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Cosmic Acceleration Mechanisms

Addressing the Bottom—Up Scenario for Acceleration of Ordinary Particles:
« Conventional cosmic acceleration mechanisms encounter limitations:
- Fermi acceleration (1949) (= stochastic accel. bouncing off B-fields)
- Diffusive shock acceleration (1970’s) (a variant of Fermi mechanism)
Limitations for UHE: field strength, diffusive scattering inelastic
- Eddington acceleration (= acceleration by photon pressure)
Limitation: acceleration diminishes as 1/y
 Examples of new ideas:
- Zevatron (= unipolar induction acceleration) (R. Blandford,
astro-ph/9906026, June 1999)
- Alfven-wave induced wakefield acceleration in relativistic plasma
(Chen, Tajima, Takahashi, Phys. Rev. Lett. 89, 161101 (2002).

- Additional ideas by M. Barring, R. Rosner, etc.



WHAT MAKES AN IDEAL ACCELERATOR?
LESSONS FROM TERRISTRIAL ACCELERATORS

« Continuous interaction between the particle and
the accelerating longitudinal EM field (Lorentz inv.)

d

Gain energy in macroscopic distance
 Particle-field interaction process non-collisional

Avoid energy loss through inelastic scatterings

* To reach ultra high energy, linear acceleration
(minimum bending) is the way to go

Avoid severe energy loss through synchrotron
radiation

Are these criteria applicable to celestial accelerators?
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A Brief History of Plasma Wakefields

Motivated by the challenge of high energy physics

« Laser driven plasma acceleration
T. Tajima and J. M. Dawson (1979)
« Particle-beam driven plasma wakefield acceleration
PC, Dawson et al. (1984)
« Extremely efficient:
eE =+ n[cm?] eV/cm
For n=10"cm-=3, eE=100 GeV/m — TeV collider in 10 m!

* Plasma wakefield acceleration principle experimentally
verified. Actively studied worldwide




Concepts For Plasma-Based Accelerators

Laser Wake Field Accelerator(LWFA)

A single short-pulse of photons

:

Plasma Beat Wave Accelerator(PBWA)

Two-frequencies, i.e., a train of pulses

Self Modulated Laser Wake Field
Accelerator(SMLWFA)

Raman forward scattering instability

evolves t

Plasma Wake Field Accelerator(PWFA)

A high energy electron (or positron) bunch

:









PLASMA WAKEFIELD ACCELERATION MECHANISM

vV < V¢ (laminar flow) v > V¢ (Kelvin-Helmholtz Instability)
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Generation of Ponderomotive Force in
Plasmas
* Ponderomotive force induced by the interaction
of a localized EM energy density in a plasma is
F(r,t) = -] dk/A2m)3 H_, Vik,n,t),
where f(k,r,t) is the distribution function of the

guasi-particles that represent the EM energy
density.

. .= hw and w satisfies the dispersion relation

wW>—c2k? = w,,e2/(1 + () ?/w?)+ w,,,,?/(1 + 02/w?)

?=4me*n/m,;and ), = eB/m,c .

where w,, ;



For non-relativistic
plasmas, Alfven waves
are typically slow:
E/B,=v,/c<<1.

In an ultra relativistic
plasma flow,
E/mB,=v,/cs1.
Indistinguishable
from subluminous
EM waves

PLASMA DISPERSION RELATIONS

(k) [vo=0]

Subluminous Aflvenic
Modes in Flow
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Alfven Wave Induced Ponderomotive Force

* The distribution function is related to the Alfven
wave/shock energy density of the propagating
“driver” is
f(k,r,t)=(E+B,2)/(8mhw,)=(v,2+1)B2(8mhw,).

* Inserting into the formula, we find
F(r,t) = — (1/16m)[(w,?/0Q.2)/(1+ Q.2 w?)

+Hw, QA (1+Q7 w?)
] dkA2my (e, )(E,+B,2)

Ponderomotive force depends on the
gradient of the Alfven shock intensity.




Plasma Waves Driven by Different Sources

Equations for electron density perturbation driven by electron beam,
photon beam, neutrino beam, and Alfven shocks are similar:

Electron beam (af +00,feo) &1, = =W,
W’ N,
Photons (Otz +m§eo)5ne = p D2J' dk - Y
Zme (21'[) W,
: /2 G here 3n,
2 2 2 where dn, isthe
Neutrinos (at +oope0)&]e = & L] n, perturbed electron plasma
m density

Bingham, Dawson, Bethe (1993): Application to NS explosion

Alfven Shocks 2 L _A L dk K Eono
(at +wp60)6ne zme DI(2H)3 (*)k . (EA+BA)

All these processes can in principle occur in astro jets.




Plasma Wakefield Potential

* In the nonlinear regime, the maximum field amplitude
that the plasma can support is

E..x=a,E,,=a,(mcw./e).

max

E . is the cold wave breaking limit in the linear regime.

wb

a,= ekE,/mcw , for Alfven shocks.

« For relativistic plasma flow with Lorentz factor I ,, the

maximum “acceleration gradient” mcexperienced by a
single charge riding on the this PWF is
G=ekE,, /Il *=amc?(4nr,n/T )" .



CONNECTION TO ULTRA RELATIVISTIC
JETS

Assume GRB is the site of acceleration, with energy

release ~ 10°°erg/sec. Assume 10*goes into Alfven
shocks. Then the Alfven shock amplitude is B,~ 101G

at R ~10°cm.

