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Planet Formation
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Scaling In Spherical Collapse

Homologous Collapse
Po pv, Cox prl
poc 1/R3, M = const.

Fo = (1/p)dP/dR o« C/R
Fc = GM/R? o 1/R?

Fp | Fgoc R-Gr-4)

If v>4/3 = stable
Yerii= 4/3 =@ Cooling Is essential.
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Virial Theorem for Self-Gravitating System:
U: Internal Energy, W.: Grav. Energy
(v-H)U+W=0

Total Energy: E=U + W

= (3y—4) I [3(y-1)]W = - y-4U
In the case of y = 5/3, emission of energy =»
dE<O0=dW =2dE <0,

dU=-dE=-dW/2>0 > T7
Effective specific heat is negative!
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« IR RADHDFEI0K)DILE My, ~10°M
« COTHAISNDEE ngo~ 102/cm?3
« TMDBMBE TR ~ 100 yr
c LLERABMICEIZESET HE
M AE = 10° M, /108yr = 10% M /yr
>> BUAISNSERAE ~ 100 Mg fyr
DFEY, DEFEIF1%LUT(-103DIET THS !




Turbulent Interstellar Medium

Visible

Koyama & Sl (2006) ApJ 652, 1131
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log T [K], log P [K/cm?]

Radiative Equilibrium

Solid: N,=10%cm=2, Dashed: 10%°cm-2

Pressure
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2D Evolution from Unstable Equilibrium

1024 Conduction.avi

Periodic Box Evolution without Shock Driving

With Cooling/Heating and Thermal Conduction
Without Physical Viscosity - Pr=20



2 #H - 1E7 K R

Van der Waals gas ), P - 3>9°r7-'J7’/;y“J.‘ﬁJ’E§+jJL=3"LJ:U
REEFRER '
NT N-‘a
P = -—
V-nb V

2
ﬂ1:ﬂ2<:>OZL du

= ["V(P,T =—F)dP

FHEER D OEBEMNFLLY
(MaxwellD#REI)




Evaporation of Spherlcal CNM In WNI\/I

VWM grav1tat10na11y unstable
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Bigger clouds

Ambient
arow and
- Pressure
smaller clouds
evaporate. Nagashima, SI, & Koyama 2006, ApJL 652, L41

Yatou & Toh 2009, PRE submitted (arXiv:0901.2395)




Instability of Transition Layer

Importance in
maintaining
“turbulence”

Inoue, SI, & Koyama 2006, ApJ 652, 1131
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Instability of Transition Layer

Similar Mechanisms... F;?cf;ﬁ \
1) Darrieus-Landau (DL) T_>
Instability
Flame-Front Instability unburned burned

# Important in SNe la
# Effect of Magnetic Field (Dursi 2004)
2) Corrugation Instability In
MHD Slow Shock - N

— Edelman 1990
— Stone & Edelman 1995
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Linear Analysis of New Instability

Growth Rate (Myr?)

step function,.-"

—— expected growth rate
Q2F e long wavelength approx.

2 isobaric . approx. .

' approx. T bl =1000 |
v, = 0.23
r,=0.042

unstable

5

wavenumber k, /2m [pc']

--- short wavelength approx.

Inoue, SI, & Koyama 2006, ApJ 652, 1131
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Summary of Tl-driven Turbulence

e 2D/3D Calculations of The Propagation of Shock
Wave into WNM

via Thermal Instability

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

1D: Shock = E,, = E,4
2D&3D: Shock = E,;, = E. 4+ Eyi,

ov ~afew km/s < Cg\wynm
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Main Components in Galaxies

e Stars
e Gas
 Photons

What else?



Visible | et Infrared

Spiral Galaxy M51 (“Whirlpool Galaxy”) Spitzer Space Telescope ¢ IRAC

NASA / JPL-Caltech / R. Kennicutt (Univ. of Arizona) ssc2004-19a




M51 Synchrotron

M3l Gemn TotInt.+D-Vectors (VLA Eftclsberg) ML 6em PolInt, +D-Voectors (VEA+Effclsborg)
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Supernova Shock in 2-Phase ISM

M Inoue, Yamazaki, & SI (2009) ApJ in press (arXiv:0901.0486)
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2-pahse ISM ZiR<HEHEHERK

Time = 1425 yr
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® Vp X Vp # 0 — shock ETiB&ER (v ~C)
® Turbulent Dynamo THAIZIENE : Bmax ~ ImG (post shock M 3~ 1)
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1st Order Fermi Acceleration
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Mystery: Energy Equipartition?
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Overall Equilibrium???



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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A New Type of Quasi-Equilibrium?



Dissipation in Relativity
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Property of Conduction Equation

ex) The energy equation (if considering the first-order theory)

oT . .
ney o - = —V -q =V (skVT) :Parabolic equation

ﬁ> Heat propagates instantaneously in this model!

ﬁ> Unphysical Instability in Covariant Analogue

T t=0 T t= T # 0 even at
1 At infinitely far
:> away!

» X > X
XO ~ Xo 1 T o— 2
T'=1Tp dp(a — o) T = - exp {_(1 ro) }




Classical Answer: Israel-Stewart Theory

V,T% =0
V,N% =0
N = nu®

Ta,b — p’U,a’U,b + (P il T)Aa'b + qa,ub + qbua, + Ta,b

T = —CV(vaua = /807_ . aDvaqa)

79 = _2¢g <Vaub +

1
g% = —RTAW <?V5T + Up +[B1gp|— o VT — alVCTbc)

/827-_013 . alvaqb>

features: -hyperbolic equations and stable

- propagation speed is less than speed of light (causal)

-many parameters on the order of collision timescale (impractical ?)




How to Solve Israel-Stewart Egs.

2.1 FRNGIEE (HBRT)
[srael-Stuart Bgm O BMLE T MILL FORICH S LT 5.

rq=—-kVT —q, pC,T =-V-q, (14)
ZRE—DIHET B &, LFOERFEFERNICES.
0T — c20°T — 7 10,T, ¢ =r/pC,T. (15)

Il R 7 (S ZERFRARREE T H O, REZDEBUEATR T q DR PR

BN R, ZDksd, (14) D1 B2/ LT,
(s — 1) At
T

ds + q(t — At)exp (—7_) , (16)

q(t) = — /tt_m jVT(S) exp

HU, TZ°T, T(t)FFEETHED Green B2 FIVW TRt — At T
DT, 0T TET. = Flii: TOFETE, MERESTES |
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TAARILFEIR (2, t) TEE AR
¢ *0°T — 0°T = —av *O,T, (17)
X5 RE (o) TlE. UTFDOXSBBEE 5,
Yo 2Oy + ¢10)(Op — 0, )T = —a 1Oy + vONT, (18)

C T,
B U U
Ve = 7(1 - 2 )(1 + 2 ) (19)
Cr+ 0 Cr — U
cl = . Gy = : 20
! 1+ cv/c? ’ 1 —cv/c? (20)

CORDOZ = 0 TOFIIT—2 T(x), OT/dt(x) TRLTZW,
T& . Green FHEUX ?
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Dispersion Relation for Heat Flow
(low temperature case)

o~exp(lkx—nt) [qualitatively

Inaccurate
Qelaxation mode | /

b PAs o : ] [ 1l
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g 0.01 é _ % 0.01

5 G=—VT s 7

wave number, kc,z wave number, kc,z
Kinetic Theory Israel-Stuart Theory
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Summary
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