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Outline

▪ Collisional/Collisionless plasmas
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▪ Bridging the (front width) gap

• Theory (1D)

Bret & Pe’er, Journal of Plasma Physics, 2021

• Particles-In-Cell Simulations (PIC)

Nissim Kindi, Pe’er & Bret, Physics of Plasmas, 2026

▪ Collisional/Collisionless shocks



▪ Collisional/Collisionless plasmas
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Collisional/Collisionless plasmas

▪ Collisional
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Collisional/Collisionless plasmas

▪ Collisionless
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Collisional/Collisionless plasmas

▪ Collisionless plasmas

▪ Dynamics arises from collective interactions, not from collisions
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Collisional/Collisionless plasmas

▪ The plasma parameter 
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Collisional/Collisionless plasmas

▪ “Collisionless” =  >> 1 = Kinetic energy >> Potential energy
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▪ Theories (classical. See Michael Bonitz for quantum, arXiv:2604.03757)
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▪ Theories
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F dxdv = n. part. in dxdv
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See Mat Kunz lecture notes @ Princeton
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Methodology

▪ Theories: What the fluid level misses
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Ex 1: two-streams system

Ex 2: large mfp
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▪ Collisional/Collisionless shocks



What is a shock?

▪ Conservation laws
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▪ Solve for 2

What is a shock?
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“Downstream” “Upstream”

2nd order polynomial → 2 solutions



What is a shock?
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S < 0

𝜌2

𝜌1

Nothing happens

Shock solution

“Rankine-Hugoniot 

condition”

Mach number



What is a shock?

▪ How do you make one?

• Steepening of a sound wave

• Impact of 2 fluids
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What is a shock? Where?

Photographs of the shock wave from the first atomic 

bomb explosion

Alamogordo, New Mexico, July 16, 1945

(Los Alamos National Laboratory archives).
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What is a shock? Front width

2
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Mean free path

Density

“Downstream” “Upstream”



What is a collisionless shock?

2
1

Mean free path

Bow shock

100 km?



What is a collisionless shock?

2
2

Mean free path

Bow shock

150 106 km

100 km

Bow shock = collisionless shock,  in a collisionless plasma



Why are collisionless shocks important?
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Inertial 

Confinement 

Fusion



Why are collisionless shocks important?
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NASA’s Goddard Space Flight Center

Gamma Ray Bursts



Why are collisionless shocks important?

2
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Bing Zhang, Nature, 2020

Fast Radio Bursts



Why are collisionless shocks important?

2
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Supernova Remnants

SNR 0509-67.5



Why are collisionless shocks important?

▪ Cosmic Rays

Matthiae, New Journal of Physics 12, 075009 (2010) 

Letessier-Selvon & Stanev, Review of Modern Physics 83, 907 (2011) 

Knee

Ankle

1 particle/m2/s

1 particle/km2/year

1 particle/m2/year

50 J !
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Why are collisionless shocks important?

▪ Cosmic Rays

Matthiae, New Journal of Physics 12, 075009 (2010) 

Letessier-Selvon & Stanev, Review of Modern Physics 83, 907 (2011) 

Power laws
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Why are collisionless shocks important?

▪ Collisionless shocks make power laws, f(p)  p-something > 0

2
9



Open issue (just one)

▪ Is there some stationary state? Long term evolution

▪ Ingredients of a collisionless shock:

3
0

x

Front Width

Velocity

Profile

Density

Ratio

+ Cosmic Rays (accelerated by the shock)

SNR GSH 138-01-94

4.3 My (Stil & Irwin, ApJ 2001)

SN 185, 1800+ years old



Shock ingredients: connections

Front Width

Density Ratio r

Velocity

Profile
Cosmic Rays

(r,…)

Blandford & Ostriker 78Ellison 85

Schneider & Kirk 87Drury 1982

Blasi 2002

Bret & Pe’er 2024 ?

31



Some reading

▪ Shocks in fluid or collisional plasmas/fluids
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Some reading

▪ Shocks collisionless plasmas
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▪ Bridging the (front width) gap

• Theory (1D)
Bret & Pe’er, Journal of Plasma Physics, 2021

• Particles-In-Cell Simulations (PIC)
Nissim Kindi, Pe’er & Bret, Physics of Plasmas, 2026



Why focusing of the front width?

