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Outline

e Galactic Structure of Interstellar Medium
— Phase Transition =» Turbulence
— Formation of HI Clouds & Molecular Clouds

e Filaments & Star Formation

— Star Formation Threshold, Star Formation Rate
— IMF

* High Energy Astrophysics



Galactic Disk in Various Wavelengths

HI 21cm = ISM (T=102-10%K)

CO(J=1-0) =» Molecular Molecular Clouds (T~10K)
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Various Scale Heights

>

v

Galactic Latitude Distribution: n(z)

(o) (1%" cm™)

0. 0.2 0.4 0. .8 1.0 1.2 1.4
1-04]"'|"'l""| L A M R A ! A LR B |
|
i . —— H, Bronfman et al. -
Fl —  H, Clemens et al. 7
0.8 o :
I T H*
-f;\
0.6 P -
\

i . HI Gas ]
0.2 \"'--.._~_____ | H, Gas |-

- L »

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Average Number Density {n) cm-

Ferriere 2001, Rev.Mod.Phys. 73, 1031



ERAIE ML D ES(2) AR DFRKEFE

BARDENGETIVIZHT HFRKIE .
THEASN DO EELY Ferriere 2001, Rev.Mod.Phys. 73, 1031

[CEBLE 31— D
Boulares & Cox 1990, ApJ 365, 544 o

¥ 6 [
E F ravitational Acceleration "
© I Interstellar Pressures 10 3 3
@ & ~_ 3 Upgren L
$ s $8 3 r
(=) L -] B T
™ P Upgren 2 [ h
> N [ J
- 4 — L
£ [ Q i
Py a r

A ~ B
g 3 L g B
@ [
o NOT
a 2 1 - —
-a rl =
E -
s B
= 1 -
= - -
© i -
5 i
- D0 B
,.% 0 Or . . | . . . . . : . .

0 10 19

P, Peg (107"° dyne cm™)

IR TIL, zARD CE)EKEFEEHIZHBWT, HRAELYE, BISFAOFH
BMICEERTAEILINTWSERERSINTILNS. ?27??




Radial Distribution of VVarious Energy
NGC6946

Magnetfelder in NGC6946 (VLA-+Effelsberg 6em)
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Visible

t Infrared

Spiral Galaxy M51 ("Whirlpool Galaxy”)

NASA / JPL-Caltech / R. Kennicutt (Univ. of Arizona)

Spitzer Space Telescope ¢ IRAC

ssc2004-19a



M51 Synchrotron

M3l Gem Tot.Int.4+D-Vectors (VLA4 Effclsberg) Mal 6em PolInt.+D-Yectors (VLA Effclsberg)
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21cm DRAO- Villa Elisa all-sky polarization survey
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Waiting for Planck Paper
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Observed “Turbulence” In ISM

Observation of Molecular Clouds

line-width v > Cq
Universal Supersonic Velocity Dispersion
even In the clouds without star formation activity
=>» should not be due to star formation activity

What is the Origin of “Supersonic Turbulence”
In Molecular Clouds?



Dynamical Timescale of ISM

Dynamical Three Phase Medium
— e.g., McKee & Ostriker 1977

® SN Explosion Rate in Galaxy... 1/(100yr)
® Expansion Time...1Myr

® Expansion Radius... 100pc k ﬂo@c?ﬂpi}
(102yr1)x (10%yr )x(100pc)® =100 pcd ~ Ve pisk

Dynamical Timescale of ISM ~ 1Myr

« Timescale of Galactic Density Wave ~ 100Myr
Expanding HIl regions also important
Energetics Argument =» SNe



Radiative Equilibrium for a given density
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Radiative Cooli

ng & Heating
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log T [K], log P [K/cm?]

