
Star Formation

Hsi-Wei Yen (ASIAA)

Image credit: NASA, ESA, CSA, STScI
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100 billion stars in our galaxy



Image from Wikimedia Commons (LucasVB.)

Image credit: ESA

Wide ranges of stellar properties



The key parameter is mass

Image credit: ESO

Image credit: NASA/SDO


Hertzsprung-Russell Diagram 



Evolutionary tracks

Image credit: ESO

Image credit: CfA


Hertzsprung-Russell Diagram 

Protostars



Initial Mass Function (IMF)

Image credit: ESO

Hertzsprung-Russell Diagram 

Offner et al. 2013



Image credit: NASA, ESA, CSA, STScI,  
J. Lee (STScI), T. Williams (Oxford), PHANGS Team, E. Wheatley (STScI)

Galaxies are full of structures in gas and dust



Image credit: Digitized Sky Survey 2/D.D. Martin

Origins of stars and planets — Molecular clouds

Optical image



Millimeter

ESO/APEX (MPIfR/ESO/OSO)/A. Hacar et al.

Radio image - Dust thermal emission Image credit: Digitized Sky Survey 2/D.D. Martin



Site of star formation — Giant molecular cloud

5 pc ~ 1014 km

Mass ~ 104 Msun 

Temp. ~ 10 K 

Density ~ 102—103 cm-3

Goldsmith et al. 2008



Contraction due to self gravity

5 pc ~ 1014 km

Mass ~ 104 Msun 

Temp. ~ 10 K 

Density ~ 102—103 cm-3

Goldsmith et al. 2008

Bhandare et al. 2018



Molecular clouds are filamentary

Far-infrared image - Dust thermal emission
Image credit: ESA/Herschel/PACS,  

SPIRE/Gould Belt survey Key Programme/Palmeirim et al. 2013



Andre et al. 2014

Molecular clouds are filamentary



Narayanan et al. 2005

Molecular clouds are turbulent
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814 R. B. Larson 

to be as = 0.32 km s
-1
, as appropriate for molecular gas at a temperature of 10 K. In deriving 

three-dimensional velocity dispersions from the observed radial velocities and linewidths it 

has always been assumed that the velocity distribution is isotropic. In most regions the 

dominant contribution to o comes from the linewidth and thus from relatively small-scale 

motions, so that the assumption of an isotropic velocity distribution may be reasonable; 

however, for some of the largest clouds the dominant contribution to o comes from 

systematic velocity variations across the cloud, and the assumption of an isotropic velocity 

distribution can be valid only as an average over many clouds. The uncertainty in o is 

estimated to be of the order of 20 per cent for most clouds, but the error could be as large as 

50 per cent or more for some of the largest clouds, for the reason just mentioned. 

3 Turbulence in molecular clouds 

The velocity dispersion o is plotted logarithmically versus region size L in Fig. 1, which 

includes all of the objects for which a mass estimate is given in Table 1. A well-defined 

correlation between log o and log L is seen, and within the scatter it is well represented by 

the eye-fitted dashed straight line, whose equation is 

aíkms"
1
) = 1.10Z, (pc)

0,38
. (1) 

The rms deviation of loga from this relation is 0.14, corresponding to a factor of 1.38 in a. 

Equation (1) holds for 0.1 ^L -5100 pc, and is almost identical to the relation a = 1.1 Z
0

*
37 

found by Larson (1979) for interstellar motions on somewhat larger length scales, 1< Z 5 

1000pc; this earlier study included fewer data on molecular clouds, but some data on Hi 

cloud velocities and larger-scale streaming motions. The present result strengthens the 

conclusion that the velocity dispersion of interstellar motions shows a general power-law 

correlation with region size, and extends it to smaller length scales. 

The data in Table 1 show, moreover, that a similar relation between a and Z often holds 

even within individual clouds. Fig. 2 shows the variation of a with Z in all of the clouds or 

complexes for which at least one subregion is listed in Table 1; in this diagram straight lines 

connect the symbols for each subregion and the larger cloud of which it is a part. The 

velocity dispersions of groups of TTauri stars in the Taurus clouds (Table 1 and Jones & 

Herbig 1979) are also plotted as asterisks in Fig. 2(a). The left part of Fig. 2(b) shows 

additional data for several dark clouds as reproduced from Fig. 89 of Snell (1979); in this 

Figure 1. The three-dimenáonal internal velocity dispersion o plotted versus the maximum linear 

dimension L of molecular clouds and condensations, based on data from Table 1; the symbols are 

identified in Table 1. The dashed line represents equation (1), and crs is the thermal velocity dispersion. 

