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= Collisional/Collisionless plasmas
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% = Collisional/Collisionless shocks
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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 "=
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Collisional/Collisionless plasmas

= Collisionless




Collisional/Collisionless plasmas

Collisionless plasmas

Dynamics arises from collective interactions, not from collisions

Newton potential 1/r
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Collisional/Collisionless plasmas

= The plasma parameter A Nb of particles in Debye sphere

A =§n/113)N
AN

Debye length




Temperature (K)

Collisional/Collisionless plasmas

= “Collisionless” = A >> 1 = Kinetic energy >> Potential energy
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Methodology

* Theories (classical. See Michael Bonitz for quantum, arXiv:2604.03757)




Methodology

= Theories
Most fundamental Kinetic Fluid
Klimontovich Eq. Boltzmann, Vlasov, etc. MHD
V V V
y N O y N y N
Hierarch ' < |
© O BBGKYy / vt F(v)...d" |
(o) 8 0] de dx :
o© % o dv > dv > |
OO 8 :
o o | :
(o) | |
F dxdv = n. part. in dxdv F dxdv = n. part. en dxdv ; v
> X :X

See Mat Kunz lecture notes @ Princeton



Methodology

= Theories

Most fundamental

Klimontovich Eq.
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F dxdv = n. part. in dxdv
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BBGKY
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See Mat Kunz lecture notes @ Princeton

Most Used

Kinetic
Boltzmann, Vlasov, etc.

F dxdv = n. part. en dxdv

*X



Methodology

= Theories: What the fluid level misses

Ex 2: large mfp
Ex 1: two-streams system 5
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= Collisional/Collisionless shocks




What is a shock?

“Downstream” “Upstream”
p2 p1
«— V2 < V1
P2 P1

= Conservation laws

pVi = paVa, Matter
P1 V12 + P = P2V22 + PQ, Momentum
V2 P V7 P
. €1 ! — 2 €9 2 . Energy

2 P1 2 P2




What is a shock?

“Downstream” “Upstream”
p2 p1
«— V2 < V1
P2 P1

= Solve for P2
2"d order polynomial — 2 solutions

y—1V¢ P 2 v+1 , VP
L) —(o)(mVE+ ) A L —.
( vo2 01 (pl L 1) Y A1 2




What is a shock?

Shock solution

} o ;
i P2 _ (v + 1) M7
pr_ (y—DM]+2
3l “Rankine-Hugoniot
,02 I condition”
P1 ¢
2 =

Nothing happens

1—

Mach number

% Vi
| | | | | | | Ml_ 1 __1

VP s s




What is a shock?

= How do you make one?

« Steepening of a sound wave Time >

S AT TT

* Impact of 2 fluids

Density

—> <« \

Shock
Shock




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).

100 meters




What is a shock? Front width

Mean free path

Density

“Downstream” “Upstream”




What is a collisionless shock?

R Bow shock J—
;‘;;«.._»: “\ ? \
X ‘ ~100 km




What is a collisionless shock?

N Bow shock —
.1‘«_.»' ';~ e gt
W ~100 km¥4 7
i, Mean free path y ( :
PR e ~\/
/
|

Bow shock = collisionless shock, in a collisionless plasma




Why are collisionless shocks important?

PHILOSOPHICAL TRANSACTIONS '< | f Ztl)) Q fH
OF THE ROYAL SOCIETY A \4@/ \ /
MATHEMATICAL, PHYSICAL AND ENGINEERING SCIENCES = = «— =
/ h V\ \
El Open Access Research articles T #
M) Check for updates . . . ‘ ¥
Collisionless shock acceleration in the v
corona of an inertial confinement fusion 0 *He + 3.5 MeV
pellet with possible application to ion fast N+ 14.1 MeV
Q, Tools < Share ignition )
Cite this article v Eﬁjiélg;vz- Bingham, R. & Caims, B Norreys, & I0P Publishing | International Atomic Energy Agency Nuclear Fusion

Section Published: 07 December 2020  https://doi.org/10.1 Nucl. Fusion 57 (2017) 066012 (7op) hitps://doi.org/10.1088/1741-4326/aa686¢

Anomalous neutron yield in indirect-drive
Inertial inertial-confinement-fusion due
to the formation of collisionless shocks

F u s I O n Wen-Shuai Zhang', Hong-Bo Cai**#, Lian-Qiang Shan’, Hua-Sen Zhang’,

Yu-Qiu Gu’ and Shao-Ping Zhu'+’

23




Why are collisionless shocks important?