2 Phase In Equilibrium
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Shock Propagation into WNM

t= 1.212 Myr t = 1780 Myr t =  ZAR7 Myr

Ambient ISM
WNM
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Koyama & Inutsuka (2002) ApJ 564, L97
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WNM Swept-Up by 14.4km/s Shock (3D)
Kovama & Inutsuka 2002




Summary of TI-Driven Turbulence

e 2D/3D Calculation of Propagation of Shock
Wave into WNM via Thermal Instability

=» fragmentation of cold layer into cold
clumps with long-sustained supersonic
velocity dispersion (~ km/s)

“Field length” : 4. = / KZT —107pc
oA

1D ShOCk :> Eth :> Erad
2D&3D: Shock = Ey, = E,4 + E,i,

ov ~afew km/s < Cgynm =10km/s
€10%K due to Lya line: Universality?

Koyama & Sl (2002) ApJ 564, L97
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INn Periodic Box

Sustained “Turbulence

t = 0,000 Myr

Periodic Box Evolution without Shock Driving

With Cooling/Heating and Thermal Conduction
Without Physical Viscosity (Prandtl # = 0)
lwasaki & Sl (2013)
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Ref.
Inoue & SI (2008) ApJ 687, 303
Inoue & SI (2009) ApJ 704, 161
Inoue & SI (2012) ApJ 759, 35



Colliding WNM with B,=3uG

v=10km/s = =

B:3MG % :

(a) 15deg t:,'IZI 5 10 15 20 25 30
Time = 2.00 Myr

(b)40 deg
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2-Fluid MHD Simulation (AD included)



Colliding WNM with B,=3uG

Time = 6.40 Myr

v=10km/s _ °
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2-Fluid MHD Simulation (AD included)



Colliding WNM with B, BuG

v=20km/s
(a) 15deg
(b) 40 deg
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Inoue & SI (2008) ApJ 687, 303; Inoue & Sl (2009) ApJ 704, 161
HIEZXET QBN HOD

multlple episodes of compression.
Converging Flow into 2-Phase Medium
blue: 10%/cc < n < 103%/cc

magenta: dense clumps n > 103/cc
Inoue & Sl (2012) ApJ 759, 35
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Timescales for Phase Transition

e Warm Medium

— 10%yr L
 HIl Clouds

\107&
e Molecular Clouds

\105-%
e New-Born Stars

c.f. t,c~20Myr in LMC (Fukui & Kawamura 2010)



HI Clouds vs Molecular Clouds

f ..- Molecular Fraction ©J. Koda
Fae ZH; . Large radial change
- Xy +Zy RN Little azimuthal change

Kodastak-2009 o aiiakl 0.1 53 03 ©4 pPE O g7 1B 09



HI Clouds vs Molecular Clouds

M51 in PAWS Schinnerer+ (2013)



Summary

e Shock waves in ISM create
turbulent CNM embedded in WNM.

e Tl-driven Turbulence in Multi-Phase ISM
— Evaporation/Condensation of CNM clouds
— Instabilities in Phase Transition Front
— Agree with Observed Kolmogorov Law

e Multiple Compressions of Magnetized 2-
Phase Medium =2 Molecular Clouds
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Filaments, Filaments, Filaments...
— Star Formation Threshold

— Star Formation Rate
— IMF



“The Milky Way in the Herschel Era”

Sep 19-23, 2011@Rome, Italy

Herschel Satellite Telescope found ubiquitous filaments.

Declinatien (J2000)
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Character of Self-Gravity of Filaments

Cylindrical Symmetry é l/\ |
%a%Rg%:4nGp:a%Rg%= 2:27GpR \ Tj /
0P 2GM, -, =27 pRdR 1 -
OR R \{
_la_P . C_SZ MajiiferJ
p aR R Length -

No isothermal pressure support against
collapse = vy,=1 for cylinder

€-> y..~4/3 for sphere, vy,=0 for sheet



Critical Line-Mass for Filaments

Isothermal Equilibrium Filament S A AR RARRE R RARRSEE>
(Stodolkiewicz 1963; Ostriker 1964) 3

o= (3]

where H,, 1s the scale height and is defined by
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If M <M_;; , Isothermal filament can be pressure-confined.
If M_ >M_;; , Isothermal filament collapses indefinitely!
=> Self-gravity Is essential for filament with M| = M_;; -
(SI & Miyama 1992, 1997)



What 1s the resultant line-mass?

