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Dense cores along 

filaments

~ 0.1-1 pc
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- Interplay of multiple forces/processes: turbulence, magnetic field, gravity, shocks, ionization

- Broad range of physical properties: Scale, density (101-8 cm-3), magnetic field strength (~ 100-4 mG)

- Interconnections between scales and geometries: Bubbles, filamentary clouds, cores, disks, rings

Star formation: multi-scale, multi-process 

Review chapter: From Bubbles and Filaments to Cores and Disks , Pineda, Arzoumanian+2023 



Star formation and stellar feedback regulates the cycle of the ISM 
Energy injection / chemical enrichment / dust formation 

Protostar outflows

JWST
© NASA, ESA, CSA, STScI.

Protostar jets

HII regions

Stellar winds

Supernovae

Low, intermediate-mass stars

High-mass stars 

(formation/evolution)

High-mass stars (end of life)

© NASA, ESA, CSA, STScI 

© NASA, ESA, CSA, STScI, 

Webb ERO Production Team 

Deharveng+2009 

JWST
© NASA, ESA, CSA, STScI.
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Star formation is important to understand galaxy evolution and planet formation

Galaxy evolution

Star formation

Planet formation

Energy injection

Chemical enrichment

Dust growth

Complex molecule formation

JWST



Open questions on the observed properties of star formation 

Different models

Initial mass function of stars (IMF) 

Origin? Universality?

Krumholz 

2014

Offner et al. 2014

Star formation is inefficient  (SFE ~1%)
Kennicutt-Schmidt relation

Characteristic mass

0.2 M
¼



Molecular Clouds
(Compressed gas layers, ~ 2D)



Network of 

expanding shells

Cloud-cloud

collision

Supernovae

W3,4,5 star forming regions in our Galaxy

Herschel

 infrared image ~ 50 pc

Compressed 2D 

Molecular clouds

©ESA/Herschel/

NASA/JPL-Caltech

Compressed molecular clouds form at the edge of expanding bubbles

Schematic model

Inutsuka+2015

Also, Hennebelle+2018, Kim & Ostriker 
2017, Walch+2015, Seifried+2017   

Bubbles Bubbles

Molecular 

clouds

3D magnetohydrodynamic 

simulations

Seifried & Walch 2015 

~ 100-200 pc

Cloud formation at 

the edge of bubbles



Network of 

expanding shells

Cloud-cloud

collision

Supernovae

W3,4,5 star forming regions in our Galaxy

~ 50 pc
©ESA/Herschel/

NASA/JPL-Caltech

Schematic model

Inutsuka+2015

Giant bubbles shaping the ISM 

of the galaxy

MIRI composite image (10-21 microns)

PHANGS

JWST

NGC 628

Watkins+2023Bubbles Bubbles

Molecular 

clouds

Compressed 2D 

Molecular clouds

Compressed molecular clouds form at the edge of expanding bubbles

Herschel

 infrared image 



Network of 

expanding shells

Cloud-cloud

collision

Supernovae

W3,4,5 star forming regions in our Galaxy

~ 50 pc
©ESA/Herschel/

NASA/JPL-Caltech

Schematic model

Inutsuka+2015

MIRI composite image (10-21 microns)Zucker+2022

Sun

The Sun is located in a bubble 

x

Local bubble 

Molecular 

clouds

gaia

Molecular 

cloudsBubbles Bubbles

Compressed 2D 

Molecular clouds

Compressed molecular clouds form at the edge of expanding bubbles

Herschel

 infrared image 



Herschel 

infrared image ~ 50 pc
©ESA/Herschel/

NASA/JPL-Caltech

Peretto+2013, 2014, Kumar+2020,2022

Hub-filament systems (Myers 2009)

low-mass star forming regions

Star-clusters forming regions 

with low- to high-mass stars

Herschel results 

Star forming cores along filaments

Observations: Molecular clouds are filamentary, 

  stars form in dense filaments

Hub

Filaments
Marsh+2016

Reviews: 

André+2014, 

Pineda+2023, 

Hacar+2023

Molecular 

cloudsBubbles Bubbles

Spitzer



Large Magellanic Cloud

See also Fukui+2015, 2019, Tokuda+2019

13CO(2-1) emission at ~ 2ò ~ 0.4 pc at 50 kpc

30 Dor: ALMA (dense gas) + HST (stars)

Tokuda+2025

Small Magellanic Cloud

ALMA observations of parsec-scale filaments in nearby galaxies

©ALMA (ESO/NAOJ/NRAO)

30 Dor: ALMA (dense gas) + VLT, VISTA (stars)

Wong+2022

12CO(3-2) emission at ~ 0.5ò ~ 0.1 pc at 62 kpc

Star formation 

in low 

metallicity
( Z ~ 0.2 Z

¼
)

