouds

• With observable transitions at low temperatures (10K-50K)

• Exited at densities of 102 – 104 cm-3 (typical densities of molecular clouds)

We need to use another tracer that must be

See lecture from 
Simon Glover



Molecular clouds: how do we observe them?

Theoretical definition of a 
molecular cloud: an 

interstellar cloud of gas and 
dust where most of the 

hydrogen is in form of H2 
rather than H

Operative definition of a 
molecular cloud: a coherent 

structure in the sky 
identified in the CO spectrum 
above a certain noise level 

Simulation of a molecular cloud evolution
Orion-Monoceros molecular complex seen 

in 12CO (1-0)              Wilson+05



D?

s=10 pc

We need a telescope able to resolve a ~10 
pc scales at, say, 10 kpc away from us 
observing at, say, λ = 21cm (𝜈∼1.42 GHz)

How do we observe HI in the sky?

d=
10
 k
pc



D?

s=10 pc
d=
10
 k
pc

How do we observe HI in the sky?

We need a telescope able to resolve a ~10 
pc scales at, say, 10 kpc away from us 
observing at, say, λ = 21cm (𝜈∼1.42 GHz)

CO (and CO isotopes) has many rotational transitions in the 
radio frequency range that can be “easily” observed

CO

λ ∼ 2.6mm (𝜈∼115.3 GHz, 12CO (1-0) )

λ ∼ 1.3mm (𝜈∼230.5 GHz, 12CO (2-1) )

λ ∼ 2.7mm (𝜈∼110.2 GHz, 13CO (1-0) )

λ ∼ 1.4mm (𝜈∼220.4 GHz, 13CO (2-1) )

λ ∼ 2.7mm (𝜈∼109.8 GHz, C18O (1-0) )

… … …
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We need a telescope able to resolve a ~10 
pc scales at, say, 10 kpc away from us 
observing at, say, λ = 21cm (𝜈∼1.42 GHz)
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How do we observe HI in the sky?

We need a telescope able to resolve a ~10 
pc scales at, say, 10 kpc away from us 
observing at, say, λ = 21cm (𝜈∼1.42 GHz)

CO

CO (and CO isotopes) has many rotational transitions in the 
radio frequency range that can be “easily” observed

λ ∼ 2.6mm (𝜈∼115.3 GHz, 12CO (1-0) )

λ ∼ 1.3mm (𝜈∼230.5 GHz, 12CO (2-1) )

λ ∼ 2.7mm (𝜈∼110.2 GHz, 13CO (1-0) )

λ ∼ 1.4mm (𝜈∼220.4 GHz, 13CO (2-1) )

λ ∼ 2.7mm (𝜈∼109.8 GHz, C18O (1-0) )

… … …
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Parkes 64m
(Australia)

Effelsberg 100m
(Germany)

HI – NEW generation telescopes



1.2m CfA 
telescope
  (US)

CO telescopes

1.2m Cerro Tololo 
telescope (Chile)



Molecular clouds: how do we observe them?

The first composite survey of 12CO (1-0) across the Milky Way Galaxy 
(Dame et al. 2001)



Molecular clouds: how do we observe them?
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Molecular clouds: how do we observe them?

Using photometric surveys and the Gaia astrometric survey, Alves+2019 found
that the Gould Belt is NOT an expanding ring but a narrow arrangement of 
cloud: 160 pc x 2000 pc undulating like a “Radcliffe wave”

Local system of clouds that form low-mass stars in the solar 
neighborhood (100-500 pc)

Alves+ 
2019

Slides courtesy of Frederique Motte



1. How to define the cloud boundaries (and how to 
disentangle different clouds along the LOS) from CO 
brightness temperature TB maps?

2. How does the observed CO brightness temperature TB     
convert in H2 mass? 

3. Does CO trace perfectly all the H2 in a given line of 
sight?

Molecular clouds: properties and caveats (that we have to deal with):



• Clumpfind algorithm

• Dendrogram analysis

• Gaussian decomposition

1. How to define the cloud boundaries (and how to 
disentangle different clouds along the LOS) from CO 
brightness temperature TB maps?

Molecular clouds: properties and caveats (that we have to deal with):

See lecture from 
Frederique Motte



• Clumpfind algorithm

• Dendrogram analysis

• Gaussian decomposition

1. How to define the cloud boundaries (and how to 
disentangle different clouds along the LOS) from CO 
brightness temperature TB maps?
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Molecular clouds: properties and caveats (that we have to deal with):



• Clumpfind algorithm

• Dendrogram analysis

• Gaussian decomposition

1. How to define the cloud boundaries (and how to 
disentangle different clouds along the LOS) from CO 
brightness temperature TB maps?

Molecular clouds: properties and caveats (that we have to deal with):



• Clumpfind algorithm

The algorithm works by first contouring
the data at a multiple of the rms noise
of the observations, then searches for 

peaks of emission which locate the 
clumps, and then follows them down to 
lower intensities. No a priori clump

profile is assumed

Williams+94

1. How to define the cloud boundaries (and how to 
disentangle different clouds along the LOS) from CO 
brightness temperature TB maps?

Molecular clouds: properties and caveats (that we have to deal with):



• Dendrogram analysis

Dendrogram is a diagram that shows 
the hierarchical relationship
between objects. The analysis

utilizes spectral clustering to 
find discrete regions with similar

emission properties

Rosolowsky+08, Colombo+15

1. How to define the cloud boundaries (and how to 
disentangle different clouds along the LOS) from CO 
brightness temperature TB maps?

Molecular clouds: properties and caveats (that we have to deal with):



• Gaussian decomposition

First, the entire data cube is 
decomposed into a set of 

Gaussian functions. 
Second, coherent structures 

are identified using a 
hierarchical cluster analysis 

scheme

1. How to define the cloud boundaries (and how to 
disentangle different clouds along the LOS) from CO 
brightness temperature TB maps?

Miville-Dechenes+17

Molecular clouds: properties and caveats (that we have to deal with):
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2. How does the observed CO brightness temperature TB 
convert in H2 mass? 

for each given 
LOS position (l,b) the CO spectrum is described 

as a sum of i Gaussian components: 

Molecular clouds: properties and caveats (that we have to deal with):



2. How does the observed CO brightness temperature TB 
convert in H2 mass? 
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for each given 
LOS position (l,b) the CO spectrum is described 

as a sum of i Gaussian components: 

Molecular clouds: properties and caveats (that we have to deal with):

Ai

dv

(K Km s-1)

The integrated intensity for each LOS (l,b) of a given Gaussian i :



The integrated intensity for each LOS (l,b) of a given Gaussian i :

(K Km s-1)

2. How does the observed CO brightness temperature TB 
convert in H2 mass? 

Molecular clouds: limitations (that we have to deal with):
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for each given 
LOS position (l,b) the CO spectrum is described 

as a sum of i Gaussian components: 
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2. How does the observed CO brightness temperature TB 
convert in H2 mass? 

Molecular clouds: limitations (that we have to deal with):

(K Km s-1)

The conversion factor 
XCO = 2 x 1020 cm-2 (k km s-1 )-1

For every LOS !!!

(Bolatto+13)



The conversion factor
 

XCO = 2 x 1020 cm-2 (k km s-1 )-1
For every LOS !!!

It varies:

• With the Galactocentric radius 
  (metallicity gradient)

Kohno & Sufue 24

2. How does the observed CO brightness temperature TB 
convert in H2 mass? 

Molecular clouds: limitations (that we have to deal with):
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The conversion factor
 

XCO = 2 x 1020 cm-2 (k km s-1 )-1
For every LOS !!!

It varies:

• With the Galactocentric radius 
  (metallicity gradient)

• Locally within clouds

Kohno & Sufue 24

2. How does the observed CO brightness temperature TB 
convert in H2 mass? 

Molecular clouds: limitations (that we have to deal with):



The conversion factor
 

XCO = 2 x 1020 cm-2 (k km s-1 )-1
For every LOS !!!

It varies:

• With the Galactocentric radius 
  (metallicity gradient)

• Locally within clouds

• Cosmic Rays (CR) intensity…
Gong+18 (sims.)

2. How does the observed CO brightness temperature TB 
convert in H2 mass? 

Molecular clouds: limitations (that we have to deal with):



“A significant H2 mass may lie outside the CO region, in the outer regions of the 
molecular cloud where the gas phase carbon resides in C or C+. Here, H2 self-
shields or is shielded by dust from UV photodissociation, whereas CO is 
photodissociated. This H2 gas is “dark” in molecular transitions because of the 
absence of CO and other trace molecules.” (Wolfire+10)

PLANCK Coll. ER 2011This fraction can be even more 
abundant than CO-traced H2 (along 

specific LOS)!!!

3. Does CO trace perfectly all the H2 in a given line of 
sight?

Molecular clouds: limitations (that we have to deal with):

See lecture from 
Simon Glover



“A significant H2 mass may lie outside the CO region, in the outer regions of the 
molecular cloud where the gas phase carbon resides in C or C+. Here, H2 self-
shields or is shielded by dust from UV photodissociation, whereas CO is 
photodissociated. This H2 gas is “dark” in molecular transitions because of the 
absence of CO and other trace molecules.” (Wolfire+10)

This fraction can be even more 
abundant than CO-traced H2 (along 

specific LOS)!!!

However, this is highly dependent to 
the density of the region: high 

density (high visual extinction AV) 
are less affected

Wolfire+10, Grenier+05

“Typical” AV range 
of the MC edges

3. Does CO trace perfectly all the H2 in a given line of 
sight?

Molecular clouds: limitations (that we have to deal with):



“A significant H2 mass may lie outside the CO region, in the outer regions of the 
molecular cloud where the gas phase carbon resides in C or C+. Here, H2 self-
shields or is shielded by dust from UV photodissociation, whereas CO is 
photodissociated. This H2 gas is “dark” in molecular transitions because of the 
absence of CO and other trace molecules.” (Wolfire+10)

This fraction can be even more 
abundant than CO-traced H2 (along 

specific LOS)!!!

However, this is highly dependent to 
the density of the region: high 

density (high visual extinction AV) 
are less affected

Of course, these studies must assume 
a ~XCO conversion factor… Wolfire+10, Grenier+05

“Typical” AV range 
of the MC edges

3. Does CO trace perfectly all the H2 in a given line of 
sight?

Molecular clouds: limitations (that we have to deal with):



Molecular clouds: how do we observe them?

