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Formation of Molecular Clouds
Toward Understanding Initial Condition of Star Formation

• Physical properties of dense cores
• Velocity, magnetic fields, density structure (strongly influences the star formation (Machida et al. 2016)

• Core mass function ~ IMF (e.g., Motte et al. 1998, Ikeda & Kitamura 2009, Andre et al. 2010)

• Star formation efficiency (great diversity among molecular clouds)
• Dense gas mass (e.g., Lada et al. 2010, Heiderman et al. 2010, Evans et al. 2014…)

➡ it is crucial to understand SF from MC formation

Atomic gas

shock 
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dense core molecular clouds (MC)



runaway cooling

Unstable

• Cold clouds are generated by TI
• Cold clouds move in WNM with a supersonic velocity dispersion

which is subsonic for the surrounding warm gas. evolve directly into molecular clouds?

there are many relevant papers
Koyama & Inustuka ’02, Audit & Henneblle ‘05, Hennebelle & Audit ‘07, Heitsch+ ‘05, ‘06, ‘09
Vazquez-Semadeni+ ‘06, ‘07, ’11, Hennebelle+ ’08, Inoue & Inutsuka ‘08, ‘09, ’12, Micic+ ‘13,  Korgen & Banerjee ’15, Zamora-Aviles et al. ‘18

Cold Cloud Formation 
by Thermal Instability

Koyama & Inutsuka 2002他

CNMWNM

the atomic gas consists of cold and warm phases

Inoue & Inutsuka 2008

WNM
WNM

thermally 
equilibrium curve

ISM is frequently disturbed by SNe, super-bubbles, galactic spiral waves 



Molecular Cloud Formation by 
Multiple Shock Compression

Inoue & Inutsuka (2009, 2012), Inutsuka et al. (2015), Kobayashi et al. (2017, 2018)

WNM
Compression of WNM

SNe, Super-shells
Spiral shock waves

CNM+WNM

𝒏 ∼ 𝟏 𝐜𝐦−𝟑 〈𝒏〉 ∼ 𝟏𝟎 𝐜𝐦−𝟑

Compression of two-phase HI gas

Molecular 
Cloud

〈𝒏〉 ∼ 𝐚 𝐟𝐞𝐰 𝟏𝟎𝟎 𝐜𝐦−𝟑

compression along B (Inoue & Inutsuka 2012)

Iwasaki et al. 2019 investigated the early stage of 
the formation of MCs in various situations
ignoring self-gravity.
We includes self-gravity

suppressed by B field
(Inoue & Inutsuka 2008, 2009)



MHD Simulations of Molecular Cloud Formation
from Atomic Gas

• Initial condition:  Colliding flow (𝑽𝟎 = 𝟏𝟎 𝐤𝐦/𝐬) 
of the atomic gas with  𝒏𝟎 = 𝟏𝟎 𝐜𝐦−𝟑, 𝑩𝟎 = 𝟑𝝁𝐆

• Resolution : 1024 × 5122 (Δ𝑥 = 20 pc/512 ∼ 0.04 pc)
simulations with 2048 × 10242 are calculating now.

red: warm gas
green: cold clouds
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Micro-processes 

 Chemical reactions
• a simplified chemical network  including 28 reactions 

H+, H, H2, He, He+, C, C+, CO

• including photo-chemistry due to external FUV photon
• photo-ionization of C

• photo-dissociation of H2 (self-shielding and dust extinction)

• photo-dissociation of CO (self-shielding, H2 shielding, and dust extinction)

• ray tracing of FUV photons along x direction.

 Thermal processes
• Heating processes

• photo-electric heating due to dusts (dust extinction)

• cosmic ray

• H2 dissociation

• Cooling processes
• Recombination on dust

• C+ fine-structure (92 K) ( escaping probability )

• O fine-structure (escaping probability)

• CO rotational transition (escaping probability)

implemented in 
Athena++ (Stone, Tomida, White in prep.)

+ self-gravity
Multi-grid implemented by Tomida-san.
cost ∼ 20% − 30% of Hydro part.

if 𝑛 > 𝑛thr = 5 × 104 cm−3, 
cooling/heating is switched off

 enable us to simulate the evolution from
atomic gas to MC self-consistently!   



