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Shock Waves Shock Waves -- IntroductionIntroduction
•• Mathematical descriptionMathematical description

–– Three dimensional manifold (Three dimensional manifold (ΣΣ) ) in four in four 
dimensional space (dimensional space (t, x, y, zt, x, y, z))

–– ΣΣ((tt) ) –– surfaces in three dimensional surfaces in three dimensional 
Euclidean space Euclidean space 



Shock Waves Shock Waves -- IntroductionIntroduction

–– Cauchy’s problem (finding solution of MHD Cauchy’s problem (finding solution of MHD 
equations for equations for H, v, H, v, p, p, ρρ on on ((ΣΣ) )) )

–– When system is indeterminate => When system is indeterminate => ((ΣΣ)  is so)  is so--called called 
characteristic manifoldcharacteristic manifold

–– Surface Surface ΣΣ((t t ) associated with a char. manifold is ) associated with a char. manifold is 
wave surfacewave surface or briefly or briefly wavewave

–– If two different solutions of MHD equations take If two different solutions of MHD equations take 
same value on same value on ((ΣΣ) => ) => ((ΣΣ) is char. manifold) is char. manifold

–– But first derivatives on char. But first derivatives on char. ((ΣΣ) have different ) have different 
values values 



Shock Waves Shock Waves -- IntroductionIntroduction

-- Propagation of disturbances in fluids Propagation of disturbances in fluids -->  >  
by by waves  waves  

-- Wave surface Wave surface ΣΣ((t t ) represents border ) represents border 
between disturbed and nonbetween disturbed and non--disturbed disturbed 
fluidfluid

-- If wave is appeared as steep (~ vertical) If wave is appeared as steep (~ vertical) 
in its profile it is in its profile it is shock waveshock wave
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Shock Waves – HD equations

Rankine – Hugoniot jump conditions
region 1 – upstream, region 2 - downstream
- conservation of mass
ρ2u2 = ρ1u1

- conservation of momentum
ρ2u2

2 + p2 = ρ1u1
2 + p1

- conservation of energy
1/2u2

2 + h2 = 1/2u1
2 + h1, 

h = γ/(γ-1)·p/ρ – specific enthalpy
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Shock Waves – HD equations



Shock Waves – Viscous Shocks

Δx ~ l,  l – mean free path for elastic collision



Steepening of Acoustic Waves Into 
Shock Waves



Steepening of Acoustic Waves Into 
Shock Waves



Types of shock waves

C shocks (continuous)
J shocks 
C* shocks



Types of shock waves



Types of shock waves

shocks on an infinite wedge with a small 
opening angle 



Types of shock waves

bow shock



Types of shock waves

tail shock 



Types of shock waves

farther away from the aircraft – shock wave 
degenerates to a acoustic wave  



Types of shock waves

bow shock ~ normal shock



Types of shock waves

slow supersonic flow of a body with a sharp 
nose



Types of shock waves

body with a blunt nose flying supersonically at 
any speed



Types of shock waves

STRONG SHOCK:

jump in velocity 

Δu = u1-u2 ~ u1



Blast Waves and 
Supernova Remnants



Blast Waves and Supernova remnants

the point release of a large amount of 
energy creates a spherical blast wave



Blast Waves and Supernova remnants

the blast wave solution  - Sedov and 
Taylor        r ~ t2/5



Blast Waves and Supernova remnants

compression: 

ρ2/ρ1=4



HD phases of an SNR evolution



HD phases of SNR evolution

radiative shocks 



HD phases of SNR evolution

isothermal shock 
compression:

ρ2/ρ1 ~ (Mach number)2

Mach number = u1/vs,T



HD phases of SNR evolution
First phase – free expansion phase (Ms < Me), 
till  3/4Ek → U (Ms ≈ 3Me),                                
(for 1/2Ek → U, Ms ≈ Me).
Second phase – adiabatic phase (Ms >> Me ) 
till 1/2Ek → radiation
Third phase – isothermal phase – formation 
of thick shell
Forth phase – dissipation into ISM  







SNRs – MHD

• MHD
• Alfven waves – transverse modes 



SNRs – MHD

• fast and slow magnetoacoustic waves
• longitudinal modes 



SNRs – MHD

• entropy waves – contact discontinuities
• discontinuities without flow 



SNRs – MHD

• shock waves in the magnetized medium  



SNRs – particle acceleration

• transverse adiabatic invariant
p┴

2 / B = const.
p┴

2 + p║
2  = const.



SNRs – particle acceleration

• longitudinal adiabatic invariant
p║l = const.



SNRs – particle acceleration



• Fermi acceleration (“Type A” in Fermi 
(1949))



• Fermi acceleration (“Type B” in Fermi 
(1949)) – affirmed in this paper



• In both cases   

ΔE / E ~ (v / c)2



SNRs – particle acceleration

• diffuse shock acceleration – first order 
Fermi acceleration

• Bell (1978a,b), Blenford & Ostriker (1978, 1980), 
Drury (1983a,b), Malkov & Drury (2001)



SNRs – particle acceleration

• second order Fermi acceleration –
turbulences in downstream region

• Scott & Chevalier (1975), Galinsky & 
Shevchenko (2007)



SNRs – particle acceleration

• DSA – diffusion only in pinch angle
• second order acceleration – diffusion in 

velocities 

• hints for future research – modeling of 
both processes in the same time        
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