However, given all the limitations and assumptions:

1. algorithm used to extract clouds in TB 
2. XCO conversion factor 
3. CO-dark gas

We can now:
 

• identify CO molecular clouds

• estimate the H2 clouds physical (e.g. mass, radius 
column density) and dynamical (e.g. velocity dispersion, 
virial parameter) properties

• derive the physics of the formation at the cloud scales



Star-forming regions, clumps and cores - outline 

Ø How do we observe star-forming regions in our own Galaxy?
 
Ø Cold (and Warm) HI: the building blocks of star-forming regions

Ø From HI to H2: the transition phase to molecular clouds

Ø From H2 to CO: why this molecule is so crucial for observations (and 
all the limitations…)

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

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

Ø Pc-scales clumps: the nursery home of stars and protoclusters

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



The most complete composite survey of 12CO (1-0) across the Milky Way Galaxy to date 
(Miville-Deschenes+17, using the same dataset of Dame+01)

Observational
properties

Values

Beam ~8.5’

Coverage b ± 5°

Vlsr range ~ ±165 km/S

R.M.S. ~0.1 K

Δv ~1.3 km/s

Dame+01; Miville-Deschenes+17

8107 “molecular clouds”

Molecular clouds from CO: physical properties



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

 
• WCO (per pixel and tot)
• total # pixels Npix
• brightness temperature TB
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)
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Molecular clouds from CO: physical properties
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⌃ = NH22µmH

For each cloud we now know
 
• WCO (per pixel and tot)
• total # pixels Npix
• brightness temperature TB
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A = Npixd⌦

M☉ pc-2

cm-2
See lecture from 

Ralf Klessen



Molecular clouds from CO: physical properties
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For each cloud we now know
 
• WCO (per pixel and tot)
• total # pixels Npix
• brightness temperature TB
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<latexit sha1_base64="cMonyKwm1mRRXUL89lDuyNisFkY=">AAACE3icbVC7TsNAEDyHd3gFKCk4ESFRBRshoEHi0VACIiFSHEXrYxNOOZ/N3RoJWS75BL6CFio6RMsHUPAv2CEFr6lGM7va2QliJS257rtTGhkdG5+YnCpPz8zOzVcWFhs2SozAuohUZJoBWFRSY50kKWzGBiEMFF4E/aPCv7hBY2Wkz+k2xnYIPS27UgDlUqeyctZJ/RDoyoQp6F6W8T3u22tD6cGGH8usU6m6NXcA/pd4Q1JlQ5x0Kh/+ZSSSEDUJBda2PDemdgqGpFCYlf3EYgyiDz1s5VRDiLadDh7J+FpigSIeo+FS8YGI3zdSCK29DYN8sshsf3uF+J/XSqi7206ljhNCLYpDJBUODllhZN4Q8ktpkAiK5Mil5gIMEKGRHITIxSSvrJz34f3+/i9pbNa87dr26VZ1/3DYzCRbZqtsnXlsh+2zY3bC6kywO/bAHtmTc+88Oy/O69doyRnuLLEfcN4+AQbtnm0=</latexit>

Rang =
p
A/⇡ Rad

area of the clouds
<latexit sha1_base64="1EZEtawIzNB2KR8X42E8M/JdV3A=">AAACD3icbVC7TsNAEDzzDOEVoExzIkKiimyEAg0Sj4YKgkQCUmxF68sSTtzZ1t0agawUfAJfQQsVHaLlEyj4F+yQgtdUo5ld7eyEiZKWXPfdGRufmJyaLs2UZ+fmFxYrS8ttG6dGYEvEKjbnIVhUMsIWSVJ4nhgEHSo8C68OCv/sGo2VcXRKtwkGGvqRvJACKJe6leoe3+FH3czXQJdGZ4m8GQx6/rHGPnQrNbfuDsH/Em9EamyEZrfy4fdikWqMSCiwtuO5CQUZGJJC4aDspxYTEFfQx05OI9Bog2z4xICvpRYo5gkaLhUfivh9IwNt7a0O88kiq/3tFeJ/Xieli+0gk1GSEkaiOERS4fCQFUbm7SDvSYNEUCRHLiMuwAARGslBiFxM87rKeR/e7+//kvZG3WvUGyebtd39UTMlVmWrbJ15bIvtskPWZC0m2B17YI/sybl3np0X5/VrdMwZ7aywH3DePgF4fZyD</latexit>

A = Npixd⌦

cm-2

If we know the distance D 
of a given cloud (…)

<latexit sha1_base64="/YdqZaZHLBRRVz9Ie/TgQzk9CMY=">AAACF3icbVC7TsNAEDzzJrwClDQnIiSqyI5QoEFC0FCCRCBSbFnnyyY55e5s3a2RIssfwCfwFbRQ0SFaSgr+BTu44DXVaGZWuztRIoVF1313Zmbn5hcWl5ZrK6tr6xv1za1rG6eGQ4fHMjbdiFmQQkMHBUroJgaYiiTcROOz0r+5BWNFrK9wkkCg2FCLgeAMCymsN3wziukx9VVKWyrMklyHma8YjozKzvMwa+V5kXKb7hT0L/Eq0iAVLsL6h9+PeapAI5fM2p7nJhhkzKDgEvKan1pIGB+zIfQKqpkCG2TTZ3K6l1qGMU3AUCHpVITvExlT1k5UVCTLM+1vrxT/83opDo6CTOgkRdC8XIRCwnSR5UYULQHtCwOIrLwcqNCUM8MQwQjKOC/EtKitVvTh/f7+L7luNb12s3150Dg5rZpZIjtkl+wTjxySE3JOLkiHcHJHHsgjeXLunWfnxXn9is441cw2+QHn7RPcTJ/y</latexit>

⇢ = µ2mpnH2 M☉ pc-3

See lecture from 
Ralf Klessen



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

Inner Galaxy

Outer Galaxy

Total

0.0002         0.002              0.02
Σ (g cm-2)



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

 
• WCO (per pixel and tot)
• total # pixels Npix
• brightness temperature TB

T B
 (K

)

T B
 (K

)

T B
 (K

)

Moment 0 Moment 1 Moment 2

G310 (Yang+23)

<latexit sha1_base64="Ucu9eqRz8RYfbIA3WLyVW1Bc0lI="></latexit>

W i
CO

(l, b) =
p

(2⇡)Ai�i dv

𝜎2
tot =



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

 
• WCO (per pixel and tot)
• total # pixels Npix
• brightness temperature TB

T B
 (K

)

T B
 (K

)

T B
 (K

)

Moment 0 Moment 1 Moment 2

G310 (Yang+23)

<latexit sha1_base64="Ucu9eqRz8RYfbIA3WLyVW1Bc0lI="></latexit>

W i
CO

(l, b) =
p

(2⇡)Ai�i dv

𝜎2
tot =

<latexit sha1_base64="53kCV5GhmJc5jKTJ3KklGvLn2hM=">AAACRHicbZBNS8NAEIY3flu/qh69LBZBEEoiol4E0YvHClaFtpbJOtbF3U3YnQgS8rf8Cf4HQY968iZexaRG0NY5vbzPDDPzhrGSjnz/0RsZHRufmJyarszMzs0vVBeXTl2UWIFNEanInofgUEmDTZKk8Dy2CDpUeBbeHBb87Batk5E5obsYOxp6Rl5JAZRb3Wqj7WRPQzdta6Brq1OKKMsu0s2M7/FBZui6ZBtD7Ad1qzW/7veLD4ugFDVWVqNbfW5fRiLRaEgocK4V+DF1UrAkhcKs0k4cxiBuoIetXBrQ6Dpp//OMryUOKOIxWi4V75v4eyIF7dydDvPO4k43yArzP9ZK6Gq3k0oTJ4RGFItIKuwvcsLKPFLkl9IiERSXI5eGC7BAhFZyECI3kzzjSp5HMPj9sDjdrAfb9e3jrdr+QZnMFFthq2ydBWyH7bMj1mBNJtg9e2Iv7NV78N68d+/ju3XEK2eW2Z/yPr8AayO0Ow==</latexit>

�2
tot = �2

nth + �2
th❓



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

 
• WCO (per pixel and tot)
• total # pixels Npix
• brightness temperature TB

T B
 (K

)

T B
 (K

)

T B
 (K

)

Moment 0 Moment 1 Moment 2

G310 (Yang+23)

<latexit sha1_base64="Ucu9eqRz8RYfbIA3WLyVW1Bc0lI="></latexit>

W i
CO

(l, b) =
p

(2⇡)Ai�i dv

𝜎2
tot =

<latexit sha1_base64="53kCV5GhmJc5jKTJ3KklGvLn2hM=">AAACRHicbZBNS8NAEIY3flu/qh69LBZBEEoiol4E0YvHClaFtpbJOtbF3U3YnQgS8rf8Cf4HQY968iZexaRG0NY5vbzPDDPzhrGSjnz/0RsZHRufmJyarszMzs0vVBeXTl2UWIFNEanInofgUEmDTZKk8Dy2CDpUeBbeHBb87Batk5E5obsYOxp6Rl5JAZRb3Wqj7WRPQzdta6Brq1OKKMsu0s2M7/FBZui6ZBtD7Ad1qzW/7veLD4ugFDVWVqNbfW5fRiLRaEgocK4V+DF1UrAkhcKs0k4cxiBuoIetXBrQ6Dpp//OMryUOKOIxWi4V75v4eyIF7dydDvPO4k43yArzP9ZK6Gq3k0oTJ4RGFItIKuwvcsLKPFLkl9IiERSXI5eGC7BAhFZyECI3kzzjSp5HMPj9sDjdrAfb9e3jrdr+QZnMFFthq2ydBWyH7bMj1mBNJtg9e2Iv7NV78N68d+/ju3XEK2eW2Z/yPr8AayO0Ow==</latexit>
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tot = �2
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th



Molecular clouds from CO: physical and kinematic properties

8107 “molecular clouds”

Miville-Dechenes+17

𝜎tot

For T = 10 K        𝜎th ~ 0.1 km/s 



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

 
• WCO (per pixel and tot)
• total # pixels Npix
• brightness temperature TB
• M, R, 𝜎 → Σ, 𝜌, nH2

T B
 (K

)

T B
 (K

)

T B
 (K

)

We can now estimate parameters that correlate these quantities, among which the 
most important to us are:

