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ISM is Thermally Bistable

1 Stability of equilibrium against perturbation.
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® The WNM and CNM are stable against perturbations.

® Intermediate phase is unstable against isobaric perturbation.

v Thermal instability (Field 65).
oL

v' Criterion: (B_T) >(0 where L is net cooling rate per unit mass.
p

I Unstable if cooling rate is enhanced by temperature drop.



Dispersion Relation

L1 Dispersion relation for the thermal instability (Field 65, Schwarz+72, Koyama & Inutsuka 01).
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® Thermal instability grow in wide spatial scales from /_ to /..

® Nonlinear growth generates small scale fragments due to condensation.

® Metallicity dependence on typical scales (Inoue & Omukai 15)

e = 4p0(Z/Z0) 1 Ip = 0.013 pe(Z/Z0) " teool = 0.4 Myr(Z/Zo)



Strong Disturbance in the ISM

The WNM is stable against perturbation.

® The ISM cannot evolve in static environment.

® Supernovae compress the ISM typically once per Myr (McKee & Ostriker 77).

What happen if the WNM is shocked ?

® The WNM destabilized by shock compression and successive cooling create
cold clumps (1D simulations by Hennebelle & Perault 99, Koyama & Inutsuka 00).
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® During cooling process, gas is influenced by thermal instability = cold fragments.



HD Simulation of Phase Transition

1 How thermal instability affects dynamics of cold gas formation?

® Multi-dimensional simulations by Koyama & Inutsuka 02; Audit & Hennebelle 05; Heitsch+06;
Vazquez-Semadeni+07; Hennebelle & Audit 07; Inoue & Inutsuka 08, 16
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® Nonlinear growth of thermal instability cause small scale cold fragments.

® Cold clumps get random “turbulent” velocity.



Supersonic Turbulence

1 Thermal instability mediate turbulence can be “supersonic” (Koyama & Inutuska 02).
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® Subsonic turbulence is involved in preshock gas as seed fluctuation.

® Cooling drastically reduce sound speed of postshock cold clump.

—> Subsonic seed turbulence becomes supersonic.

® If no cooling, we never expect supersonic turbulence in postshock (TI+13).
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Magnetic Field

Magnetic field is very important ingredient of the ISM, because...

® c;,~¢,~ | ev/icc(B~5uG)inboth the WNM and CNM
(Beck 00, Heiles & Troland 05).

® The ISM is tightly coupled to B field.
47TApn Pi L2, A = <U Ure1>

B2 mn —I'mi

~ 10 Myr for typical atomic ISM
(e.g., Hennebelle & Perault 00, Inoue+07).

v lon-neutral drift timescale: tAp =

> 1 cool

- MHD treatment of the ISM is necessary.

® B field is much harder than gas.
v" If the ISM contract with B field (B o< p), then p, ., = B%/8m o< p2,

- effect of B field enhanced rapidly in compressed gas.



Realistic Evolution of WNM

[J Evolution of shocked WNM with B field (Inoue & Inutuska 08, 09, 16)

® Evolutionally track is drastically changed due to the effect of magnetic pressure.
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® Many observed characteristics of HI clouds (Heiles & Troland 03) are reproduced.
i) morphology (raspect~50), ii) strength of B(B < 1), iii) moderate turbulence(M~2)

® Cold HI filament EHEIZFD MIE X RIA—EL ! (Clark+14, Inoue & Inutsuka 16)



Effects of Magnetic Field

1 In most initial condition, B field prevents direct formation of molecular cloud
from the WNM (Inoue & Inutsuka 09)
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Simulation of Molecular Cloud Formation

Inoue & Inutsuka 12
1 Setting of molecular cloud formation 3DMHD simulation by dense HI gas accretion.

® Initial two-phase HI gas is created by thermal instability.
v blue: Hl clouds (n ~ 50 cm3, T ~ 100 K) ZT ,
v red: diffuse WNM (n ~ 1 cm?3, T ~ 6000 K) %
v' {n) ~ 5 cm3 consistent with obs. by Fukui+09.

2.1

v' B =15 uG parallel to converging flow
=20km/s

® Converging flow velocity of v_ 1.72

1.34

v Shock sweeping of dense Hl region by

super-shell or spiral shock. 0.96

log n [cm?]

® We solve radiation transfer by 2-ray approximation. = _

v Evolution from atomic to molecular gas.

H - H,, C*> CO

0.2

v Transition of C* cooling to CO cooling.

(see, Valdivia & Hennebelle 2014 for more sophisticated method).



Density Cross-section

Time = 0.000 Myr Inoue & Inutsuka 12
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® |n dense molecular gas: Av ~ 3 km/s >> ¢, ~ 0.2 km/s.




log n [cm?)

Result

[J 3D density map at 10 Myr Inoue & Inutsuka 12

Structure of n Structure of T’

— 20 km/s

—> N
\

4
4

Log(n[em®])
Log(T[K])

3

3.62
324 \
2.86
2.48
2.1

1.72
1.34
0.96
0.58
0.2

® HHEINSINFEIZLDERETILTEIEINSIF R 1MICITLZSLL
® MNIRICEZIZIHNELTE 0<10° THNIEXOITY 2 FEILXTES(Iwasaki+18 in prep.)

