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Radiative Cooling & Heating
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Radiative Equilibrium for a given density
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Equilibrium of 2 Phases

EoS of VVan der Waals Gas , _ “Statistical Physics” by

Landau-Lifshitz
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1D Plane-Parallel Case: Zeldovich & Pikelner 1969



2 Phase in Equilibrium

Solid: N,=101°cm-2, Dashed: 10%2°cm~2
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Basic Equations

° I I 8,0 0 \—
Eq. of Continuity T —(pv)=0
c EoM %(pV)+%(P+pV2)=O

* EQ. of Energy
— Radiative Heating & Cooling: 77, A
- H, C*, O, Fe*, Si*, H,, CO
— Chemical Reaction aE 0 ((E FPV-K 8Tj
 Hil, HI, H,, Cil, CO ot ax OX
— Thermal Conduction
« Conduction coefficient: K

Self-Gravity Negligible for Low Density Gas

= ol — p°A




Dispersion Relation of Thermal Instability

“Field length” : A = / K2T —107pc
O A

Thermal Instability
for 4> Ac

In 2-phase medium,

the width of transition
layer = Ac.
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Shock Propagation into WNM

t = 0.000 Myr
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Koyama & Inutsuka (2002) ApJ 564, L97



WNM Swept-Up by 14.4km/s Shock (3D)
Kovama & Inutsuka 2002




Summary of TI-Driven Turbulence

« 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)

1D: Shock = E,, = E,4
2D&3D: Shock = Ey, = E, 4 + E,i,

ov ~afew km/s < Cg\ynym =10km/s
€ 10*K due to Lya line: Universality?

Koyama & SI (2002) ApJ 564, L97
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Armstrong et al. 1995



Further Analysis on
Phase Transition Dynamics

1. Evaporation & Condensation
2. New Instability of Transition Layer
3. Effect of Magnetic Field



2D Evolution from Unstable Equilibrium

t = 0,000 Myr

Periodic Box Evolution without Shock Driving

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



Non-Linear Development of T1 without
External Forcing

Turbulent Motions Driven by Amplitude of Turbulent
Thermal Instability Velocity vs. Domain Length
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Further Analysis on
Phase Transition Dynamics

1. Evaporation & Condensation

2. New Instability of Transition Layer
3. Effect of Magnetic Field



Evaporation of Spherlcal CNI\/I In WNM
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Evaporation of Spherical CNM in WNM

WNM B gravitationally unstable
D Rt Ry
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Further Analysis on
Phase Transition Dynamics

1. Evaporation & Condensation

2. New Instability of Transition Layer

3. Effect of Magnetic Field



2) Instability of Phase Transition Layer
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Instability of Phase Transition Layer

Similar Mechanisms... ame
1) Darrieus-Landau (DL)
Instability
Flame-Front Instability unburned

# Important in SNe la
# Effect of Magnetic Field
See Dursi (2004)

2) Corrugation Instability in -~ - A
MHD Slow Shock

— Edelman 1990
— Stone & Edelman 1995

<+«— Thickness



growth rate : n [ Myr™]

Linear Analysis of New Instability
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Further Analysis on
Phase Transition Dynamics

1. Evaporation & Condensation
2. New Instability of Transition Layer

3. Effect of Magnetic Field



Front Stability with B

Stone & Zweibel 2009, ApJ 696, 233

Front Type Hydrodynamic Super-Alfvénic Sub-Alfvénic

Evaporation Unstable Unstable Stable

Condensation Stable Stable Unstable

Detailed Analysis of Non-Linear Growth Needed



Summary

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

* Tl-driven turbulence in Multi-Phase ISM
— Evaporation/Condensation of CNM clouds

—|nstabilities in Phase Transition Front
— Agree with Observed Kolmogorov Law

e We need some mathematics for Tl-driven
turbulence.



2D 2-Fluid MHD Simulations
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Inoue & Inutsuka (2007) in prep.