Without Self-gravity
Iwasaki et al. (2019)

𝜃 = 3∘ (almost parallel B case) 𝜃 = 11∘ (nearly inclined B case) 

the accretion of the cold clouds 
drives super-Alfvenic turbulence

𝑬𝐭𝐮𝐫𝐛≫ 𝑬𝐦𝐚𝐠

𝑩

𝑩

the shock-amplified B-field suppresses
turbulence  trans- or sub-Alfvenic turb.

𝑬𝐭𝐮𝐫𝐛 ≤ 𝑬𝐦𝐚𝐠

: critical angle 

Turbulence dominated MC B-Field dominated MC
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With Self-gravity

𝜃 = 3∘ (almost parallel B case) 𝜃 = 11∘ (nearly inclined B case) 

mean density increases by × 𝟏. 𝟓

Turbulence dominated MC B-field dominated MC

𝑩𝑩
𝑩

𝑩
𝑩

@ 𝟏𝟎 𝐌𝐲𝐫

mean density increases by × 𝟏. 𝟏

Mean density of B-field dominated MC is not enhanced by self-gravity significantly 
magnetized gas is stiff (𝛾 = 2) against compression ⊥ Bfield



Time Evolution of Energies

turbulence energy

turbulence energy

gravitational energy
gravitational energy

turbulence-dominated MC (𝜃 = 3∘) Bfield-dominated MC (𝜃 = 11∘)

𝐸turb is always larger than 𝐸mag 𝐸turb becomes smaller than 𝐸mag

in the later phase.

The gravitational energy continuously increases with time.



Column Density 
Along the Compression Direction

turbulence-dominated MC (𝜃 = 3∘)
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at t=10 Myr at t=7.5 Myr

In turbulence-dominated MC, super-Alfvenic turbulence suppresses coherent structure formation.  
In Bfield-dominated MC, prominent filaments are formed.

Bfield-dominated MC (𝜃 = 11∘)



Column Density 
Along the Compression Direction

turbulence-dominated MC (𝜃 = 3∘)
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In turbulence-dominated MC, super-Alfvenic turbulence suppresses coherent structure formation.  
In Bfield-dominated MC, prominent filaments are formed.

Bfield-dominated MC (𝜃 = 11∘)



Formation Epoch (𝒕𝐆𝐈)
of Gravitationally Unstable Clump

turbulence-
dominated 

MC

Bfield-dominated MC

𝜃crit ∼ 11∘ (Iwasaki et al. 2019)dense clumps 𝑛 > 𝑛thr
are identified by 
friends-of-friends 
algorithm

 Around 𝜃 ∼ 𝜃crit, gravitationally unstable clumps form earlier.
 For 𝜃 < 𝜃crit (𝜃 > 𝜃crit), the formation of unstable dense clumps is delayed due to 

strong turbulence (magnetic field)



Summary

• We investigate the formation and evolution of MC with self-gravity.

• We found a critical angle above which the magnetic stress becomes 
important in the dynamics of the MC formation.

• 𝜃 < 𝜃cr
• MC with super-Alfvenic turbulence (highly anisotropic)

• self-gravity makes MC denser. 

• the formation of unstable dense clumps is delayed due to strong turbulence.

• 𝜃 ∼ 𝜃cr ∼ 10∘ (depend on parameter) 
• a tightly-confined MC forms.

• self-gravity triggers the formation of coherent filaments where unstable 
clumps  form efficiently.

• 𝜃 ≫ 𝜃cr
• the magnetic pressure widen shocked layer.

• stabilized by magnetic field.



Transition From Anisotropic 
to Isotropic Turbulence

𝛿𝑣𝑥,𝜃=0 ∼ 𝑓 × 𝑉0

if 𝜃 = 0,
bulk motion ➡ random motion (x-dir.)

𝐵sh
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∼ 𝜌0 𝑉0

2
𝐵sh
〈𝜌sh〉

∼
𝐵0sin𝜃

𝜌0

if the transverse B is important,
the post-shock Alfven speed:

Criterion for
P-ram dominated layer

conversion efficiency
~ 0.3  (from the simulations)
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