Gamma Ray Bursts

Jet collides with
ambient medium
(external shock wave)
Very high-energy
gamma rays
Colliding shells emit gamma rays (> 100 GeV)
(infernal shock wave model)

High-energy
gamma rays

Slower ; \ ‘ N

Faster shell X-rays
shell

Visible light

W'
Radio

Black hole
low-energy (< 0.1 GeV) to

engine high-energy (to 100 GeV)
Promp’r gamma rays
emission

Afterglow

NASA's Goddard Space Flight Center



Why are collisionless shocks important?

Fast Radio Bursts

FRB \ \
/ Relativistic  Iq, ell |
| o flare ﬂ s 5 /\/\/\/‘
/ / ‘ = % R o
/ 74 S 5 e 2 Persistent radio
4 8 £ ) o
) c e} ] ©
Charge starvation © 9 @ . £ —>V
o E . g g E °
& 4 S
t ¢ g
: * E
Alfvén waves 8 E
|k .____RM DM
| 1 |
g // \ : — 1 M J
<
Polariz ition

Comptonized
hard X-rays

Thermal soft X-rays

) \ / :511: E
A ~cot —> " X E{\T
// \\ T |

Bing Zhang, Nature, 2020
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Why are collisionless shocks important?

Supernova Remnants

* - $NR0509-67.5

.,




Why are collisionless shocks important?

= Cosmic Rays

10° 10° 10* 10° 15"
10" Illlf T T T f T T T T T 1T T T TTTTT]
1 particle/m?/s T T

RHIC (p-p) Tevatron (p-p) LHC (p-p)

HERA {y-p) Y HiRes-MIA
LS 1 particle/m?/year } Eﬁi :|
i
B s NN pr O AGASA/Akeno
n 107 = T ® Auger 2009
] =
e = .
= - 1 particle/km?/year
@ 10" -
= =
o = ¢ PROTON
L ~ ¢ RUNJOB

15 |
5 10 = ® KASGADE (QGSJET 01)
"-é - m  KASGADE (SIBYLL 2.1)
- B *  KASCADE-Grande 2009
r_% 10 % TibetASg(SIBYLL21)
1013_ | IIIIIIII 1 IIIIIIII | IIIIIIII | IIIIIII| | IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIII|
ig" 10™ i ™ 10ad [ 10" 10%° 50 ) I

Energy [eV/particle]

Matthiae, New Journal of Physics 12, 075009 (2010)
Letessier-Selvon & Stanev, Review of Modern Physics 83, 907 (2011)




Why are collisionless shocks important?

= Cosmic Rays

10° 10° 10* 10° 10°
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Matthiae, New Journal of Physics 12, 075009 (2010)
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Why are collisionless shocks important?

= Collisionless shocks make power laws, f(p) oc p-something >0

THE ACCELERATION OF COSMIC RAYS BY SHOCK WAVES

W.I. Axford, E. Leer* and G. Skadron**
Max-Planck-Institut fiir Aeronomie \g11 _
D-3411 Katlenburg-Lindau 3

Federal Republic of Germany

'* Present address: The Auroral Observatory, N- 001 Tromsd, Norway
** Present address: Dept. of Physics and Physical Science, Drake University,
Des Moines, Iowa 50311, USA

The aceeleration of cosmic rays in flows involving shocks and other com-
pressional waves is considered in terms of one-dimensional, steady flows and
the dzfﬁwwn apprommatwn The results suggest that very substantial energy
conversion ean occur.