1 pc
10 pc

ALMA



Molecular Filaments 
(Cylindrical, ~ 1D)



Edge on Face on

4 pc

vshock

Inoue+2018

Clump

Compressed 

cloud

Theory: Filament formation in magnetized compressed clouds 

induced by a shock compression

Filament 
¼ Time



Palmeirim+2013, Shimajiri+2019

Also, Dhabal+2018, 

Treviño-Morales+2019 

Carbon monoxide (CO)

filament

Image: 850 mm
Drapery pattern: 

Plane-of-the-sky 

magnetic field 

orientationPlanck Collaboration+2016

~10 pc

Red-shifted and blue-shifted velocity gradients: 

Matter accreting onto the filament

Observations: Molecular filaments grow by accreting matter channeled 

by the magnetic field 

The Taurus cloud observed by Planck:

Dense filaments perpendicular to the 

magnetic field

NRO-45m



Arzoumanian+2011

Supercritical

 filaments

Herschel data of IC 5146
Prestellar 

cores

 
ProtostarsNH2  [cm -2]

Most star forming (prestellar) cores (~70 % - 80 %) are observed along 

supercritical filaments with M/L > (M/L) crit (André et al. 2014)

Star formation along thermally supercritical filaments 

Inutsuka & Miyama 1992,1997, Clarke+2014, 2016

Heigl+2016

Simulation of fragmenting cylinder

Critical line mass: (M/L)crit =2cs
2/G 

Hydrostatic equilibrium solution of cylinders 

(Stodolkiewicz 1963, Ostriker 1964)



Star Forming Prestellar Cores
(Spherical, ~ 3D)



Star & planets

Filament 

fragmentation

Collapse

Pre-stellar core

Pre-stellar cores

~ 1 pc

~ 0.1 pc

Evolutionary sequence

Planets

Protostar

Accretion
outflows

Time(Lada 1987, André+2000)

- Cold (~ 6-10 K), dense (> 105-6 cm-3), gravitationally bound starless cores

- ALMA 2ò (~300 au) dust continuum reveal a compact ñkernelò

- Pristine environment before protostar and jet/outflow formation

Prestellar cores are the progenitors of stars

1.3 mm, ALMA

Caselli+2019Chacon-Tanarro+2017

1.3 mm, IRAM 30 m

L1544



NH2(cm-2)

California molecular cloud 

1pc

Cores

Herschel 

column density 

map 

Arzoumanian+2018

Taurus

M/L ~ 50 M
¼

/pc Core mass functions (CMF) of two 

filaments with different line mass (M/L) 

Characteristic prestellar core mass in filaments?

The CMF of individual filaments peaks at the effective Jeans mass of the filament surface density 
(André+2014, Shimajiri+2023)

More massive cores form along higher line mass filaments 

Core mass M
¼Pineda+2023 Shimajiri+2019

Free-free 

emission

Cores

Filament 

crest

M/L~ 500 M
¼

/pc



Konyves et al. 2015, 2020

Resemblance between IMF and CMF: The IMF is inherited from the CMF

Core mass functions (CMF)

and initial mass function of stars (IMF)

star
0.2 M

¼

Herschel results

core
0.5 M

¼

Di Francesco+2020 

~ 30%

Core mass M
¼



Subcritical

filaments

Star forming 

filaments

Filament Line Mass Function (FLMF)

(M/L)crit

Arzoumanian+2019, Andre+2019 

Core mass functions (CMF)

and initial mass function of stars (IMF)

star
0.2 M

¼

core
0.5 M

¼

~ 30%

Origin of the CMF and IMF: Distribution function of filament line mass

Konyves et al. 2015, 2020Herschel results

Di Francesco+2020 

Core mass M
¼



Filament 

fragmentation

Core collapse

Pre-stellar core

Pre-stellar cores

~ 1 pc

~ 0.1 pc

Evolutionary sequence

Planets

Protostar

Accretion
outflows

Time(Lada 1987, André+2000)

Filaments regulate the star formation 

efficiency in the dense gas of galaxies?  

~  80% of

cloud

mass

after

subtracting

filaments 
Av ~  7 

Column density,  NH2 [cm-2]

Star forming 

filaments

(M/L)crit

after

subtracting

coresKönyves+2015, 2020, 

André+2014, Arzoumanian+2019

Distribution of the gas mass in a cloud

Column density

distribution 

N
u

m
b
e
r

o
f 

p
ix

e
ls

 p
e
r 

b
in

: 
D

N
/D

lo
g

N
H

2



Filament 

fragmentation

Core collapse

Pre-stellar core

Pre-stellar cores

~ 1 pc

~ 0.1 pc

Evolutionary sequence

Planets

Protostar

Accretion
outflows
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(Lada 1987, André+2000)