<latexit sha1_base64="fF2vRSm7QA58+BKKzNVPz1Ve5L4=">AAACIXicbVDLSgNBEJz1bXxFPXoZDIIXw66KehFED3pUMImQDaF37E0GZx/O9Aoy7Ff4CX6FVz15E28i/ou7MQdfdSqquumuClIlDbnumzMyOjY+MTk1XZmZnZtfqC4uNU2SaYENkahEXwRgUMkYGyRJ4UWqEaJAYSu4Oir91g1qI5P4nG5T7ETQi2UoBVAhdasb1LV+BNTXkQ3DPOf73DfXmqwfahB2y09lbrc2j33dT/K8W625dXcA/pd4Q1JjQ5x2qx/+ZSKyCGMSCoxpe25KHQuapFCYV/zMYAriCnrYLmgMEZqOHcTK+VpmgBKeouZS8YGI3zcsRMbcRkExWSYwv71S/M9rZxTudayM04wwFuUhkgoHh4zQsugL+aXUSATl58hlzAVoIEItOQhRiFlRYKXow/ud/i9pbta9nfrO2Xbt4HDYzBRbYatsnXlslx2wE3bKGkywO/bAHtmTc+88Oy/O69foiDPcWWY/4Lx/AshbpK0=</latexit>

t↵ =

r
3⇡

32G⇢

<latexit sha1_base64="5VFN2+63aoGSIUCybrfH6itj9To=">AAACHnicbVDLSgNBEJz1bXxFPXoZDIJ4CLui0YsgetCLoGJUyMbQO+kkQ2YfzPQGwrL/4Cf4FV715E286sF/cTfmoMY6FVXddFd5kZKGbPvDGhufmJyanpktzM0vLC4Vl1euTRhrgVURqlDfemBQyQCrJEnhbaQRfE/hjdc9zv2bHmojw+CK+hHWfWgHsiUFUCY1ilsuqKgDjaQndcoPuNvSIJJd18i2n6vpXbKdXqbJyVnaKJbssj0AHyXOkJTYEOeN4qfbDEXsY0BCgTE1x46onoAmKRSmBTc2GIHoQhtrGQ3AR1NPBplSvhEboJBHqLlUfCDiz40EfGP6vpdN+kAd89fLxf+8Wkyt/XoigygmDER+iKTCwSEjtMzKQt6UGokg/xy5DLgADUSoJQchMjHO2itkfTh/04+S6+2yUylXLnZKh0fDZmbYGltnm8xhe+yQnbJzVmWC3bNH9sSerQfrxXq13r5Hx6zhzir7Bev9C+8foys=</latexit>

↵vir =
5�2

vR

GM
Free-fall time Virial parameter
See lecture from 
Patrick Hennebelle

See lecture from 
Ralf Klessen



Free-fall time and SFR

tff is defined as the time needed for a cloud of mass M to 
collapse entirely under the only action of its own gravitational 
force. For all our CO clouds therefore:

<latexit sha1_base64="Aozf3KWSB9ipQ4LHWsG64Y8W3Mo="></latexit>

t↵ =

r
3⇡

32G⇢
' 1.0⇥ 107 yr

<latexit sha1_base64="GB51Z40ZjcIRg7QOokqDCW+bjeA="></latexit>

Mtot ' 1.6⇥ 109 M�

We can introduce the total star formation rate (SFR) of our Galaxy 

if all CO clouds are collapsing under their own gravity
<latexit sha1_base64="WdCD/ds5G8ML3yANMKgQo7P2Afo="></latexit>

SFR =
Mtot

t↵
' 160 M� yr�1



The MEASURED SFR 
across the 

Galaxy 

Elia+22

Free-fall time and SFR

If all CO clouds are collapsing under their own gravity

<latexit sha1_base64="WdCD/ds5G8ML3yANMKgQo7P2Afo="></latexit>

SFR =
Mtot

t↵
' 160 M� yr�1

See lecture from
Patrick Hennebelle 

Davide Elia



<latexit sha1_base64="WdCD/ds5G8ML3yANMKgQo7P2Afo="></latexit>

SFR =
Mtot

t↵
' 160 M� yr�1

The MEASURED SFR across the Galaxy  
<latexit sha1_base64="ykgC2gvi+nUELv3ldxWRKqOMBbs=">AAACJHicbVDLSsNAFJ3UV62vqks3g0Vw05KIVJdFN26ECvYBTS2T6W0dnEnizI1QQn7DT/Ar3OrKnbhwod9iUgtq61kdzrmXe+7xQikM2va7lZubX1hcyi8XVlbX1jeKm1tNE0SaQ4MHMtBtjxmQwocGCpTQDjUw5UloeTenmd+6A21E4F/iKISuYkNfDARnmEq9ou0aoeCWOuUDl7qK4bVW8XnSi92gH2Dyo410chWXnaRXLNkVeww6S5wJKZEJ6r3ih9sPeKTARy6ZMR3HDrEbM42CS0gKbmQgZPyGDaGTUp8pMN14/FlC9yLDMKAhaCokHYvweyNmypiR8tLJLKeZ9jLxP68T4eC4Gws/jBB8nh1CIWF8yHAt0sqA9oUGRJYlByp8yplmiKAFZZynYpR2WEj7cKa/nyXNg4pTrVQvDku1k0kzebJDdsk+ccgRqZEzUicNwsk9eSRP5Nl6sF6sV+vtezRnTXa2yR9Yn18Xc6VN</latexit>

' 1� 2 M� yr�1

What it slowing down the clouds gravitational collapse???

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

Which leads to a star formation efficiency SFE ~1%

Free-fall time and SFR

If all CO clouds are collapsing under their own gravity



Turbulence in the ISM?

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

Vazquez-Semadeni+2019

Padoan+2020

100% turbulence 100% gravity



Larson 1981

Turbulence in the ISM?
“Turbulence is characterised by chaotic motions in a fluid that lead to 
diffusion of matter and dissipation of kinetic energy” Falceta-Goncalves+14

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

If we assume that the (non-thermal) 
motions of the (incompressible) ISM are 
driven by large-scale Galactic turbulence 
we can measure:

• the velocity dispersion 𝜎 of the 
molecular clouds estimated from the CO 
spectra

• l (or R) as the size of the CO 
molecular cloud

<latexit sha1_base64="qYBvFGFCe9ZXTsFgzMVFpVR9KQI="></latexit>

� ' 1.1 km s�1

✓
l

1 pc

◆0.38Kolmogorov turbulence
<latexit sha1_base64="IOnNeziamthwLAtQ2eSbr/PAlV0=">AAACE3icbVC7TsMwFHV4lvIqMDJgUSExlQQQMCJYGAuipVJTqhv3UizsJNg3SCjqyCfwFawwsSFWPoCBfyENGXidwTo65758glhJS6777oyMjo1PTJamytMzs3PzlYXFpo0SI7AhIhWZVgAWlQyxQZIUtmKDoAOFZ8HV4dA/u0FjZRSe0m2MHQ39UF5IAZRJ3cqKn89IDfYGvpV9Ddmr8ZqfnKfextagW6m6NTcH/0u8glRZgXq38uH3IpFoDEkosLbtuTF1UjAkhcJB2U8sxiCuoI/tjIag0XbS/IgBX0ssUMRjNFwqnov4vSMFbe2tDrJKDXRpf3tD8T+vndDFXieVYZwQhmK4iKTCfJEVRmYJIe9Jg0QwvBy5DLkAA0RoJAchMjHJIitneXi/f/+XNDdr3k5t53i7un9QJFNiy2yVrTOP7bJ9dsTqrMEEu2MP7JE9OffOs/PivH6VjjhFzxL7AeftE/1onmI=</latexit>

� ' R1/3

See lectures from 
Jennifer Schober - Blakesley Burkhart - Sébastien Galtier



Turbulence in the ISM?

If we assume that the (non-thermal) 
motions of the ISM are driven by large-
scale Galactic supersonic motions under 
shocks we can measure:

• the velocity dispersion 𝜎 of the 
molecular clouds estimated from the CO 
spectra

• l (or R) as the size of the CO 
molecular cloud

<latexit sha1_base64="VOejwsQAHWyn6ctwghG4/Qj07hQ="></latexit>

� ' 1 km s�1

✓
l

1 pc

◆0.5

Solomon+1987

Burgers turbulence
<latexit sha1_base64="rDma2Vj+hTmwraBHXO2WMpsoVz4=">AAACFXicbVC7TsMwFHV4lvIqMLIYKiSmkiAEjAgWxoIoVGpLdePeFgvbCfYNEoo68wl8BStMbIiVmYF/IQ0doHAG6+ic+/IJYyUd+f6HNzY+MTk1XZgpzs7NLyyWlpbPXZRYgTURqcjWQ3CopMEaSVJYjy2CDhVehNdHA//iFq2TkTmjuxhbGnpGdqUAyqR2aa2Zz0h7FtH0m072NGSvxht+epkGW9v9dqnsV/wc/C8JhqTMhqi2S5/NTiQSjYaEAucagR9TKwVLUijsF5uJwxjENfSwkVEDGl0rzc/o843EAUU8Rsul4rmIPztS0M7d6TCr1EBXbtQbiP95jYS6+61UmjghNGKwiKTCfJETVmYZIe9Ii0QwuBy5NFyABSK0koMQmZhkoRWzPILR3/8l59uVYLeye7JTPjgcJlNgq2ydbbKA7bEDdsyqrMYEu2eP7Ik9ew/ei/fqvX2XjnnDnhX2C977F65on0s=</latexit>

� ' R1/2

Also called Larson 1st relation

“Turbulence is characterised by chaotic motions in a fluid that lead to 
diffusion of matter and dissipation of kinetic energy” Falceta-Goncalves+14

“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



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 R and velocity dispersion 𝜎

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

Kinetic energy (∝ 𝜎2)

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

<latexit sha1_base64="R/fElxmRF3VACIVa7oXHSNHMgRk="></latexit>

↵vir =
5�2

vR

GM
= 2a

Ekin

EG

See lecture from  Ralf Klessen



Virial parameter

Very naively 
speaking:

<latexit sha1_base64="3H3Lxvpyutzr96YcCw1/w9v+ABA=">AAACBnicbVC7TgJBFJ3FF+ILsbSZSEysyK4xaEFBtLHERB4JEHJ3uMCE2Udm7hLJht6vsNXKztj6Gxb+i8tKoeCpTs65N/fc44ZKGrLtTyuztr6xuZXdzu3s7u0f5A8LDRNEWmBdBCrQLRcMKuljnSQpbIUawXMVNt3xzdxvTlAbGfj3NA2x68HQlwMpgBKply90QIUj6MUTqWe8UuEO7+WLdslOwVeJsyBFtkCtl//q9AMReeiTUGBM27FD6sagSQqFs1wnMhiCGMMQ2wn1wUPTjdPsM34aGaCAh6i5VDwV8fdGDJ4xU89NJj2gkVn25uJ/XjuiwVU3ln4YEfpifoikwvSQEVompSDvS41EME+OXPpcgAYi1JKDEIkYJS3lkj6c5e9XSeO85JRL5buLYvV60UyWHbMTdsYcdsmq7JbVWJ0J9sCe2DN7sR6tV+vNev8ZzViLnSP2B9bHN3FAmAI=</latexit>

↵vir << 1

<latexit sha1_base64="kWNLVEznig0BqYzgD2dhAlC//bc=">AAACBnicbVC7TgJBFJ3FF+ILsbSZSEysyK4xaEWINpaYyCMBQu4OF5gw+8jMXSLZ0PsVtlrZGVt/w8J/cVkpFDzVyTn35p573FBJQ7b9aWXW1jc2t7LbuZ3dvf2D/GGhYYJIC6yLQAW65YJBJX2skySFrVAjeK7Cpju+mfvNCWojA/+epiF2PRj6ciAFUCL18oUOqHAEvXgi9YxXKtzhvXzRLtkp+CpxFqTIFqj18l+dfiAiD30SCoxpO3ZI3Rg0SaFwlutEBkMQYxhiO6E+eGi6cZp9xk8jAxTwEDWXiqci/t6IwTNm6rnJpAc0MsveXPzPa0c0uOrG0g8jQl/MD5FUmB4yQsukFOR9qZEI5smRS58L0ECEWnIQIhGjpKVc0oez/P0qaZyXnHKpfHdRrF4vmsmyY3bCzpjDLlmV3bIaqzPBHtgTe2Yv1qP1ar1Z7z+jGWuxc8T+wPr4BneKmAY=</latexit>

↵vir >> 1

IF the kinetic energy is 
generated by a force that acts as 
a support against the (global) 
collapse e.g. ISM turbulence →

Ekin and EG are in competition 
within each cloud:

Ekin << EG  the cloud is globally    
      prone to the gravitational 

     collapse

Ekin << EG  the turbulent motions are 
     dominating. The cloud is           
     not bound and may dissolve

<latexit sha1_base64="4H2SWj07BTG+6wHYk04Qbvo5beY=">AAACBnicbVC7TgJBFJ3FF+ILsbSZSEysyK4xaEm0scREHglsyN3hAhNmH5m5SyQber/CVis7Y+tvWPgvLriFgqc6Oefe3HOPFylpyLY/rdza+sbmVn67sLO7t39QPCw1TRhrgQ0RqlC3PTCoZIANkqSwHWkE31PY8sY3c781QW1kGNzTNELXh2EgB1IApVKvWOqCikbQSyZSz7pG+tzpFct2xV6ArxInI2WWod4rfnX7oYh9DEgoMKbj2BG5CWiSQuGs0I0NRiDGMMROSgPw0bjJIvuMn8YGKOQRai4VX4j4eyMB35ip76WTPtDILHtz8T+vE9Pgyk1kEMWEgZgfIqlwccgILdNSkPelRiKYJ0cuAy5AAxFqyUGIVIzTlgppH87y96ukeV5xqpXq3UW5dp01k2fH7ISdMYddshq7ZXXWYII9sCf2zF6sR+vVerPef0ZzVrZzxP7A+vgG5cqY7w==</latexit>

↵vir ⇠ 1 Ekin ~ EG  the cloud are near virial      
    equilibrium: it could

     slowly collapse

<latexit sha1_base64="R/fElxmRF3VACIVa7oXHSNHMgRk="></latexit>
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See lecture from  Ralf Klessen



Are clouds nearby near virial equilibrium?

<latexit sha1_base64="zLt9ejgOUrTNDyFs9GTj9IzXDOg=">AAACDXicbVC7TsNAEDzzDOEVoEI0JyIkqshGECgjaCgDIg8pDtH6WMKJs326W0eKrIhP4CtooaJDtHwDBf+CHVLwmmo0s6vZnUAracl1352p6ZnZufnCQnFxaXlltbS23rRxYgQ2RKxi0w7AopIRNkiSwrY2CGGgsBXcnuR+a4DGyji6oKHGbgj9SF5LAZRJvdKmb2U/hF46GPnaxJpifn6ZupWDUa9UdivuGPwv8SakzCao90of/lUskhAjEgqs7Xiupm4KhqRQOCr6iUUN4hb62MloBCHabjp+YcR3EgtZtkbDpeJjEb9vpBBaOwyDbDIEurG/vVz8z+skdH3UTWWkE8JI5EEkFY6DrDAy6wb5lTRIBPnlyGXEBRggQiM5CJGJSVZWMevD+/39X9Lcq3jVSvVsv1w7njRTYFtsm+0yjx2yGjtlddZggt2xB/bInpx759l5cV6/Rqecyc4G+wHn7RMsXJvK</latexit>

�v / R0.5

<latexit sha1_base64="8zznlXpM9NdN6jF1QSci3dc2gZc="></latexit>

↵vir =
5�2

vR

GM
= 1

<latexit sha1_base64="2UrKoXebpCIGc6+8nQvOjcqg+C8=">AAACDHicbVA9SwNBEN3z2/gVtRFsFoNgddwFURtBtLERVEwiJGeYWydxcW/v2J0T5Dh/gr/CVis7sfU/WPhfvMQUmviqx3szzLwXJkpa8rxPZ2x8YnJqema2NDe/sLhUXl6p2zg1AmsiVrG5DMGikhprJEnhZWIQolBhI7w96vmNOzRWxvqC7hMMIuhq2ZECqJDa5bVWx4DIzq+yap5nJznf5yLWltx2ueK5Xh98lPgDUmEDnLbLX63rWKQRahIKrG36XkJBBoakUJiXWqnFBMQtdLFZUA0R2iDrJ8j5ZmqBYp6g4VLxvoi/NzKIrL2PwmIyArqxw15P/M9rptTZCzKpk5RQi94hkgr7h6wwsqgG+bU0SAS9z5FLzQUYIEIjOQhRiGnRVanowx9OP0rqVdffcXfOtisHh4NmZtg622BbzGe77IAds1NWY4I9sCf2zF6cR+fVeXPef0bHnMHOKvsD5+Mb3iybDA==</latexit>

R2

M
= const.

<latexit sha1_base64="VFj3dC8HYUF2B0+GhNB7aTQxc1Q=">AAACGnicbVC7TsNAEDzzDOEVoKQ5EYGoIhshoEFC0NAg8UpAikO0vmzCifPZulsjRZb/gE/gK2ihokO0NBT8C05IAQlTjWZ2tTsTxEpact1PZ2x8YnJqujBTnJ2bX1gsLS3XbJQYgVURqchcB2BRSY1VkqTwOjYIYaDwKrg76vlX92isjPQldWNshNDRsi0FUC41Sxt+24BIT7J0248lP79Jt7KM73P/QnZCyImItKVKs1R2K24ffJR4A1JmA5w2S19+KxJJiJqEAmvrnhtTIwVDUijMin5iMQZxBx2s51RDiLaR9vNkfD2xQBGP0XCpeF/E3xsphNZ2wyCfDIFu7bDXE//z6gm19xqp1HFCqEXvEEmF/UNWGJkXhbwlDRJB73PkUnMBBojQSA5C5GKSN1fM+/CG04+S2lbF26nsnG2XDw4HzRTYKltjm8xju+yAHbNTVmWCPbAn9sxenEfn1Xlz3n9Gx5zBzgr7A+fjGznBn+s=</latexit>

M

4⇡R2
= ⌃ = const.

3rd  Larson relation

<latexit sha1_base64="RcznpqFRCkXA4cc9v7r9F7RTI/Q=">AAACE3icbVC7TsNAEDzzDOEVoKTgRIREFdkIBcoIGhokXgGkOETryyaccrZPd2ukyHLJJ/AVtFDRIVo+gIJ/wQkpgDDVaGZXuzOBVtKS6344E5NT0zOzhbni/MLi0nJpZfXSxokRWBexis11ABaVjLBOkhRea4MQBgqvgt7hwL+6Q2NlHF1QX2MzhG4kO1IA5VKrtOF3DIj0OEvPbtKdLOO+NrGm2Of+ueyG0CqV3Yo7BB8n3oiU2QgnrdKn345FEmJEQoG1Dc/V1EzBkBQKs6KfWNQgetDFRk4jCNE202GQjG8lFijmGg2Xig9F/LmRQmhtPwzyyRDo1v71BuJ/XiOhzn4zlZFOCCMxOERS4fCQFUbmDSFvS4NEMPgcuYy4AANEaCQHIXIxySsr5n14f9OPk8udiletVE93y7WDUTMFts422Tbz2B6rsSN2wupMsHv2yJ7Ys/PgvDivztv36IQz2lljv+C8fwEAy55p</latexit>

M

R2
/ ⌃

1st Larson relation

2nd Larson relation



Molecular clouds from CO: Mass – Radius relation

<latexit sha1_base64="zLt9ejgOUrTNDyFs9GTj9IzXDOg=">AAACDXicbVC7TsNAEDzzDOEVoEI0JyIkqshGECgjaCgDIg8pDtH6WMKJs326W0eKrIhP4CtooaJDtHwDBf+CHVLwmmo0s6vZnUAracl1352p6ZnZufnCQnFxaXlltbS23rRxYgQ2RKxi0w7AopIRNkiSwrY2CGGgsBXcnuR+a4DGyji6oKHGbgj9SF5LAZRJvdKmb2U/hF46GPnaxJpifn6ZupWDUa9UdivuGPwv8SakzCao90of/lUskhAjEgqs7Xiupm4KhqRQOCr6iUUN4hb62MloBCHabjp+YcR3EgtZtkbDpeJjEb9vpBBaOwyDbDIEurG/vVz8z+skdH3UTWWkE8JI5EEkFY6DrDAy6wb5lTRIBPnlyGXEBRggQiM5CJGJSVZWMevD+/39X9Lcq3jVSvVsv1w7njRTYFtsm+0yjx2yGjtlddZggt2xB/bInpx759l5cV6/Rqecyc4G+wHn7RMsXJvK</latexit>