Fragmentation of / .
Isothermal Sheet-Like x /
Cloud
| PR S
Linear Analysis=>» / /
Mastest = 4mtH = 4C7/(GX)

~ — 2 R
9 I\/IL"’ 27‘*fastest _ 4Cs /G =2 I\/IL,c:rit
Nagal, Sl, & Miyama 1998




“The Milky Way in the Herschel Era”

Sep 19-23, 2011@Rome, Italy

Herschel Satellite Telescope found ubiquitous filaments.

Declinatien (J2000)
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From Ph. André’s Slide @Another Conference

Filaments have a characteristic width ~ 0.1 pc
Polaris “t.5u¢ . D. Arzoumanian et al. 2011, A&A, 529, L.6

Statistical distribution of
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From Ph. André’s Slide

Confirmation of an extinction “threshold” for
the formation of prestellar cores

Distribution of background column densities
for the Aquila prestellar cores

LI " ] N ] I ! L]

— In Aquila, ~90%
1 of the prestellar

cores identified

| with Herschel

{ are found above

1A~8 &

| £ ~130 Mg pc?
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| cf. Onishi et al. 1998
1 Johnstone et al. 2004
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: See also (for YSOs):
| Heiderman, Evans
T -y o et al. 2010

10 ] 15 =0 Lada, Lombardi,
Background column density, Ny, [10?! em2?) Alves 2010

André et al. TAU270, Konyves et al. in prep
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Which 1s determlnant N, or Filament- W|dth7

102‘\1(11} 1057 Ny(em )  10%
o T T T e
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Herschel fllaments have almost the same radii!
Aquila: 2R=0.1pc & M, =2C2/G = N, =~ 10%°cm= (A= several)
Polaris: 2R=0.1pc & M, <2C2/G = N, < 10%°cm= (A < several)

“Column Density Threshold” is a consequence?
~N—

Onishi+, Lada+, etc.




From Ph. André’s Slide

Filament fragmentation produces the prestellar CMF
and accounts for the « base » of the IMF

Jeans/Bonnor-Ebert mass:

Mgp ~ 0.6 Mg x (T/10 K)? x (£/150 Mgpc)!

Prestellar CMF in Aquila Complex | JREEREE N UL

¢ ] at T ~ 10 K within marginally

IMF i o - . . -
Kroupa (2001) _\-F* E. ‘ M | critical filaments withX =2, ~

)
150 Mgpe™ is My ~ 0.6 Mg

—> characteristic stellar system
mass M.=eM_ .~ 0.2 Mgfora

syslem
IMF

“(2008) 7 ‘ il | typical efficiency € ~ 0.3

Incomplets
sampling

= - ll | (cf. Larson 1985’s interpretation

of the peak of the IMF)

Number per mass bin: AN/AlogM

2
7
2

André et al. 2010, Konyves et al. 2010
A&A Vol. 518 Ph. André — MW2011 Conference — 21/09/2011




Mass Function of Cores 1n a Filament

SI 2001, ApJd 559, L149

Perturbation of Line-Mass of a
Filamentary Cloud using
Press-Schechter Formalism

Power Spectrum

P(k) oc k"

Mass Function
@ S— Mine df(Ma 6>66‘)

dM M dM

Mine 6c (_ 63 ) 1 do—ilzﬁf

— —< exp —

Observation of Both Perturbation
Spectrum and Mass Function

=>direct test !
cf. Hennbelle & Chabrier Theory
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t/t, = 0 (dotted) , 2, 4, 6, 8,10 (solid)

Observation shows P(k) ~k 16 (Andre+2013, PPVI)



Doclinatien (J2000)

What 1S missing?