© Royal Astronomical Society • Provided by the NASA Astrophysics Data System 

Molecular clouds are turbulent

Larson’s law

Larson 1981
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817 Turbulence and star formation in molecular clouds 

Figure 3. The velocity dispersion o plotted versus total mass Af for the same regions shown in Fig. 1. The 

dashed line represents equation (2). 

that appear most discrepant in Fig. 1 lie closer to the mean relation in Fig. 3. For example, 

0MC1 lies 0.33 dex above the dashed line in Fig. 1 but only 0.17 dex above the line in Fig. 

3; this is because it has not only a large velocity dispersion but also an unusually large mass 

for its size. A positive correlation between velocity dispersion and mass for a given size is just 

what would be expected if all of the objects studied were in approximate virial equilibrium. 

For a spherical cloud of mass M, diameter L and velocity dispersion a, the kinetic energy 

and gravitational potential energy are respectively ViMo
2
 and 2GAf

2
/Z,5 so that the virial 

theorem implies 

. 2GM 
a

2
-  

L 
(3) 

This equation would be exact for a polytrope of index « = 2, and should be valid within a 

factor of 2 for most clouds of different shapes and degrees of central concentration. The 

ratio 2GM/o
2
L has been calculated for all of the objects in Figs 1 and 3, and is given in Table 

1 and plotted logarithmically versus// in Fig. 4. The dashed line in this figure is not fitted to 

the points, but represents the relation 

2GM 
— = 0.92//(pc)

0
*
14
 (4) 

o L 

nguie 4. The virial ratio 2GM/o
2
L plotted versus region size L for the same regions shown in Figs 1 and 

>. The dashed line represents equation (4), and is derived from equations (1) and (2). 

© Royal Astronomical Society • Provided by the NASA Astrophysics Data System 

Molecular clouds are turbulent

Larson’s law
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817 Turbulence and star formation in molecular clouds 

Figure 3. The velocity dispersion o plotted versus total mass Af for the same regions shown in Fig. 1. The 

dashed line represents equation (2). 

that appear most discrepant in Fig. 1 lie closer to the mean relation in Fig. 3. For example, 

0MC1 lies 0.33 dex above the dashed line in Fig. 1 but only 0.17 dex above the line in Fig. 

3; this is because it has not only a large velocity dispersion but also an unusually large mass 

for its size. A positive correlation between velocity dispersion and mass for a given size is just 

what would be expected if all of the objects studied were in approximate virial equilibrium. 

For a spherical cloud of mass M, diameter L and velocity dispersion a, the kinetic energy 

and gravitational potential energy are respectively ViMo
2
 and 2GAf

2
/Z,5 so that the virial 

theorem implies 

. 2GM 
a

2
-  

L 
(3) 

This equation would be exact for a polytrope of index « = 2, and should be valid within a 

factor of 2 for most clouds of different shapes and degrees of central concentration. The 

ratio 2GM/o
2
L has been calculated for all of the objects in Figs 1 and 3, and is given in Table 

1 and plotted logarithmically versus// in Fig. 4. The dashed line in this figure is not fitted to 

the points, but represents the relation 

2GM 
— = 0.92//(pc)

0
*
14
 (4) 

o L 

nguie 4. The virial ratio 2GM/o
2
L plotted versus region size L for the same regions shown in Figs 1 and 

>. The dashed line represents equation (4), and is derived from equations (1) and (2). 
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Turbulence can provide support against gravity

Larson’s law

Larson 1981
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Molecular clouds are Magnetized

Image credit:  
ESA/Herschel/Planck; J. D. Soler, MPIA

Far-infrared image & Dust polarization



Molecular clouds are Magnetized: Zeeman effect

Crutcher & Kemball 2019
Crutcher 2012

1x—10x uG
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Magnetic fields can provide support against gravity



Image credit: Digitized Sky Survey 2/D.D. Martin

Star formation process

Optical image

Gravity

Turbulence

Magnetic field

Millimeter

ESO/APEX (MPIfR/ESO/OSO)/A. Hacar et al.



Image credit: Digitized Sky Survey 2/D.D. Martin

Jeans Fragmentation

Optical image

Gravity

Turbulence

Magnetic field

Lecture note from Rice U.



Image credit: Digitized Sky Survey 2/D.D. Martin 
ESO/APEX (MPIfR/ESO/OSO)/A. Hacar et al.

Dense cores 

Mass ~ Msun 

Size ~ 0.1 pc 

Temp. ~ 10 K 

Density > 104 cm-3 

Hacar et al. 2013

Radio image - Molecular-line emission



Andre et al. 2010
Andre et al. 2014

Core Mass Function (CMF)



Andre et al. 2010

average core density (after 2000) for the

Core Mass Function (CMF)

Andre et al. 2014



Gravitational bound  

dense cores

Image credit: ESO

Optical



Gravitational bound  

dense cores

Image credit: ESO

Optical



Gravitational bound stable dense core

GravityPressure gradient

Radius

Constant Temperature

Density ~ R-2

Singular Isothermal Sphere

Log



Gravitational bound stable dense core

GravityPressure gradient

Radius

Constant Temperature

Density ~ R-2

Log

Infinite?