�v / R0.5

<latexit sha1_base64="8zznlXpM9NdN6jF1QSci3dc2gZc=">AAACI3icbVC7TsNAEDzzJrwClDQnIiSqYEe8GiQEBTRIgAiJFIdofdkkp5wfulsjIcufwSfwFbRQ0SEaCv4FO6SAhKlGM7vanfEiJQ3Z9qc1MTk1PTM7N19YWFxaXimurt2aMNYCqyJUoa57YFDJAKskSWE90gi+p7Dm9U9zv3aP2sgwuKGHCJs+dAPZkQIok1rFHRdU1INWci91yo+429Egkj3XyK6fq+ldUkn5dZqcXeS20y qW7LI9AB8nzpCU2BCXreKX2w5F7GNAQoExDceOqJmAJikUpgU3NhiB6EMXGxkNwEfTTAbBUr4VG6CQR6i5VHwg4u+NBHxjHnwvm/SBembUy8X/vEZMncNmIoMoJgxEfoikwsEhI7TMGkPelhqJIP8cuQy4AA1EqCUHITIxziosZH04o+nHyW2l7OyX9692S8cnw2bm2AbbZNvMYQfsmJ2zS1Zlgj2yZ/bCXq0n6816tz5+Ries4c46+wPr6xs8raQr</latexit>

↵vir =
5�2

vR

GM
= 1

Do they correctly 
describe the 

interplay between 
gravity and 

turbulence in MCs?

 First works in 
12CO (1-0) seemed to 

confirm that

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

Solomon et al. 1987

<latexit sha1_base64="VFj3dC8HYUF2B0+GhNB7aTQxc1Q=">AAACGnicbVC7TsNAEDzzDOEVoKQ5EYGoIhshoEFC0NAg8UpAikO0vmzCifPZulsjRZb/gE/gK2ihokO0NBT8C05IAQlTjWZ2tTsTxEpact1PZ2x8YnJqujBTnJ2bX1gsLS3XbJQYgVURqchcB2BRSY1VkqTwOjYIYaDwKrg76vlX92isjPQldWNshNDRsi0FUC41Sxt+24BIT7J0248lP79Jt7KM73P/QnZCyImItKVKs1R2K24ffJR4A1JmA5w2S19+KxJJiJqEAmvrnhtTIwVDUijMin5iMQZxBx2s51RDiLaR9vNkfD2xQBGP0XCpeF/E3xsphNZ2wyCfDIFu7bDXE//z6gm19xqp1HFCqEXvEEmF/UNWGJkXhbwlDRJB73PkUnMBBojQSA5C5GKSN1fM+/CG04+S2lbF26nsnG2XDw4HzRTYKltjm8xju+yAHbNTVmWCPbAn9sxenEfn1Xlz3n9Gx5zBzgr7A+fjGznBn+s=</latexit>

M

4⇡R2
= ⌃ = const.

<latexit sha1_base64="RcznpqFRCkXA4cc9v7r9F7RTI/Q=">AAACE3icbVC7TsNAEDzzDOEVoKTgRIREFdkIBcoIGhokXgGkOETryyaccrZPd2ukyHLJJ/AVtFDRIVo+gIJ/wQkpgDDVaGZXuzOBVtKS6344E5NT0zOzhbni/MLi0nJpZfXSxokRWBexis11ABaVjLBOkhRea4MQBgqvgt7hwL+6Q2NlHF1QX2MzhG4kO1IA5VKrtOF3DIj0OEvPbtKdLOO+NrGm2Of+ueyG0CqV3Yo7BB8n3oiU2QgnrdKn345FEmJEQoG1Dc/V1EzBkBQKs6KfWNQgetDFRk4jCNE202GQjG8lFijmGg2Xig9F/LmRQmhtPwzyyRDo1v71BuJ/XiOhzn4zlZFOCCMxOERS4fCQFUbmDSFvS4NEMPgcuYy4AANEaCQHIXIxySsr5n14f9OPk8udiletVE93y7WDUTMFts422Tbz2B6rsSN2wupMsHv2yJ7Ys/PgvDivztv36IQz2lljv+C8fwEAy55p</latexit>

M

R2
/ ⌃ 3rd  Larson relation

1st Larson relation

2nd Larson relation



Molecular clouds from CO: Mass – Radius relation

<latexit sha1_base64="8zznlXpM9NdN6jF1QSci3dc2gZc=">AAACI3icbVC7TsNAEDzzJrwClDQnIiSqYEe8GiQEBTRIgAiJFIdofdkkp5wfulsjIcufwSfwFbRQ0SEaCv4FO6SAhKlGM7vanfEiJQ3Z9qc1MTk1PTM7N19YWFxaXimurt2aMNYCqyJUoa57YFDJAKskSWE90gi+p7Dm9U9zv3aP2sgwuKGHCJs+dAPZkQIok1rFHRdU1INWci91yo+429Egkj3XyK6fq+ldUkn5dZqcXeS20y qW7LI9AB8nzpCU2BCXreKX2w5F7GNAQoExDceOqJmAJikUpgU3NhiB6EMXGxkNwEfTTAbBUr4VG6CQR6i5VHwg4u+NBHxjHnwvm/SBembUy8X/vEZMncNmIoMoJgxEfoikwsEhI7TMGkPelhqJIP8cuQy4AA1EqCUHITIxziosZH04o+nHyW2l7OyX9692S8cnw2bm2AbbZNvMYQfsmJ2zS1Zlgj2yZ/bCXq0n6816tz5+Ries4c46+wPr6xs8raQr</latexit>

↵vir =
5�2

vR

GM
= 1

Do they correctly 
describe the 

interplay between 
gravity and 

turbulence in MCs?

 First works in 
12CO (1-0) seemed to 

confirm that

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

Solomon et al. 1987

<latexit sha1_base64="zLt9ejgOUrTNDyFs9GTj9IzXDOg=">AAACDXicbVC7TsNAEDzzDOEVoEI0JyIkqshGECgjaCgDIg8pDtH6WMKJs326W0eKrIhP4CtooaJDtHwDBf+CHVLwmmo0s6vZnUAracl1352p6ZnZufnCQnFxaXlltbS23rRxYgQ2RKxi0w7AopIRNkiSwrY2CGGgsBXcnuR+a4DGyji6oKHGbgj9SF5LAZRJvdKmb2U/hF46GPnaxJpifn6ZupWDUa9UdivuGPwv8SakzCao90of/lUskhAjEgqs7Xiupm4KhqRQOCr6iUUN4hb62MloBCHabjp+YcR3EgtZtkbDpeJjEb9vpBBaOwyDbDIEurG/vVz8z+skdH3UTWWkE8JI5EEkFY6DrDAy6wb5lTRIBPnlyGXEBRggQiM5CJGJSVZWMevD+/39X9Lcq3jVSvVsv1w7njRTYFtsm+0yjx2yGjtlddZggt2xB/bInpx759l5cV6/Rqecyc4G+wHn7RMsXJvK</latexit>

�v / R0.5

<latexit sha1_base64="VFj3dC8HYUF2B0+GhNB7aTQxc1Q=">AAACGnicbVC7TsNAEDzzDOEVoKQ5EYGoIhshoEFC0NAg8UpAikO0vmzCifPZulsjRZb/gE/gK2ihokO0NBT8C05IAQlTjWZ2tTsTxEpact1PZ2x8YnJqujBTnJ2bX1gsLS3XbJQYgVURqchcB2BRSY1VkqTwOjYIYaDwKrg76vlX92isjPQldWNshNDRsi0FUC41Sxt+24BIT7J0248lP79Jt7KM73P/QnZCyImItKVKs1R2K24ffJR4A1JmA5w2S19+KxJJiJqEAmvrnhtTIwVDUijMin5iMQZxBx2s51RDiLaR9vNkfD2xQBGP0XCpeF/E3xsphNZ2wyCfDIFu7bDXE//z6gm19xqp1HFCqEXvEEmF/UNWGJkXhbwlDRJB73PkUnMBBojQSA5C5GKSN1fM+/CG04+S2lbF26nsnG2XDw4HzRTYKltjm8xju+yAHbNTVmWCPbAn9sxenEfn1Xlz3n9Gx5zBzgr7A+fjGznBn+s=</latexit>

M

4⇡R2
= ⌃ = const.

<latexit sha1_base64="RcznpqFRCkXA4cc9v7r9F7RTI/Q=">AAACE3icbVC7TsNAEDzzDOEVoKTgRIREFdkIBcoIGhokXgGkOETryyaccrZPd2ukyHLJJ/AVtFDRIVo+gIJ/wQkpgDDVaGZXuzOBVtKS6344E5NT0zOzhbni/MLi0nJpZfXSxokRWBexis11ABaVjLBOkhRea4MQBgqvgt7hwL+6Q2NlHF1QX2MzhG4kO1IA5VKrtOF3DIj0OEvPbtKdLOO+NrGm2Of+ueyG0CqV3Yo7BB8n3oiU2QgnrdKn345FEmJEQoG1Dc/V1EzBkBQKs6KfWNQgetDFRk4jCNE202GQjG8lFijmGg2Xig9F/LmRQmhtPwzyyRDo1v71BuJ/XiOhzn4zlZFOCCMxOERS4fCQFUbmDSFvS4NEMPgcuYy4AANEaCQHIXIxySsr5n14f9OPk8udiletVE93y7WDUTMFts422Tbz2B6rsSN2wupMsHv2yJ7Ys/PgvDivztv36IQz2lljv+C8fwEAy55p</latexit>

