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Superluminal strong waves?

Electromagnetic waves with
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Trapping effect

z ot Linearly polarized,
| monochromatic plane wave
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Where Is this wave?

For example,
Around the termination shock of
the pulsar wind nebulae

There can be the waves

in the GRB jets
(cf. McKinney & Uzdensky 2012)
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Mode conversion  amano & Kirk 2013
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Super Luminal Strong Waves (SLSW)
should exist around the termination shock



Aim

Investigation the
In superluminal waves
(and radiation from these electrons)

Method

Numerical.

Analytically described waves
and test particles

(Lienard-Wiephert potentalil
for the radiation spectra)



Method: SLSWs
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Summary of the situation

Upstream rest frame. E2 (w)| o 2/3
Waves - §

primary wave (1 wave)

+ { Wmin Wmax

\ secondary waves (isotropic) |
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Acceleration and radiation spectra

1. solve the equation of motion

Uinit © iSOtropic d LU
— (Yme¥) = —e(E + -

_ x B
Vinit — 10 di C )

2. Calculate the radiation spectrum from the Lienard-Wiephert potential

dw e /"’C X (7 -
dwdQ ~ 4mc?l)_ (1-3.
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7, unit vector toward the observer 1 retarded time



Results: 4-velocities =3 x 10%w;"
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Discussion: Efficiency of acceleration

DSA Bohm limit

. : Yormec
Avmc* ~ vome®  ingyrotime T, = 7
SLSW acceleration (strongly strapped)
E ‘/ﬁﬁv 0 <1 isrealized
f This acceleration mechanism \y
Energy { is important only for the pre-acceleration |
. for the DSA in the upstream "
™Tmc
r=—rr =Te/0> T, slower than DSA



Discussion: 2nd order acceleration?
transport equation

(9f_ 1 0 5 | Of f | S
9t 02 Op {p _A(p)f—D(p)é,—p_} oo | drp?’

For resonant scattering, D (p) o< p? q : power index
of the turbulence

Non resonant scattering * |) does not depend on P

of Do (,0f
E_pzap(p8p> for t#O

f IS a Gaussian function.

dN ) power law with index 2
* — x p°f .
dry + exponential cutoff




Summary for particle acceleration

- We calculate the electron acceleration in superluminal

strong waves and radiation from them.

- When the primary wave is dominant (or even comparable to

the secondary waves), selective acceleration occurs.
It form the power law energy distribution.

- This acceleration mechanism can play a crucial role

for the injection to the shock acceleration (DSA) in the
upstream of the termination shock.



Radiation



Results: Radiation spectra
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Results: Radiation spectra — 0.1
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Observation

Image width 7.8 arc-seconds Rad |O em|SS|Oﬂ
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Summary

- We calculate the electron acceleration in superluminal

strong waves and radiation from them

- When the primary wave is dominant, selective acceleration

occurs. It can be important for the injection into DSA

- Radiation features are understood by considering the

synchro-Compton & jitter radiation in the secondary waves.
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Back up



L ocation

Termination shock

Image width 7.8 arc-seconds

SWS exist”?

' Generated from |

The Crab Nebula and )ulsar, Chandra X-ray scope

Striped wind |



Estimation of 4 of entropy wave

Py B pure toroidal wind
B C X 9 B

C

Isotropic approximation
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Entropy wave In upstream

In upstream frame,

wavelength of entropy mode  Tulsw  DuAsw
} Thp =5
TC/Wp 4

inertial length c/wp

Substituting Crab parameters, * Nup ~ 3 X 10%1/I'2n,

L.q =isotropic kinetic flux + Poynting flux
*their ratio= o

= T.(1+0)n,=2x10""@TS
‘. Nup = 4001/ 7~ 107 @LC

maybe, o< 10° @TS =i Tup > 1



Entropy wave in downstream

2 2
Ndown — ASW\/ ime Land *7th : thermal Lorentz factor
Yth

Ndown \/ r2,, Rankine-Hugoniot relation

Thap Vthrl%nu Iaqng ~ 1'yny
_ \/Fd Fd ~J 1
Vol kinetic energy dominant
Iy

mp < O(10) & Tu>0(10%) . Ndown << 1



Energy in shock rest frame

Non-thermal electrons / Upstream

around k'

Thermal electrons
— Isotropic

’yth,max = 2]?171/3}1 K frame ——l S-F-

condition for R |
“Ynth > Yth,max

’ /

i satisfied by wide range (/
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Acceleration efficiency: weakly trapped population

random walk [one step O = amcz T = 1/wminj

For electrons accelerating by DSA, 70 > a

< E?>=E; + N(amc*)* & N =wily="0/a
— <77 > =5 =00
Mean energy gain in gyro time

AFE = (< 72 >1/2 —’y())m(32 = ngQ << ’YomCZ

e 2

SLSW acceleration is important
This acceleration can be important for injection into DSA

only before cross the shock (upstream)



Condition for Maxwell distribution

- Distribution for some direction does not depend on

the distribution for other direction
- Distribution does not change if we rotate the axes

- Distribution is a dependent only on the absolute of the momentum
- Total energy does not change

- Equipartition of energy

Total energy does not conserved.

However, other conditions are nearly achieved.

Thus, quasi Maxwellian can be realized



_ -3
Radiation spectra for  €Ssec/mec =10
primary wave deflect the electron

1000 e N
| very slowly
_ - eC
2 _ 6
ol [, Wpeak ™ o00 K Vmax = 10
| red <
0.1} . 100000 |-
| |
0'011- T 0 1000 ””1'6'-000 |
Y
10000 |
o 2T |
Wpeak = 7
Tparticle _
W
— 2 0 S 2 1000 |
_/y 2 _10 1 T T e T e oo




1-wave test calculation
1. A SLS wave with the approximation vy = c

{ E, = Eycos(wgwt — kswz) or { E, = —FEycos(wswt + ksw2)
B, = Bg cos(wswt — ksw2) B, = By cos(wswt + ksw2)

? . Inject an electron and solve the EOM
17init — (07 07 UZ)

—

E(vmev) — —¢(E + %

x B)

3. Calculate the radiation spectrum using Lienard-Wiechert potential

AV 02 /‘DC i x [(7 — ) x f3] ii - 7 (t)

_ P
dwdQ)  Ame?l) at (1—f3-7)2 exp{zw(t c )}

. / .
7, unit vector toward the observer 1’ retarded time



Head-on collision

orbit

" \synchro-Compton theory }

Radiation spectrum
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Rear-end collision /N
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Interpretation of the peak frequency |1

VT
-lectron 1s accelerated ,\/
with being trapped
D 0.011 e,
63} 1
| ' Ymax
0.01 v
| ) T | g | ,
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T — Tparticle/K

K = O(1)
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2 2 4
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Interpretation of the peak frequency 2

o 2T
“peak ™ Tmax

= Kaweyw = K x 10 < 100
% K = O(1)

Peak frequency for rear-end Kq42w.., Ka

el 2
Peak frequency for head-on Vinit e Vinit

Necessary condition for peak

2
frequency is determined by (], @ = TVinit



Crab flare as a jitter radiation of a SLSW

Ymax =~ 10 . Maximum Lorentz factor by DSA

Asrsw ~ 10%cm in quiescent state B — 104Q

 \sLsw < 10%cm
f for a <1 |

Viit =~ ’yEHaXC/)\SLSW = 3 X 1021HZ
Vaare = 10%°7%°Hz

Peculiar cascading may invoke a flare