PARTICLE ACCELERATION BY ASTROPHYSICAL SHOCKS

R. D. BLANDFORD
California Institute of Technology

AND ,\91%
J. P. OSTRIKER

Princeton University Observatory
Received 1977 December 12; accepted 1978 January 6

The acceleration of cosmic rays in shock fronts — I

Ao1®

A. R Bell Mullard Radio Astronomy Observatory, Cavendish Laboratory,
Madingley Road, Cambridge CB3 OHE™




Open issue (just one)

= |s there some stationary state? Long term evolution

* Inaredients of a collisionle ock:
SN 185, 1800+ years old
Front Width
Velocity
S = = R_.N1 .0/ PrOfile
Densi b Aly (Stil & Irwin, ApJ 2001)
Rati

s (accelerated by the shock)




Shock ingredients: connection

Drury 1982 k 87

e Velocity

Profile

Front Width

Andford & Ostriker 78

Density Ratio r

31



Some reading

= Shocks in fluid or collisional plasmas/fluids

PHYSICS OF

SHock WAVES AND
HiGH=-TEMPERATURE
HYDRODYNAMIC
PHENOMENA

Ya. B. Zel’dovich
and Yu. P. Raizer

Edited by Wallace D. Hayes
and Ronald F. Probstein

Fluid Mechanics
2nd edition

Landau and Lifshitz
Course of Theoretical Physics
Volume 6




Some reading

= Shocks collisionless plasmas

1OP Publishing Reports on Progress in Physics
Rep. Prog. Phys. 79 (2016) 046901 (49pp) doi:10.1088/0034-4885/79/4/046901
Review

The microphysics of collisionless shock
waves

A Marcowith', A Bret>’, A Bykov*>°, M E Dieckman’, L O’C Drury®,
B Lembége’, M Lemoine'’, G Morlino'">'2, G Murphy'?, G Pelletier'*,
| Plotnikov!4!%1% B Reville!’, M Riquelme!'®, L Sironi'®

and A Stockem Novo?’

ISSI Scientific Report 12

André Balogh
Rudolf A. Treumann

Physics of
Collisionless

Shocks

Space Plasma Shock Waves

@ Springer




= 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 . :2,

= Big difference between the 2 regimes

= Important for particle acceleration (Bret & Pe’er 2024)




Which gap? The front width gap

= Collisional shock — Fluid & Plasmas

Mean free path

= Collisionless shock — Plasmas only

Mean free path




The front width gap

Front
Width
- -, - - - - --------- rulieilllin Mean free path
Orders of
{// magnitude
A\ 4
>
Collisional Collisionless

37



The front width gap

THEORY (1D)
Journal of Plasma Physics 2021




The front width gap, strategy

= 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

Collisional shocks Collisionless shocks
Front width ~ mfp Front width <<<< mfp
Mediated by Mediated by
Zel'dovich & Raizer Sagdeev 1966
What happens to the
front width in between?
Good old shocks Only in plasmas

L0, L0,




Bridging: Formalism

Fluid Formalism — VE Collision/ess shocks
Front width ~ mfp * Front width <<<< mfp

Collisional shocks ,\E 4— Kinetic Formalism
Kinetic Formalism . ‘ 3

QuUR CHOICE

Good old shocks Only in plasmas

L0, L0,




Which kinetic formalism?

Collisional shocks Collisionless shocks
Kinetic equations Viasov
Boltzmann Tidman 1967

Fokker-Planck — Tidman 1958
“Full” BGK




Which kinetic formalism?

Collisional Transition Collisionless

X X

{

_ Boltzmann X
OF  OF E;0F o -~
_ I (,} ‘_ | OKKer—
Ot 0x;

| — Planck
m Ov; anc =

*Bhatnagar—Gross—Krook




The “Full” BGK collision term

)\mfp,l

O'—N10
Uthi,1

oF oF qgE OF r
— + V- | . =— (N"® — NF) “BulipBGREGK
dt or m 0dv g —=— -

=/Fd3v =q=l[de3v,

: 3/2 : 3k T
m; m; B 2F P
@ 2 ’ f




Why the BGK operator?