M

R2
/ ⌃ 3rd  Larson relation

1st Larson relation

2nd Larson relation



Molecular clouds from CO: physical and dynamical properties

<latexit sha1_base64="sKjTVgRiqzRVF7VbuzuvUuJofTY=">AAACGHicbVC7TsNAEDzzJrwClDQnAhKVZQMKNEgIGkpAhCDFIVpfNuGUO9u6WyMhyz/AJ/AVtFDRIVo6Cv4FJ6SAwDQ7mtnV7k6YKGnJ8z6csfGJyanpmdnS3PzC4lJ5eeXSxqkRWBOxis1VCBaVjLBGkhReJQZBhwrrYe+479dv0VgZRxd0l2BTQzeSHSmACqlV3gis7GpoZbc5P+Ceu7sf8PPrzHOrO0Gii7rj5XmrXPFcbwD+l/hDUmFDnLbKn0E7FqnGiIQCaxu+l1AzA0NSKMxLQWoxAdGDLjYKGoFG28wG3+R8M7VAMU/QcKn4QMSfExloa+90WHRqoBs76vXF/7xGSp39ZiajJCWMRH8RSYWDRVYYWcSEvC0NEkH/cuQy4gIMEKGRHIQoxLTIrVTk4Y9+/5dcbrt+1a2e7VYOj4bJzLA1ts62mM/22CE7YaesxgS7Z4/siT07D86L8+q8fbeOOcOZVfYLzvsX426eAQ==</latexit>

�v = 0.48 R0.63±0.30

Miville-Dechenes+17

M = 36.7 R2.2±0.2

M ∝ R2 Σ(∝M/R2) ∼ const. 
<latexit sha1_base64="zLt9ejgOUrTNDyFs9GTj9IzXDOg=">AAACDXicbVC7TsNAEDzzDOEVoEI0JyIkqshGECgjaCgDIg8pDtH6WMKJs326W0eKrIhP4CtooaJDtHwDBf+CHVLwmmo0s6vZnUAracl1352p6ZnZufnCQnFxaXlltbS23rRxYgQ2RKxi0w7AopIRNkiSwrY2CGGgsBXcnuR+a4DGyji6oKHGbgj9SF5LAZRJvdKmb2U/hF46GPnaxJpifn6ZupWDUa9UdivuGPwv8SakzCao90of/lUskhAjEgqs7Xiupm4KhqRQOCr6iUUN4hb62MloBCHabjp+YcR3EgtZtkbDpeJjEb9vpBBaOwyDbDIEurG/vVz8z+skdH3UTWWkE8JI5EEkFY6DrDAy6wb5lTRIBPnlyGXEBRggQiM5CJGJSVZWMevD+/39X9Lcq3jVSvVsv1w7njRTYFtsm+0yjx2yGjtlddZggt2xB/bInpx759l5cV6/Rqecyc4G+wHn7RMsXJvK</latexit>

�v / R0.5

∼✅ ∼✅

1st Larson relation 3rd  Larson relation



Molecular clouds from CO: Mass – Radius relation

<latexit sha1_base64="XUmORha3F8ABytOSoRepfttwfpE=">AAACEXicbVC7SgNREL3rM8ZX1FKEi0GwCrsi0TJoYyNEMA/IhjB7M0kuufvg3tlAWFL5CX6FrVZ2YusXWPgv7sYUmniqM+fMMDPHi5Q0ZNuf1tLyyuraem4jv7m1vbNb2NuvmzDWAmsiVKFuemBQyQBrJElhM9IIvqew4Q2vM78xQm1kGNzTOMK2D/1A9qQASqVO4cgFFQ2gk4yknrjc9YEG2k9GppRWt51C0S7ZU/BF4sxIkc1Q7RS+3G4oYh8DEgqMaTl2RO0ENEmhcJJ3Y4MRiCH0sZXSAHw07WT6xoSfxAYo5BFqLhWfivh7IgHfmLHvpZ3ZmWbey8T/vFZMvct2IoMoJgxEtoikwukiI7RM80HelRqJILscuQy4AA1EqCUHIVIxTgPLp3k4898vkvpZySmXynfnxcrVLJkcO2TH7JQ57IJV2A2rshoT7IE9sWf2Yj1ar9ab9f7TumTNZg7YH1gf34h3naA=</latexit>

↵vir vs. M

❌
<latexit sha1_base64="hkOg8iofCIAv2soyrLD92s7lY9o=">AAACBHicbVC7SgNBFJ31GeNr1dJmMAhWYVck2ghBG8sI5gHJEu5ObpIhsw9m7gbCktavsNXKTmz9Dwv/xU3cQhNPdTjnXu65x4+VNOQ4n9bK6tr6xmZhq7i9s7u3bx8cNkyUaIF1EalIt3wwqGSIdZKksBVrhMBX2PRHtzO/OUZtZBQ+0CRGL4BBKPtSAGVS17Y7oOIhdNOx1FN+zd2uXXLKzhx8mbg5KbEcta791elFIgkwJKHAmLbrxOSloEkKhdNiJzEYgxjBANsZDSFA46Xz5FN+mhigiMeouVR8LuLvjRQCYyaBn00GQEOz6M3E/7x2Qv0rL5VhnBCGYnaIpML5ISO0zCpB3pMaiWCWHLkMuQANRKglByEyMck6KmZ9uIvfL5PGedmtlCv3F6XqTd5MgR2zE3bGXHbJquyO1VidCTZmT+yZvViP1qv1Zr3/jK5Y+c4R+wPr4xuNM5eT</latexit>

↵vir = 1Global

What are the implications?

Miville-Dechenes+17

2nd Larson relation



Molecular clouds from CO: Heyer relation

𝛼vir
 = 

1

<latexit sha1_base64="7zZX/nayyIb/NcBudAOkCo/FEv4="></latexit>

↵vir / �2
v

R

R2

M
/ �2

v

R⌃
= const.

The three Larson 
relations depend 
on each other:

<latexit sha1_base64="8zznlXpM9NdN6jF1QSci3dc2gZc="></latexit>

↵vir =
5�2

vR

GM
= 1

<latexit sha1_base64="zLt9ejgOUrTNDyFs9GTj9IzXDOg=">AAACDXicbVC7TsNAEDzzDOEVoEI0JyIkqshGECgjaCgDIg8pDtH6WMKJs326W0eKrIhP4CtooaJDtHwDBf+CHVLwmmo0s6vZnUAracl1352p6ZnZufnCQnFxaXlltbS23rRxYgQ2RKxi0w7AopIRNkiSwrY2CGGgsBXcnuR+a4DGyji6oKHGbgj9SF5LAZRJvdKmb2U/hF46GPnaxJpifn6ZupWDUa9UdivuGPwv8SakzCao90of/lUskhAjEgqs7Xiupm4KhqRQOCr6iUUN4hb62MloBCHabjp+YcR3EgtZtkbDpeJjEb9vpBBaOwyDbDIEurG/vVz8z+skdH3UTWWkE8JI5EEkFY6DrDAy6wb5lTRIBPnlyGXEBRggQiM5CJGJSVZWMevD+/39X9Lcq3jVSvVsv1w7njRTYFtsm+0yjx2yGjtlddZggt2xB/bInpx759l5cV6/Rqecyc4G+wHn7RMsXJvK</latexit>

�v / R0.5

<latexit sha1_base64="VFj3dC8HYUF2B0+GhNB7aTQxc1Q=">AAACGnicbVC7TsNAEDzzDOEVoKQ5EYGoIhshoEFC0NAg8UpAikO0vmzCifPZulsjRZb/gE/gK2ihokO0NBT8C05IAQlTjWZ2tTsTxEpact1PZ2x8YnJqujBTnJ2bX1gsLS3XbJQYgVURqchcB2BRSY1VkqTwOjYIYaDwKrg76vlX92isjPQldWNshNDRsi0FUC41Sxt+24BIT7J0248lP79Jt7KM73P/QnZCyImItKVKs1R2K24ffJR4A1JmA5w2S19+KxJJiJqEAmvrnhtTIwVDUijMin5iMQZxBx2s51RDiLaR9vNkfD2xQBGP0XCpeF/E3xsphNZ2wyCfDIFu7bDXE//z6gm19xqp1HFCqEXvEEmF/UNWGJkXhbwlDRJB73PkUnMBBojQSA5C5GKSN1fM+/CG04+S2lbF26nsnG2XDw4HzRTYKltjm8xju+yAHbNTVmWCPbAn9sxenEfn1Xlz3n9Gx5zBzgr7A+fjGznBn+s=</latexit>

M

4⇡R2
= ⌃ = const.

<latexit sha1_base64="RcznpqFRCkXA4cc9v7r9F7RTI/Q=">AAACE3icbVC7TsNAEDzzDOEVoKTgRIREFdkIBcoIGhokXgGkOETryyaccrZPd2ukyHLJJ/AVtFDRIVo+gIJ/wQkpgDDVaGZXuzOBVtKS6344E5NT0zOzhbni/MLi0nJpZfXSxokRWBexis11ABaVjLBOkhRea4MQBgqvgt7hwL+6Q2NlHF1QX2MzhG4kO1IA5VKrtOF3DIj0OEvPbtKdLOO+NrGm2Of+ueyG0CqV3Yo7BB8n3oiU2QgnrdKn345FEmJEQoG1Dc/V1EzBkBQKs6KfWNQgetDFRk4jCNE202GQjG8lFijmGg2Xig9F/ LmRQmhtPwzyyRDo1v71BuJ/XiOhzn4zlZFOCCMxOERS4fCQFUbmDSFvS4NEMPgcuYy4AANEaCQHIXIxySsr5n14f9OPk8udiletVE93y7WDUTMFts422Tbz2B6rsSN2wupMsHv2yJ7Ys/PgvDivztv36IQz2lljv+C8fwEAy55p</latexit>

M

R2
/ ⌃



Molecular clouds from CO: Heyer relation

2 regimes?
• The kinetic energy Ek dominates over the gravitational term ⇾ 
  Clouds mostly unbound

𝛼vir
 = 

1



Molecular clouds from CO: Heyer relation

2 regimes?
• The kinetic energy Ek dominates over the gravitational term ⇾ 
  Clouds mostly unbound

• The kinetic energy Ek correlates with Σ ⇾ Ek may be driven by 
gravity itself ⇾ Clouds mostly (or partially) bound!!

𝛼vir
 = 

1

See Ballesteros-Paredes+2011



Heyer+09

Are molecular clouds self-gravitating?



Heyer+09

Are molecular clouds self-gravitating?

Those points are from a 13CO (1-0) survey…



Which CO tracer?
12CO (1-0) is THE most abundant CO in the Galaxy

at “high densities” (nH2 ~ 103 – 104 cm-3) it becomes optically THICK

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

 

Mazumdar+21

G305 
molecular 

cloud 
clomplex



Which CO tracer?