- —2)
Ngalom ) 10

Formation of Molecular Clouds

Jajaweded Arges
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Hignt Asognmion (J200)

. << . .
Mitament << Menvetope Converging Flow into 2-Phase
Medium

Inoue & Sl (2012)



Hao View of Our Galaxy

Wisconsin H-alpha Mapper (WHAM) ; Haffner et al. (2003)
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Taurus-Perseus HI Shell

Hartmann & Burton 1997
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Taurus-Perseus HI Shell

Morino et al. 2002 (NAQO)
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Galactic Latitude (Degree)

-16

Nagoya4m  ClBOMD[EIEnBIBIERD < YT

Taurus C 180 (Onishi et al. 1996)

-14 =

174 172 170 168
Galactic Longitude (Degree)

@ Cold IRAS sources
o T Tauri stars



Column Density Threshold?
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Part 1: Protostellar Collapse Phase

4 Outflow
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Outflows & Jets are Natural By-Products!

Machida et al. (2006-2009), Banerjee & Pudritz (2006), Hennebe
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Global Disk Simulation
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Suzuki & Inutsuka (2009) ApJ 691, L49



=% 2 12 B D 5z #% B¢ [&:Disk Dispersal

Disk Wind TIZH X2 ITHVEHE T S
Suzuki, Muto & Sl (2010) ApJ 718 1289

Absorption by
- Stellar wind
- Disk wind

H |;k$ BRIESKA 4 ™

Absorption by

- Accretion streams

- Disk wind

- (Disk surface layers)
- ISM/Cloud

- ISM/Cloud

o

McJunkin, France+ (2014)
arXiv:1312.1650




Shell

TFUV

PDR
1 (T~100 K)

Dissociation Front of H2

D

Molecular cloud
(T ~10K)

lonization Front Dissociation Front of CO

Shock Front

o study the physical/chemical structure of the shell
* Does molecular gas accumulates in the shell shielding FUV photons?
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If M.>20M,,

then number of
massive stars
INCreases
exponetially.

=» Star Burst

Hosokawa & Sl (2006)
ApJ 648, L131
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M51 Synchrotron

M3l Gem Tot.Int.4+D-Vectors (VLA4 Effclsberg) Mal 6em PolInt.+D-Yectors (VLA Effclsberg)
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Polarized Intensity
(Fletcher & Beck 2005)
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Property of 3D .
"Turbulence" "
60 - w
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Mystery: Energy Equipartition?
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Spectrum of Various Components

Every component has energy density ~ 10° eV/cc

Ey, stellar ~ Eth, gas Ewrn ~ Ecr ™ Emag 2 Ecvp
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Supernova Explosion in Multi-Phase ISM

Shock waves can create turbulence In
Inhomogeneous pre-shock gas even without
cooling! Giacalone & Jokipii 2007
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Supernova Shock in Multi-Phase ISM

Magnetic Field Strength : |B|

Number Density : n
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Inoue, Yamazaki, & Sl (2009) ApJ 695, 825



B~mG important for CRs

Time = 1425 yr
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Inoue, Yamazaki, & SI (2009) ApJ 695, 825; (2010) ApJ 723, L108

=>» X-ray Observations of Supernova@age~103yr
B ~1mG (Bamba+2002, Uchiyama+ 2008, etc.)
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Crab Nebula in Multi-Phase ISM

Time = 1425 yr

Log (n[cm*])

Richardson+2013
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Summary

* Phase Transition Dynamics
— Transition Layer Width = A;
— MC Formation Timescale ~107yr?

e Observable as Spiral Structures

e Filaments & Star Formation

— Star Formation Threshold

e Various Environments... Observable
— Planet Formation
 High Energy Astrophysics
— SN Explosion in Multi-Phase ISM
— CR acceleration Observable
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