▪ Well defined problem: compute 1 number

▪ Because we could 

▪ Big difference between the 2 regimes

▪ Important for particle acceleration (Bret & Pe’er 2024)
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Which gap? The front width gap

▪ Collisional shock – Fluid & Plasmas

▪ Collisionless shock – Plasmas only
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Mean free path

Mean free path



The front width gap

3
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Front

Width

Mean free path

Collisional Collisionless

Orders of

magnitude?



The front width gap
THEORY (1D)

Journal of Plasma Physics 2021



The front width gap, strategy

3
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▪ Kinetic or Fluid formalism?

Kinetic

▪ Which kinetic equation?

BGK* (“Full”)

▪ How to solve the kinetic equation?

Mott-Smith ansatz

*Bhatnagar–Gross–Krook



Bridging the front width gap

4
0

Collisional shocks

Front width  mfp

Mediated by collisions

Zel'dovich & Raizer

Collisionless shocks

Front width <<<< mfp

Mediated by fields

Sagdeev 1966

What happens to the

front width in between?

Good old shocks Only in plasmas



Bridging: Formalism

4
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Fluid Formalism

Front width  mfp

Collisional shocks

Kinetic Formalism

Collisionless shocks

Front width <<<< mfp

Kinetic Formalism

Good old shocks Only in plasmas



Which kinetic formalism?
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Collisionless shocks

Vlasov
Tidman 1967

Collisional shocks

« Good old shocks »

Zel'dovich & RaizerKinetic equations
Boltzmann

Fokker-Planck – Tidman 1958

“Full” BGK

…



Which kinetic formalism?
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?

Collisional Transition Collisionless

Vlasov X X

Boltzmann X X

Fokker–

Planck X X

“Full” BGK* X

…

*Bhatnagar–Gross–Krook



The “Full” BGK collision term

 (F-F0) “Simple” BGK“Full” BGK
1

𝜎

4
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Why the BGK operator?

4
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dx’

Heat flow:



How do you compute the front width?

▪ Computing shock profile: notoriously difficult problem

▪ Mott-Smith ansatz 1951 on the distribution function

4
6UpstreamDownstream Flow

Shock profile



How do you compute the front width?

▪ Mott-Smith ansatz 1951 on the distribution function

4
7UpstreamDownstream Flow

+



How do you compute the front width?

▪ Mott-Smith ansatz 1951 on the distribution function

▪ Ti, Ui, Ni0 from Rankine-Hugoniot

▪ Plug F(v) in the kinetic equation and find n1(x) and n2(x),

hence the front width

4
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+



Applying BGK to the MS ansatz

From « Full » BGK, exact!

Upstream Mach nb

4
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Bridging the gap (strong shock)

5
0

Upstream “plasma parameter” 
CollisionlessCollisional



Our result

Tidman 67

Not Valid



Bridging the gap (strong shock)

5
1

m.f.p





Our result Tidman 1967

Upstream “plasma parameter” 
CollisionlessCollisional

Reality?





The front width gap
PIC

Physics of Plasmas 2026



2D PIC

▪        + Collision module

▪ E/i plasma. Mass ratio = 1836

▪ No B0
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2D PIC

Downstream density Nd

5
4

Front width

0,9 Nd

0,1 Nd



2D PIC, what about the MFP?

▪ In the “Full” BGK operator we have

▪ What about                    ? 

Daligault , PRL, 2012

Λ1 ≫ 1, ∝
Λ1

ln Λ1
𝜆𝐷,1

Λ1 ≪ 1, ∝  𝜆𝐷,1

5
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2D PIC, results

 5
6

Osiris  << 1?



Conclusion

▪ The width of a shock in mfp units varies over several orders 
of magnitude between the collisional and collisionless 
regime

▪ We bridge between the 2 regimes

• Collisional : Mott-Smith ansatz + full BGK

• Collisionless : Tidman 1967 (strong shock)

▪ Result parametrized by the upstream plasma parameter 

▪ Transition around    10

▪ PIC simulations confirm reasonably well

Bret & Pe’er, Journal of Plasma Physics, 2021 +  Nissim Kindi et. al. Physics of Plasmas 2026
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