Singularity？



Gravitational bound stable dense core

GravityPressure gradient

Radius

Constant Temperature

Density

Log

Bonnor-Ebert Sphere
(Bonnor 1956; Ebert 1955)

External  

pressure



Extinction => Density

Bonnor-Ebert Sphere!!

Alves et al. (2001)

Optical Infrared

Gravitational bound stable dense core

Starless



Radius

Log

Density

Shu 1977

GravityPressure gradient

Constant Temperature

External  

pressure

Gravitational bound stable dense core



Gravitational bound stable dense core

Intensity => Column density  

Column density (N) ~ R-0.95   cm-2 

Volume density (n) ~ R-1.95   cm-3

Saito et al. 1999



Shu 1977
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Inside-out collapse

Radius

~ R-2

~ R-1.5

~Free fall ~R-0.5

Collapsing region expands outward 

at the speed of sound

Gravitational collapse

Mass infall rate ~ x10-6 Msun/yr



Shu 1977
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Inside-out collapse

Radius

~ R-2

~ R-1.5

~Free fall ~R-0.5

Collapsing region expands outward 

at the speed of sound

Gravitational collapse

Outside-in collapse   

Larson 1969

Uniform sphere
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Antenna

Static

Envelope

Infall Region

Observed Spectrum

Velocity
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Evans et al. 1999, 2015
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Observed spectra

Gravitational collapse



0

High temperature

Observer  

Line of sight

Redshifted

Inverse P-Cygni 

Systemic velocity

Gravitational collapse

Evans et al. 1999, 2015
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Bhandare et al. 2018

Protostar formation



C18O (2-1)

Gâlfalk & Olofsson 2007 

Yen et al. 2011

Dense cores

Contours: Molecular-line emission



Dense cores are rotating
Doppler effect

red: redshifted


blue: blueshifted
C18O (2-1)

Contours: Molecular-line emission 

Color: Velocity Gâlfalk & Olofsson 2007 

Yen et al. 2011



With rotation (angular momentum)

?Infall trajectory

1. Only gravity  

2. Angular momentum is conserved  

3. Total energy is zero



With rotation (angular momentum)

1. Only gravity  

2. Angular momentum is conserved  

3. Total energy is zero

Parabolic trajectory



Thieme et al. 2022

Axisymmetric infall and rotation



Rotating and collapsing dense core

Image credit: NASA, ESA, CSA, STScI

JWST

NIR



Sakai et al. 2014

Theory Observation

Gravity and Angular momentum conservation

R
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iu

s

Measure velocity

Rotating and collapsing dense core

NIR



Formation of protostellar disks ->  Protoplanetary disk 

(rotationally supported)

Image credit: NASA, ESA, CSA, STScI

JWST

Infalling and rotating material

Angular momentum



Image credit: NASA, ESA, CSA, STScI

JWST

ALMA

Observed gas distribution 

and velocity

V ~ R-p

Measure Velocity

Formation of protostellar disks ->  Protoplanetary disk 

(rotationally supported)



Image credit: NASA, ESA, CSA, STScI

JWST

ALMA

Observed gas distribution 

and velocity

V ~ R-p

Measure Velocity

Keplerian motion

Formation of protostellar disks ->  Protoplanetary disk 

(rotationally supported)



Credit: NRAO/AUI/NSF; Tobin et al. (2020)

(mm continuum)

Tsukamoto et al. (2023)

Almost all protostars have disks



Image credit: NASA/JPL-Caltech

Gravitational bound 

dense core

Infalling and rotating material

Keplerian disk 
Protostar

JWST

Image credit: NASA, ESA, CSA, STScI



Image credit: NASA/JPL-Caltech

Gravitational bound 

dense core

Infalling and rotating material

Keplerian disk 
Protostar

JWST

Image credit: NASA, ESA, CSA, STScI

Outflow

Outflows can remove angular momentum from the disk



Molecular clouds are Magnetized

Image credit:  
ESA/Herschel/Planck; J. D. Soler, MPIA

Far-infrared image & Dust polarization



With magnetic fields

Ideal Magnetohydrodynamics

Magnetic field lines

Collapse Magnetic field  

strength increases



Flattened envelope or pseudo disk

With magnetic field, 

Allen et al. 2003



Observations of flattened envelope or pseudo disk

Motte & Andre 2001 

Yen et al. 2015

au
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Rotation
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Keplerian

Free-fall

Infalling and rotating magnetized dense core

Magnetohydrodynamics

Field lines

Free fall 

velocity

Infalling 
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Keplerian 
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Rotational velocity