Survey Transition Coverage

GRS 13CO (1-0) 15o < l < 55o

ThrUMMS 12CO (1-0)
13CO (1-0)
C18O (1-0)

-60o < l < 0o

FUGIN 12CO (1-0)
13CO (1-0)
C18O (1-0)

10o < l < 50o

SEDIGISM 13CO (2-1)
C18O (2-1)

-60o < l < 18o

COHRS 12CO (3-2) 10o < l < 55o

CHIMPS 13CO (3-2)
C18O (3-2)

28o < l < 46o

CHIMPS2 12CO (3-2)
13CO (3-2)
C18O (3-2)

-5o < l < 28o

…and more!

Credits: D. Colombo & J. Urquhart



Molecular clouds in CO (2-1): SEDIGISM

Clouds identified and separated with 
SCIMES algorithm (Colombo+15) Duarte-Cabral+21

6664 clouds with well defined physical 
and dynamical properties



Duarte-Cabral+2021

Larson & Heyer relations in CO (2-1) & CO (3-2)
Lo
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The inner, denser part of a molecular cloud could be bound. How do they look like?



Star-forming regions, clumps and cores - outline 

Ø How do we observe star-forming regions in our own Galaxy?
 
Ø Cold (and Warm) HI: the building blocks of star-forming regions

Ø From HI to H2: the transition phase to molecular clouds

Ø From H2 to CO: why this molecule is so crucial for observations (and 
all the limitations…)

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

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

Ø Pc-scales clumps: the nursery home of stars and protoclusters

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



Denser regions in CO molecular clouds: (Galactic scale) FILAMENTS

Filaments are  elongated, cold structures thought to be the birthplace of stars

1 pc

Musca filament
Kainulainen+2016

10 pc

Wang+2015

SDC335 Peretto+13

Credit: NASA/JPL-Caltech/S. Carey 

G11.11-0.12 “The snake”



Properties CO clouds Filaments

Length
(pc)

up to 150 up to 100

Temperature
(K)

~ 10-30 ~ 10-35 

Mass
(M⦿)

up to few 106 up to few 105

Surf. density
(g/cm2)

~0.0004-0.06 ~0.0005 - 0.5

Schisano+2020

Physical properties (M, R, Σ)
Cold dust emission

Continuum IR / sub mm surveys

Gas kinematics (𝜎) 
various CO 
transitions

Galactic scale FILAMENTS main properties

Filaments are denser than 
CO clouds

Can be seen in DUST 
emission!



Filaments in dust emission

The Spectral Energy 
Distribution of the cold 
(T~10-40K) dust emission 

associated with 
filamentary structures can 

be approximated with a 
modified greybody function

250350500 160 70
Wavelength (μm)

Flux at frequency 𝜈

Opacity at a given 
frequency 𝜈ref

Blackbody at 
temperature Td

exponent of the power-law 
dust emissivity at large 
wavelengths See lecture from Karine Demyk



Filaments in dust emission

The Spectral Energy 
Distribution of the cold 
(T~10-40K) dust emission 

associated with 
filamentary structures can 

be approximated with a 
modified greybody function

250350500 160 70
Wavelength (μm)

Flux at frequency 𝜈

Opacity at a given 
frequency 𝜈ref

Blackbody at 
temperature Td

exponent of the power-law 
dust emissivity at large 
wavelengths

If we knew the flux F𝜈 of 
a given region at distance 
d in the range, say, 70-
500 μm…

We can fit the 
SED to estimate

 
M and Td

See lecture from Karine Demyk



Observing dust emission in the FIR/sub-mm



Observing dust emission in the FIR/sub-mm

Herschel (2009)
70 ≤ λ ≤ 500 µm



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

Molinari+ 2010, 2016

70-160-250µm composite

Credits: Gianluca Li Causi (INAF-IAPS)



Filaments

Schisano+2020

> 30000 Hi-GAL candidate filaments across the Galactic Plane!!!



How to characterize filaments from observations

• Mass M, Length L    (derived from dust emission)

• Velocity dispersion 𝜎tot  (derived from CO transitions)

Filaments are 
elongated, dense, cold 

structures. The 
simplest (and more 

effective) approach to 
model them is the 

Hydrostatic, isothermal 
cylinder model

10 pc

Wang+2015

Musca filament
(Myers+17)

L

L

(Ostriker 1964)



How to characterize filaments from observations

Musca filament
(Myers+17)

L
 

• Linear mass m (mass per unith length):

• A critical line mass mcrit :
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f =
m

mcrit

f  > 1 ⇾ (supercritical)

f  < 1 ⇾ (subcritical)

Radially unstable and 
should collapse under 

their own gravity

Can remain in 
hydrostatic equilibrium

(From the integration of the mass per unit length 
of an isothermal cylinder of (infinite) length. 

For details see Ostriker 1964)



How to characterize filaments from observations

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

Lo
g(
𝜎 

 (k
m

/s
))For T = 10 K        𝜎th ~ 0.1 km/s 

Log(𝜎th ~ 0.1) ~-1 km/s
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Under the assumptions that ALL 𝜎th works to support the 
filament against the collapse 



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

How to characterize filaments from observations



Star-forming regions, clumps and cores - outline 

Ø How do we observe star-forming regions in our own Galaxy?
 
Ø Cold (and Warm) HI: the building blocks of star-forming regions

Ø From HI to H2: the transition phase to molecular clouds

Ø From H2 to CO: why this molecule is so crucial for observations (and 
all the limitations…)

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

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

Ø Pc-scales clumps: the nursery home of stars and protoclusters

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



Peretto+14

Global collapse

SDC13

Henshaw+14

G035

Global
velocity gradient 

~ 0.7 km s-1

Local
velocity gradient 
~ 1.5-2.5 km s-1

Local collapse

Inner properties 
inherited from the 

collision of the two-
phases flow?

Iwasaki & Tomida 2022

Super-critical filaments: the nursery home of pc-scales clumps



Super-critical filaments: the nursery home of pc-scales clumps

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

Mallick+23



160

250

350

70

“starless” protostar

350 μm250 μm

160 μm70 μm
HGL23.271-0.263

“starless” protostar

Clumps physical properties

Traficante+15



Clumps in the Galaxy

starless/
pre-stellar
(70 μm-quiet)

Hi-GAL #110522SDC23271-0263

Hi-GAL  70 μm

Hi-GAL  250 μm

MIR dark 
MIR/NIR bright
PDR/HII regions

Hoq+13; Urquhart+14; Svoboda+16; 
Traficante+18; Merello+19

{
Hi-GAL  250 μm

Hi-GAL  70 μm
Hoq+13 

Protostellar
(70 μm-bright)

See lecture from  Davide Elia



~150000 in the inner Galaxy (~200000 in the Galactic disk) !!! Elia+21

Clumps in the Galaxy
Pre-stellar 

Protostellar 

See lecture from  Davide Elia



Properties GMCs Filaments Clumps

Radius/Length
(pc)

up to 150 up to 100 ~0.05-1

Temperature
(K)

~ 10-30 ~ 10-35 ~ 10-40

Mass
(M⦿)

up to few 106 up to few 105 up to few 104

Surf. density
(g/cm2)

~0.0004-0.06 ~0.0005 - 0.5 ~0.01 - 10
Urquhart+14
Traficante+15
Elia+17, 21

0.5 pc

Hi-GAL 250 µm
Traficante+15

Urquhart+14

GLIMPSE composite 
(4.5, 5.8, 8.0 µm) 

Contour: 
ATLASGAL 870 µm

Clumps physical properties

See lecture from  
Davide Elia



Cesaroni+03

Higher surface density compared to filaments/clouds        

CO is not anymore an optically thin tracer

Clumps kinematics

N2H+ (1-0)
To get velocity dispersion 𝜎, vLSR



Molinari et 
al. 2010

MALT90

The largest 90 GHz survey aimed to 
characterize the physical and chemical 
evolution of high-mass star-forming 

clumps

Over 2000 clumps observed in 16 
molecular transitions Including 

N2H+ (1-0) and HCO+ (1-0) 
(Jackson+13)

Hi-GAL

The largest survey of clumps in the Galaxy
(Molinari et al. 2010)

Over 100000 clumps with well-defined 
properties across the whole Galactic Plane 

(Elia+17, 21). 

• All MALT90 clumps (2012)

• MALT90 clumps with good N2H+ (1-0) spectra 
(S/N≥5)

• MALT90 clumps with well-defined 
Hi-GAL distances (  l≥10°) 

• Hi-GAL clumps with well defined dust SED 
(24≤λ≤870) μm and gas emission properties 

213 clumps

70 μm 250 μm

Traficante+18b

Clumps dynamics



𝜎 ∝ R✘
Traficante+18b

Clumps dynamics

Traficante+18b



𝜎 ∝ R and 𝜎/R ≁ Σ in massive clumps at all 
evolutionary phases

✘
Traficante+18b

Clumps dynamics

Traficante+18b



Star-forming regions, clumps and cores - outline 

Ø How do we observe star-forming regions in our own Galaxy?
 
Ø Cold (and Warm) HI: the building blocks of star-forming regions

Ø From HI to H2: the transition phase to molecular clouds

Ø From H2 to CO: why this molecule is so crucial for observations (and 
all the limitations…)

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

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

Ø Pc-scales clumps: the nursery home of stars and protoclusters

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



σ≈
R0
.56

Heyer & Brunt (2004)

Clumps dynamics in context

Traficante+17, 18a b



Heyer & Brunt (2004)
Traficante+17, 18a b

Clumps dynamics in context

σ≈
R0
.56



Heyer & Brunt (2004)

Clumps dynamics

Traficante+17, 18a b

But such a scatter…could it be the role of environment?