> PFEEK. ARIF(RELEBINDIDLENHY) BFEH DM S: t,,,,,>> 10 Myr.
> —EFHARITLEWVE RS F )7 (Hartmann+01; t;,, < 10 Myr) [LEZL LY

* LIMCOELZEROFEE NS FEEHZHE T L= Kawamura+09 D t ~ 30 Myr NIBEIZR 2 A —K




Filaments

] Recent observations established that dense filament is the terminal of ISM evolution.
for Gl (Andre+10).

® Global collapse of massive filament drives massive-star formation (Pretto+13).

® [ow mass stars are formed from filament with m;, . >m
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Strong Shock as Trigger of Massive

Star Formation
OXERELAKEREAIS FEGERNFIEE?

(e.g., Furukawa+09, Ohama+10 for Westerlund2, Torii+11, 15 for M20 & RCW120,
Fukui+14 for NGC3603, Nakamura+14 for Serpens South) .

/2 ® Representative sites of cloud-cloud

. collision where massive stars are

located at center of each panels.
(Fukui+15 in prep.)
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® Large collision velocity for
massive star formation:
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— Strong shock triggers

Color: Spitzer 8, 24um (Benjamin+03, Carey+09) . .
massive star formation?

Contour: NANTEN2 *2CO J=1-0 (Fukui+15 in prep.)



Cloud Collision O — %1%

WG ARERTEFN-ERLTOFREFEIFEMETRBFLYTEENIFESEL
e.g., Kobayashi+18

5 FEQREEESAED Tclumpy THOBEEDELFIKAE (e.g., Inoue+12)
Larson’s law : Av =10 km/s (L/100 pc)®>
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Postshock Focusing Flow

Inoue & Fukui 13, Inoue+18
1 AMR MHD simulation of cloud collision by SFUMATO code (Matsumoto 07).

® Collision of a turbulent cloud and a bigger cloud with effective resolution 40963 cells (Ax~0.0015 pc).
® (n)=1000 cm?, B =10 uG, v =10 km/s. ~ ® M=500 mg, o6v=1.5 km/s for small cloud.
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® The small cloud is clashed as if it is imploded = Gas of small cloud is focused into a small region.



Filament Formation by Clump Crushing

Inoue & Fukui 13, Inoue+18

L1 Filaments are NOT formed by self-gravity.
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Filament Formation behind MHD Shock

Inoue & Fukui 13, AplL

1 What happens when a dense clump is swept by a shock?

1 dense clump 9
in CIOUd ShOCk 3
B
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(see, also Vaidya+13)
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* Compression is weak in the z-direction due to magnetic pressure.

- A MHD shock compression of a dense blob leads to a filament formation.



Focused Flow by Oblique Shock

Inoue+18
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Massive Star Formation

Inoue+18
L1 Collapse of massive filament leads formation of massive core (sink).
duration = 0.7 Myr ® Upton~8x 10%cm3, thermal Jeans
g - length is resolved more than 8 cells
g (the Jeans criterion; Truelove+97).
Q
ne o ® Aboven~ 8 x 10%cm?3, sink particle is
E introduced if the region shows signatures
n4 O of gravitational collapse (div. v <0, E, <0,
- .
- Eigenvalue of grd. v tensor < 0).
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® The most massive sink mass ~ 50 m,,

o



accretion rate

Accretion Rate

] The most massive sink grow with high accretion rate
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® Most massive sink grow with constant, high, accretion rate: M___> 10“4m

® High accretion rate is kept for a long time so long as the filament contraction continues.
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Role of B Field
A

w\‘

LI Critical line-mass for a filament with perp. B field (Tomisaka 14).

Iy

Amax =~ 0.24®. /G2 +1.66¢2/G. where &, =B w.

~ 15 Ms/pc (thermal critical line mass)

B field contribution dominate, if B > 35 uG (¢/0.2 km/s)? (w/0.1pc)!.

1 Typical B field in the shock induced filament (Inoue & Fukui 13):

Biament = N2 —2-B, = \[870,, v ~300 uG (n;,/10° cm?)2 (v,/10 km/s).

VAl

- A ~100 Ms/pc

— The critical line-mass of the shock induced filament can be much larger than
the thermally supported filament.



P-V Structure of Simulated Baby Filament
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Herschel column Position-velocity diagrams of a filament
2 I oberved in the North-East of the field

Arzoumanian+18 in prep.

Position velocity maps perpendicular to the filament axis as shown

by the green arrow on the channel map at bottom left hand side
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Summary

Shock wave plays crucial role for evolution of the ISM

® Shocked WNM becomes thermally unstable gas which evolve into turbulent CNM.
® B field drastically affect the formation process of HI clouds.

® Molecular cloud can be formed by accretion flows of the two-phase ISM.

® Accretion of clumpy HI clouds drives supersonic turbulence in molecular clouds.
® Shock-clump interaction leads to formation of star forming molecular filament.

® Massive star can be formed by collapse of massive filament created by cloud collision.