~ 30% 

in star

~ 20% of total  

cloud mass in 

filaments

~ 15% 

in cores

Arzoumanian+2019

Konyves+2015

Machida+2008

Distribution of the gas mass in a cloud

Core 

formation 

efficiency

Local star 

formation 

efficiency



Protostars (outflows and disks)



Filament 

fragmentation

Core collapse

Pre-stellar core

Pre-stellar cores

~ 1 pc

~ 0.1 pc

Evolutionary sequence

Planets

Protostar

Accretion
outflows

Time

Class 0/I

Class II/III

Molecular outflows and jets trace 

core collapse and protostar formation

Kwon+2019 Le Gouellec+2022

ALMA observations

Protostellar cores/disk/outflow

Redshifted

CO outflow

Blueshifted

CO outflow

Lines trace the 

magnetic field

(dust polarized 

emission)

1.3 mm 

continuum

> 1 Myr

< 1 Myr



Evolution of magnetized protostellar system

Outflows and jets are driven by the magnetocentrifugal force in the inner parts of the disk

 Ą Key to remove angular momentum enabling accretion of matter from disk to protostar

 Ą Outflows remove ~50-70% of the cores mass

Kwon+2019 Le Gouellec+2022 Machida+2008

MHD simulationsALMA observations

Protostellar cores/disk/outflow

Redshifted

CO outflow

Blueshifted

CO outflow

Lines trace the 

magnetic field

(dust polarized 

emission)

1.3 mm 

continuum

Disk

3
6

0
 A

U

Outflow

Magnetic 

field lines



Rotating and infalling protostellar envelops and disks resolved by ALMA

Velocity field towards a protostellar core

Infall and (Keplerian) rotation
Velocity radial profile

protostar
Radial distance from protostar [AU]

Infalling 

envelope

Keplerian disk

Aso+2017, 2021

See also review by Maury+2022

Resolved velocity structure Ą measurments of disk size, protostar mass, angular momentum profile 

disk radius
~70 au

Velocity 
C18O(2-1)

Outflow 
12CO(2-1)

ALMA



Protoplanetary Disks



© ALMA:ESO/NAOJ/NRAO

Rings and gaps trace on-going planet formation

Substructures within the disk around HL Tau observed in millimeter (1 mm)  
(ALMA partnership 2015)

HL Tau

~ 1.3 M
¼

~ 1 Myr old 

Class I-II protostar 

Radius ~ 150 au 

Resolution ~ 10 au



Pre-stellar 

core

Pre-stellar cores

~ 1 pc

~ 0.1 pc

Evolutionary sequence

Planets

Protostar

Accretion
outflows

Time

When do gap/ring substructures form in disks?
When does planet formation begin? 

Class 0/I

Class II/III

Class II/III protostars > 1 Myr old

ALMA DSHARP survey (Andrews+2018)

Millimeter 

dust 

continuum 

emission



Pre-stellar 

core

Pre-stellar cores

~ 1 pc

~ 0.1 pc

Evolutionary sequence

Planets

Protostar

Accretion
outflows

Time

When do gap/ring substructures form in disks?
When does planet formation begin? 

Class 0/I

Class II/III

Class II/III protostars > 1 Myr old

ALMA DSHARP survey (Andrews+2018)

Class 0/I young protostars < 1 Myr old

ALMA eDisk survey (Ohashi+2023)

Millimeter 

dust 

continuum 

emission



Pre-stellar 

core
~ 0.1 pc

Planets

Protostar

Accretion
outflows

Time

When do gap/ring substructures form in disks?
When does planet formation begin? 

Class 0/I

Class II/III

Class II/III protostars > 1 Myr old

ALMA DSHARP survey (Andrews+2018)

Class 0/I young protostars < 1 Myr old

ALMA eDisk survey (Ohashi+2023)

* Dust growth starts at 

prestellar and class 0 stages

* Planet formation may

start at ~ class I/II stages

Millimeter 

dust 

continuum 

emission



ALMA observed a protoplanet in the gap of a protoplanetary disk

© ALMA/ESO/NAOJ/NRAO/Benisty et al. 

PDS 70 system

PDS 70 C

protoplanet

~ 2 au

~ 5-10 MJup

~ 0.8 M
¼

~ 5 Myr old 

Millimeter dust continuum emission

e.g., Benisty+2021, Doi+2024, Fasano+2025, Shibaike+2024



Streamers



Pineda + 2022

Class 0 

Dense core 

(N2H
+)

vLSR 

(HC3N)

From clouds to accreting disks: Streamers observed around protostars

Class II

Class I

Model: Garufi + 2022

Data: Yen + 2019
HCO+ (3-2) 

Ginski+2021, Akiyama+2019

Streamers:  elongated structures with velocity gradients 

�‡ Funneling material onto protostars

�‡ Slow shocks (SO, SO2) on disks connected to streamer ends

�‡ Derived infall rates comparable to accretion rates onto protostars or 

greater