Infall is slowed down

Rotation is too slow



Include non-ideal magnetohydrodynamics  
(e.g., Ambipolar diffusion)

Magnetic fields are left behind 

Collision＋
＋

Collision
Neutral particles

Charged particles ＋

＋

With magnetic fields

Magnetic field lines

Collapse



Ray & Ferreira 2021

Gravity (collapse), Angular momentum (disk), Magnetic field (outflow)

Protoplanetary disk

Magnetic field line

Protostar

Accretion flow

Jet/wind (outflow)

Mass accretion — Optical / UV



High-velocity jets（10x — >100 km/s）

Image credit: NASA, ESA, and P. Hartigan (Rice University)



Lee et al. 2017

Jets are rotating



jets and swept-up material (low-velocity outflow) 

-> gravitational unbound



Arce et al. 2007

Lee et al. 2025



Evolution of outflow morphology

Age

Arce & Sargent 2006



Arce & Sargent 2006

Evolution of protostellar sources



Andre 2011 Dunham et al. 2015

Time

Time



Safron et al. 2015Garatti et al. 2017

2009

2015

Episodic mass accretion

Dunham et al. 2015

low luminosity sources 

— quiescent phase?



Bennett, Donahue, Schneider, Voit

恆星形成

Dunham et al. 2015



Credit: NRAO/AUI/NSF

Hsieh et al. (2024)

Andrews et al. 2018

Disks evolve



Credit: NRAO/AUI/NSF

Hsieh et al. (2024)

Andrews et al. 2018

Dipierro et al. 2015

Disks evolve



Credit: NRAO/AUI/NSF

Hsieh et al. (2024)

Andrews et al. 2018

Dipierro et al. 2015

Disks evolve



Bennett, Donahue, Schneider, Voit

恆星形成

Shoshi et al. 2025

Tentative sign of planet formation 

< 0.5 Myr



Bennett, Donahue, Schneider, Voit

恆星形成

Dunham et al. 2015



Eastlund et al. 2025Image credit: NASA, ESA, G. Duchene (Universite de Grenoble I)

About half of stars are  

in multiple system



Image credit: Bill Saxton, ALMA (ESO/NAOJ/NRAO), NRAO/AUI/NSF Zhao et al. 2018

Disk fragmentation



Image credit: Bill Saxton, NRAO/AUI/NSF



Li et al. 2024

Core/Clump  

fragmentation



Tobin et al. 2022Credit: NRAO/AUI/NSF; Tobin et al. (2020)

About half of protostars are  

in multiple system



Tobin et al. 2022

Bimodal Distribution => Two fragmentation mechanisms?

Disk fragmentation? Core fragmentation? 

Younger protostars



Tobin et al. 2022Eastlund et al. 2025

Configuration of multiple systems evolves

Younger protostars



Tobin et al. 2022

Configuration of multiple systems evolves

Older protostars Younger protostars

Migration? Ejection?



Tang et al. 2019

Physical parameters determining fragmentation?



Tang et al. 2019

Physical parameters determining fragmentation?



Gravitational bound  

dense cores

Image credit: ESO

Optical



Han et al. 2025

Distribution of infalling material is not symmetric

Sakai et al. 2014



Hsieh et al. 2023; Cortés et al. 2025

Interplay between infalling material and magnetic fields

Infalling gas flow

Magnetic field lines

Mass infall rate ~ x10-6 Msun/yr



Kido et al. 2023, 2025

Actual mass contribution by asymmetric infalling structures?



200 au

Seifried et al. 2013; Zhao et al. 2018; Kuffmeier et al. 2019; Pineda et al. 2023

Formation of asymmetric infalling structures?

Turbulence Instability Feeding from large-scale  

environments 



Why do we care about  

Infall / Outflow / Multiplicity / Fragmentation? 

average core density (after 2000) for the

=> Mass assemble and distribution 

(star formation efficiency?)

From initial condition (CMF)  

to end products (IMF)

Andre et al. 2014



Image credit: NASA, ESA, CSA, STScI,  
J. Lee (STScI), T. Williams (Oxford), PHANGS Team, E. Wheatley (STScI)

Image from Wikimedia Commons (LucasVB.)



Rosen et al. 2020

Image credit: NASA/JPL-Caltech

Arce & Sargent 2006

Summary



Massive stars form in clusters

Image credit: NASA, ESA and the Hubble Heritage Team (STScI / AURA) 

• Need more material 

• Shorter time scales 

• Higher mass accretion rate 

• Strong radiation & HII regions



Strong radiation can halt infalling gas

Hosokawa et al. 2010



Hosokawa et al. 2010

Accretion along disks or filamentary structures

Krumholz et al. 2009



Rosen et al. 2020

Image credit: NASA/JPL-Caltech

Arce & Sargent 2006

Summary