PHYSICS OF PLASMAS VOLUME 5, NUMBER 9 SEPTEMBER 1998

Transport theory in the collisionless limit

R. D. Hazeltine®
University of Texas at Austin, Institute for Fusion Studies, RLM 11.218, Austin, Texas 78712-1060

1

(Rece =it ==t 2 June 1998)
Tradit Heat ﬂOW : Is a closure of fluid equations that is valid in the collisional, sfioic

nov, (*T(x—x")—T(x+x")
q(x)=—; , ax
aa TO 0 X

collisionality, where the pressure gradient vanishes. It 1s concluded that the fluxes can generally be
expressed in terms of particle and energy sources, but not always in terms of pressure and
temperature profiles. © 1998 American Institute of Physics. [S1070-664X(98)01209-9]

b




How do you compute the front width?

= Computing shock profile: notoriously difficult problem

= Mott-Smith ansatz 1951 on the distribution function

Shock profile

’—
—
—
o m—
_—
—

Downstream < Flow Upstream



How do you compute the front width?

= Mott-Smith ansatz 1951 on the distribution function

= n: xp | — —Uy)? ) + xp [ — _ 2)
g I”(X)(zwkgza) e}“p( Ty 2)) ne (%kBTl) ekp( ety VY

2,0

n,(X) N

Downstream — Upstream



How do you compute the front width?

= Mott-Smith ansatz 1951 on the distribution function

= n. x - U + n X -U
g “2("‘)(%1«3&) e}“p( TN 2)) ne (zwkgn) ekp( T ”)

= T, U, N;, from Rankine-Hugoniot

= Plug F(v) in the kinetic equation and find n,(x) and n,(x),
hence the front width

OF OF qgE dF |

- - | - —(N*
dt or m Bv U(Ncp NF)

48




Applying BGK to the MS ansatz

From « Full » BGK, exact!
\

—

{ \
kgT, O kgT> 0 1 _
U, BL1 0N + U, Bl2 01y — (U, — U2)2n1n2 nl(x) -
m;, 0Xx m;, 0x 30

n(x)U; +ny(x)Us, = Ny oU, na(x) = Nag

—

12
—(M;—12% for M, ~1,
O = At X 5( I ) 1

/\fl for M| — oc.

Upstream Mach nb




Bridging the gap (strong shock)

10
1 —— e —————— ————— - — Our result
/ RS
M1 Amp1 5 00. H“‘n”%
: %,
"~ %>
0.010 - N
0.00 T s A2 3 Ny o
0.1 10 100 1000 104 £ g7 D1,

Collisional +«—— Upstream “p|asma parameter” A‘l —— Collisionless T




Bridging the gap (strong shock)

10¢
: Our result Tidman 1967
1 / “xhhkh ___________________ . m.f.p
; A,
f i
/¥4]_'Xrnfp,1

0.100 -

0.010+

10 100

4
Al — §7TA3D1N1,0

I
I
1
I
|
|
I
I
I
I
I
1
|
|
I
I
|
1

0.1 1000 104

. . - <
Collisional «—— Upstream “p|asma parameter” A‘l —— Collisionless T



The front width gap

PIC
Physics of Plasmas 2026




2D PIC

m m + Collision module

= E/i plasma. Mass ratio = 1836

" No B,




2D PIC

lon density on time step 3520 w,"’

3| W Downstream density Nd

= 18-

1.6+

lon dens

1.4 -

1.2

0,1 Nd A~
1.0

1 L) L) Ll L} L ]

35 40 45 50 oa 60 65

Front width




2D PIC, what about the MFP?

)\mfp,l
Uthi, 1

= In the “Full” BGK operator we have 0 = N

= What about )\mfpjl ?

Aq
)\ N 24 Al A / Al >> 1,0C 1nA1 A’D,l
mip,1 In(1+6.4A,) 2t

AN <1,x Ap4

Daligault , PRL, 2012




2D PIC, results

101- e ® ® e @® RT= 9
] ] o
- ® Rr=400
L e e e I e e B s SW =
| N SW = 0.7 |n;VND)
101 S ’
E \\\ ®
4 .‘\\
M Amfp,l 1072 Tha
Q\\\
10—3 \\\\
o\\\
10~4
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Conclusion

* The width of a shock in mfp unit
of magnitude between the cg
regime

= We bridge betwee

e Collisional
e Collision

plasma parameter A,
= Transition a

* PIC simulatio reasonably well

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