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Purpose of researchPurpose of research

New mechanisms of hydrodynamic 
instabilities, which can contribute to 

the turbulence development in 
interstellar medium.



LayoutLayout
• history of problem

• Stability of adiabatic shock wave generated by a 
strong point explosion against internal 
perturbations (self oscillations) .

• Stability of a shock against external (forced) 
perturbations
• linear analysis
• 2-d numerical modeling.



The evolution of a supernova remnant.  
Key stages

The evolution of a supernova remnant.  
Key stages

5/2tRs µ
7/2tRs µ

(Thornton, Gaudlitz, Janka. 1998 Phys.Rev.Lett)
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Experimental simulations.
Grun et al. 1991, Phys.Rev.Lett.



Instability of adiabatic shocks:

Numerical 2d simulations 

MacLow & Norman, 1993



Instability of adiabatic shocks

Numerical 2d simulations 

hollow blast wave 

Chevalier, Blondin 1995



Experimental simulations 2.x
Hansen et al 2002; Laming & Grun 2002;

Moore, Symes, Smith. 2004.



Linear analysis:
Modified inner boundary conditions

Kushnir, Waxman, Shvarts 2006



We decided to conduct its own investigation.



2. Instability of adiabatic blast wave 
(self oscillations)

2. Instability of adiabatic blast wave 
(self oscillations)

Supernova remnant model:

• Continuous medium
• Hydrodynamic approximation
• Inhomogeneous  background 
• Point explosion: instant local injection of energy  
• Adiabatic flow



Environment:Environment:
• Ideal, polytropic, inviscid gas with adiabatic index γ. Initial 

distribution of gas density is a power-law in radius with index ω.
• Unperturbed medium in steady state:

1. Velocity of gas: V0=0

2. Density distribution:

3. Gas pressure P0 = 0

• Explosion - instantaneous injection of energy Е0 in the origin
at t0=0.
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Basic equations: ( )
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Flow with a shell (hollow)

Exact solution (Sedov, 1946)

Flow, extended to the 
center of symmetry



Decomposition of  perturbations by  
spherical harmonics
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Natural coordinate systemNatural coordinate system

,rer ,lmYe qjt Ñ=
r .teee rn

rrr
´=

å

å
å

÷÷
ø

ö
çç
è

æ
¶
¶

+
¶

¶
=

÷÷
ø

ö
çç
è

æ
¶

¶
-

¶
¶

=

=

qjq

jqq

jq

tj

tq

lm
nlm

lm
lmlm

lm
nlm

lm
lmlm

lmrlmlmr

YaYaCra

YaYaCra

YraCra

sin
)(

sin
)(

),,()()(

r

r

r

÷÷
ø

ö
çç
è

æ
¶
¶

¶
¶

=Ñ
jqqqj sin

,,0

rer

rer

ner
te
r

qe
r

je
r

sR



System of linearized equationsSystem of linearized equations

(subscripts l,m are dropped for simplicity)



Conditions on a perturbed shock front
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Conditions at inner boundary. Hollow case. 

General condition: no sources at inner boundary
In the case of solution with shell, inner boundary condition depends on

the asymptotic behavior of the unperturbed pressure:
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Conditions at inner boundary. No hollow.

no sources => condition of impermeability:
both velocity and perturbation of velocity vanish 

δVr=0 => fVr =0.
Ryu & Vishniac (1991) use another internal boundary

condition:
δP =0

P

r/Rs

δP

10

Counterexample: consider two flows at  the 
same moment t >0 from explosions with 
energies E0 and E’=E0+δE. More energetic 
flow has greater P’(0) than P(0), hence, δP ≠0.  
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Eigenfrequency found analytically
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Another eigenfrequency found analytically
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Analytically found spectrum for γ = 4/3, ω=(7-γ)/(1+ γ)≈2.43



The homogeneous atmosphere 
ω=0, γ=1.1

The homogeneous atmosphere 
ω=0, γ=1.1 (Ryu&Vishniac, 1987г.)



The inhomogeneous medium
ω=2.7, γ=4/3

The power-law  distribution of density 
(Ryu&Vishniac, 1991г.)



The potential and vortex components of the 
perturbed velocities field
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Perturbation velocity hodograph

LL LL

x x

The flow with a shell The flow, extended to the center of symmetry



Analysis of disturbed flow in the 
case with the shell. 
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with number l



Analysis of disturbed flow in the 
case without the shell. 
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3. Instability of adiabatic blast waves 
(forced oscillations)

3. Instability of adiabatic blast waves 
(forced oscillations)

New insight 
• Analysis of shock response to external perturbations
• Search of possible resonance.  



Environment:

• Ambient medium  is perturbed now. Consider steady state 
perturbations : 

1. Vortex perturbation V0=0 + δV

2. Entropy perturbation

3. Acoustic perturbations are prohibited in this consideration since 
P0 = 0, otherwise P= δP can be  < 0 => unphysical.

• Explosion - injection of energy E0 in the origin, at the initial time t0 = 0.
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The conditions on the perturbed shock front
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Self oscillation:  

forced oscillation: 

Self oscillation:  

forced oscillation: ntdisplacemefront  - h

 frequency  - s

Eigenvalues:
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Amplification density factor for entropy 
perturbations,  hollow case



Amplification velocity factor for vortex 
perturbation, hollow case



l ≈18

Im(s) ≈ 0.1304

Inhomogeneous medium ω=2.7, γ=4/3,
hollow case



Amplification density factor for entropy 
perturbation , no hollow



Amplification velocity factor for vortex 
perturbation, no hollow



Homogeneous medium ω=0, γ=1.1,
no hollow

l =0

Im(s) = 0.



Hollow case
Inhomogeneous medium:
power-law distribution of 
density with index ω=2.7, 

adiabatic index γ=4/3.
vortex perturbation:

harmonic number l=18
perturbation amplitude = 1%

2-d numerical model2-d numerical model



Conclusion
• This work presents in a sense a sequel of research by Ryu and 

Vishniac (1987-1991) who studied stability of adiabatic 
spherical shock against self-excited oscillations.

• We instead analyze stability of adiabatic spherical shock 
against forced oscillations when shock propagates into an 
ambient medium with small inhomogeneities of density and 
velocity. These mimic the influence of turbulent motion or 
clouds segregation in the interstellar medium on the dynamics 
of supernova remnant at the adiabatic Sedov stage.

• We show by linear analysis and 2D hydrodynamical modeling 
that the shock wave is subject to resonant amplification of 
certain spherical harmonics in both cases. The instability found 
can bring to both rapid star formation and turbulization of  
interstellar gas. 