σ≈
R0
.56



Hi-GAL filament Fil18518
Column density map

Hi-GAL filament Fil20491
Column density map

Hi-GAL clump 
30131-0644
250 μm map

Hi-GAL clump 
28537-0277
250 μm map

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

Filament to clumps dynamics



Σl<0.05 g cm-2
Low

0.05≤Σi≤0.1 g cm-2
Int

Σh>0.1 g cm-2
High

e.g. Tan+ 2014e.g. Urquhart+ 2014

53361+0042  @250μm 35608+0111  @250μm 23271-0263  @250μm

11 clumps7 clumps6 clumps

70μm-quiet 
clumps

70 μm 250 μm
• L/M < 1
• ~NO feedback

Filament to clumps dynamics



Clump-scale 
kinematics from 

N2H+ (1-0) 
observations

Cloud-scale 
kinematics 

from 
13CO (1-0) 

observations

(GRS, Jackson et al. 2013)

1st and 2nd moment of the map spectrum           <vlsr> and <σ>

IRAM 30m, Traficante+17, 18a

Filament to clumps dynamics



Filament to clumps dynamics: the role of environment

+
Fil4600

2.5 pc

+
0.4 pc

13CO (1-0) from GRSN2H+ (1-0) from IRAM 30m



Filament to clumps dynamics: the role of environment

+
Fil4600

2.5 pc

+
0.4 pc

13CO (1-0) from GRSN2H+ (1-0) from IRAM 30m

σ~R0.68
σ~R0.60

σ~R0.38

FilClumps
FilClumps

Clumps Fil

Traficante+2020

σ~R0.7 in Taurus region
Fuller & Myers (1992)



Highs
Ints

Highs
Ints
Lows

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

Σt~0.1 g cm-2 Traficante+20

Filament to clumps dynamics: the role of environment



Filament to clumps dynamics: the role of environment

Peretto+23

Dynamically decoupled clumps 
from progenitor IRDCs



Clumps

Fragments

GMCs

Filaments

Turbulence Gravity Σ
<0.01 g 
cm-2

~0.1 g 
cm-2

>1 g 
cm-2

Traficante+2020

On the interplay between gravity and turbulence



The elephant in the room: magnetic fields

Changing of orientation with column density (e.g. Soler+19) 
or above certain spatial scales (Doi+20), from = to mostly ⊥

Arzoumanian+21, NGC6334 (BISTRO survey)
Palmeirim+13, Taurus B211

YES (Li+17)

NO (Soler+19){Does the orientation correlate with SFR?



EXTRA slides



Molecular clouds in free-fall?



Our Milky Way



Molecular clouds from CO: physical an dynamical properties

Kepler’s third law: The ratio of the square of an object’s orbital period
T with the cube of the semi-major axis R of its orbit is the same for all
objects orbiting the same primary.

R
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Molecular clouds from CO: physical an dynamical properties

Kepler’s third law: The ratio of the square of an object’s orbital period
T with the cube of the semi-major axis R of its orbit is the same for all
objects orbiting the same primary.
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This law does NOT depend on the eccentricity 
“e” of the orbit. Therefore, in case of e = 0:

e= 0.8

e= 0.4

e= 0.0

Semi-major axis  = R/2



Molecular clouds from CO: physical an dynamical properties

Kepler’s third law: The ratio of the square of an object’s orbital period
T with the cube of the semi-major axis R of its orbit is the same for all
objects orbiting the same primary.
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This law does NOT depend on the eccentricity 
“e” of the orbit. Therefore, in case of e = 0:

e= 0.0Semi-major axis  = R/2
T = torbit and free-fall time tff = T/2

If we substitute these values in the Kepler’s third law…



Molecular clouds from CO: physical an dynamical properties

Kepler’s third law: The ratio of the square of an object’s orbital period
T with the cube of the semi-major axis R of its orbit is the same for all
objects orbiting the same primary.

Semi-major axis  = R/2
free-fall time tff = T/2
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Molecular clouds from CO: physical an dynamical properties

Kepler’s third law: The ratio of the square of an object’s orbital period
T with the cube of the semi-major axis R of its orbit is the same for all
objects orbiting the same primary.
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Gravity only is acting

Semi-major axis  = R/2
free-fall time tff = T/2



Molecular clouds from CO: physical an dynamical properties

Kepler’s third law: The ratio of the square of an object’s orbital period
T with the cube of the semi-major axis R of its orbit is the same for all
objects orbiting the same primary.
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Gravity only is acting

Semi-major axis  = R/2
free-fall time tff = T/2

The total mass M contained in 
a radius R gives a density 𝜌
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Molecular clouds from CO: physical an dynamical properties

Kepler’s third law: The ratio of the square of an object’s orbital period
T with the cube of the semi-major axis R of its orbit is the same for all
objects orbiting the same primary.
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The free-fall time tff of a cloud with mass M and 
radius R depends ONLY on its mean density 𝜌  



HI: the building block of SF regions

HI is the main reservoir of gas which ultimately will form the molecular clouds

Cold neutral medium (CNM) T~100 K

Warm neutral medium (WNM) T~8000 K

• thermal equilibrium
• pressure balance

2 thermally stable solutions (for a range of pressure):

If the atomic ISM is in:



Molecular clouds from CO: physical and dynamical properties

8107 “molecular clouds”

Miville-Dechenes+17



Molecular clouds from CO: physical and dynamical properties

8107 “molecular clouds”

Miville-Dechenes+17
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Molecular clouds from CO: Mass – Radius relation
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The multi-scale Milky Way

GMCs
10 ≤R ≤150 pc 

Σ~0.0004-0.06 (g/cm2) 

Clumps
0.2 ≤R ≤1 pc 

Σ~0.1-5 (g/cm2) 
Fragments

0.5 ≤R ≤0.1 pc 
Σ ~1-20 (g/cm2) 

Disks/stars
R <<0.01 pc 

Σ >>10 (g/cm2)

n ~100 cm-3

R ~ 100 pc

n ~ 1015-1020 cm-3

R ~  500 AU

Palmeirin+13

ALMA (ESO/NAOJ/NRAO)

Motte+18

0.5 pc
Traficante+15

Galactic filaments
1 ≤R ≤100 pc 

Σ~0.0005-0.5 (g/cm2) 



When you want to observe the sky you look for:

• Continuum only: Position-Position (PP) 2D maps

DUST emits in the continuum!!!

• Spectral cubes: Position-Position-Velocity (PPV) datacubes

Molecules emit at specific frequency!!!

In both cases with a given resolution driven by the telescope 
size and the wavelength you want to observe

How do we observe atoms/molecules in the sky at radio wavelengths?



Transition from H to H2

Under the ISM condition the best pathways the 
formation of H2 occurs on 
the surface of dust grains

The formation rate RH2 is therefore driven by the rate at which H atoms 
are absorbed onto the grain surface

In typical Milky Way conditions RH2 ∼ 3 x10-17 nnH s-1cm-3 
Jura 1975

Total number density 
of gas particles

Number density 
of atomic hydrogen



Transition from H to H2

In typical Milky Way conditions RH2 ∼ 3 x10-17 nnH s-1cm-3 
Jura 1975

Total number density 
of gas particles

Number density 
of atomic hydrogen

This rate translates in a H2 formation timescale tform of
<latexit sha1_base64="AxSkGh3CAX0MzGepwNv/s+2HOWs="></latexit>

tform =
nH

RH2

' 109n�1yr
Girichidis+20

∼1 order of magnitude (or more) larger than estimated (e.g. 
Inutsuka+12) and measured in e.g. the Large Magellanic Cloud (e.g. 
Kawamura+09), and larger than the gravitational free-fall time. 

The intermittent compression of gas due to supersonic turbulent gas 
motions can shorten tform (Glover & Mac Low 2007)



Which leads to a star formation efficiency SFE ~1%

Turbulence in the ISM?

The main suspect is the turbulence in the interstellar medium

“Turbulence is characterised by chaotic motions in a fluid that 
lead to diffusion of matter and dissipation of kinetic energy”

Falceta-Goncalves+14

What it slowing down the clouds gravitational collapse???

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



How do we observe atoms/molecules in the sky at radio wavelengths?
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The velocity resolution Δv is given by the frequency resolution 
and the observed frequency

VLSR (km/s)

T B
 (K

)

<latexit sha1_base64="dFAfdzoQs121fieSgCUPSg6oGLA=">AAACBHicbVC7TgJBFJ3FF+Jr1dJmIjGxIrtG0caEqIUlJvJIWELuDhecMPvIzF0SsqH1K2y1sjO2/oeF/+KCFAqe6uSce3LvPX6spCHH+bRyS8srq2v59cLG5tb2jr27VzdRogXWRKQi3fTBoJIh1kiSwmasEQJfYcMfXE/8xhC1kVF4T6MY2wH0Q9mTAiiTOrbt3aAi8FQW6cLlmdOxi07JmYIvEndGimyGasf+8rqRSAIMSSgwpuU6MbVT0CSFwnHBSwzGIAbQx1ZGQwjQtNPp5WN+lBigiMeouVR8KuLvRAqBMaPAzyYDoAcz703E/7xWQr2LdirDOCEMxWQRSYXTRUZomVWCvCs1EsHkcuQy5AI0EKGWHITIxCTrqJD14c5/v0jqJyW3XCrfnRYrV7Nm8uyAHbJj5rJzVmG3rMpqTLAhe2LP7MV6tF6tN+v9ZzRnzTL77A+sj29tD5eA</latexit>

�� = 50 kHz
<latexit sha1_base64="saDr/PudlAoBrTwwfKALMCOJXfs=">AAACB3icbVDLTgJBEJz1ifhCOXqZSEw8kV2j6JGoB4+YyCNhN6R3aHDC7MOZXhJC+AC/wquevBmvfoYH/8Vd5KBgnSpV3enq8mMlDdn2p7W0vLK6tp7byG9ube/sFvb2GyZKtMC6iFSkWz4YVDLEOklS2Io1QuArbPqDq8xvDlEbGYV3NIrRC6Afyp4UQKnUKRTda1QEfOgaGeADt8vOWadQssv2FHyRODNSYjPUOoUvtxuJJMCQhAJj2o4dkzcGTVIonOTdxGAMYgB9bKc0hACNN56Gn/CjxABFPEbNpeJTEX9vjCEwZhT46WQAdG/mvUz8z2sn1LvwxjKME8JQZIdIKpweMkLLtBXkXamRCLLkyGXIBWggQi05CJGKSVpTPu3Dmf9+kTROyk6lXLk9LVUvZ83k2AE7ZMfMYeesym5YjdWZYCP2xJ7Zi/VovVpv1vvP6JI12ymyP7A+vgHWz5g0</latexit>

�v ' 0.15 Km/s



Larson relation Heyer relation

Clumps

GMCs

Dense 
clouds/

filaments



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

 
• WCO (per pixel and tot)
• total # pixels Npix
• brightness temperature TB
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How to characterize filaments from observations
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Combining the LARGEST sample of filaments structures to date from several 
different surveys, observationally we found (Hacar+23):