Assume that at R ~ 10°cm, the relativistic jet has a
density n ~ 102°cm-=and balk flow of [ ~ 102.

Taking these and w, ~ 10* sec as references, we find
the acceleration gradient

G = 10'5[(eB,/mcw, )10°][10/ 1"2[10%/R]"2 eV/cm.

For the sake of discussion, let’'s take all [...] to be 1. Then
we obtain € =10%°eV in a distance L ~10°cm !



ENERGY SPECTRUM

* Stochastic encounters of accelerating and decelerating
phase of plasma wakefields results in energy distribution that

follows the Fokker-Planck equation:

ofiot = 0loeld(Ae)AeW(e,Ae)f(e,t)+0%0e? d(Ag)(A€?2) W e, A€)f(E,T)

« Assumptions on the transition rate W(e,A¢€) in plasma

wakefield:

a. W(e,Ag) is an even function of Ag
b. W(e,A¢€) is independent of

c. W(g,Ag) is independent of Ae

N

g —

W(e,Ag)= const.



ENERGY SPECTRUM

« Steady state (df/df = 0) solution:

fe) = €,/ €2

* Power-law spectrum results from random encounters of

accelerating-decelerating phases; Particle momentum
direction unchanged.

 When “phase slippage” and other dissipative energy loss
mechanisms are included, the power-law may be
modified:

f(e) = €,/ €2*°




Alfven Wave Induced Wake Field
Simulations

K. Reil (SLAC), PC and R. Sydora (U of Alberta)

Dispersion relation for EM waves in
magnetized plasma:

K202 2w2, 2= 2
) w,.’ = 41me’n/m

’ Q. =eB/mc

E.M. waves propagate when

D) w > /2w2 4+ Q2 , the high frequency branch
pe e

(i) w < ¢, the low frequency (or Alfven)
branch

k2w2. V2

wri), where VA = _C—Q
‘ a2

w e kVa(l —

Simulation geometry:

Simulation parameters for plots:

e+ e- plasma (mi=me)
Zero temperature (Ti=Te=0)
Q./w, =1 (normalized magnetic

field in the x-direction)
Normalized electron skin depth
c/w, is 15 cells long

Total system length is 273 c/w,,
dt=0.1 w_, " and total simulation
time is 300 w,

Aflven pulse width is about 11 c/w,

10 macroparticles per cell
E

A"

e

Alfven pulse

> X ~02cC
S e



0.5

-0.5

O] U rmazsa T TUn=

wid hed0 B 1.0 rmassel bxdle 50 cal 50 ru e 5085

widhell Bl 1.0 mMmassel bxdle 50 cal 50 rune 508
Bl ¥kl hml 0 Bl 1.0 rmazzml bile L0 cal 20 rune8207

wiid el Bl .0 mmazsel bedle 5.0 cul 2.0 rune-S 2238
P ® widhedl Bl 1.0 rmassel brole 20 cal 50 e84

= P ® Wi el Bl 1.0 o esel bele 50 cul 50 U 00
oo widhed0 B 1.0 Mol bodle 50 cul 50 5 et G0

R T P, & wkhel 0 Bl 1.0 massal bale 50 cul 80 e 200

- E # wiidhuli0 Efe 1.0 Massel brde 50 cal 5.0 rune«S 52

=, 0 I'," &
- % "E #
* "
widle
o T
L1 | I | | | - | Ll L1 | | - | Ll L1 | | -

200 400 600 800 1000 1200 1400 1600 1800 2000




] -0 T N

e 0 B 1.0 T Y Sm] B0 50 Cwd 50 UM 505
a0 Eile 1.0 sl Bl S0 el 50 Mm-S 5085
- o B i ml 0 B 1.0 mmacte] bole 50 cul 50 e =5 &5
I kel Ele 1.0 mMmacssel boile L0 cul 50 mne =0 520
Po® S helS0 Ee 1.0 MM atel B5ile 50 Cwl 50 MM S0

po @ el e Ee B0 E el B 0 cal 0 M0 e SIS
p.® wkd el Ele 1.0 A sel bl 50 ol 50 0 e S
P, widhel 0Bl 0 mmastel b L0 cal 50 e ST

= H
L1} . H EI- Nl 0 Ee |0 3wl B5le 50 Cwl SO UM S5
= b

0.5

200 400 800 800 1000 1200 1400 1600 1800 2000




Mass

Roae=1 T=150 w -

] -0 mm T U=

e 0 B 1.0 T rsmi b ile 50 Cwld 5O MU M S0
el Ele 1.0 et Bl 50 el 506U e 5085
- o o B i hml 0 B 1.0 mra sl boile 50 cul 50 mne5 85357
------------ el Ele .0 mMmazsel boile L0 cel 20 unes3 533
PoE S B0 Ee 1.0 Mmasse] B5ile 50 cml 50 MU S50
p.® o i Ee B0 rrE et b 0 cad L0 M0 M SIS
.o wkd e Ele 10 Al bl 50 el 50 0 e S
P, widhel 0B |0 rmassel b L0 cal 20 e S50

= H
L1} ] H EI- Nl 0 E |0 Sl B5le 50 Cwl SO UM S5
= b

0.5

H

1

e
d&

X!

e ]
- B L]
L] e
1 L]
L}
&
— - ] s
L] q ] FT
= o 5 LN H
[ ]
0 g L% BT N g o
T ] c Ha Y T L
=F '.. A [ "
guiay W raE -
ML | = L
= T L] 1 R
FEBECE I L] [} '
e B - 2 4
Y CHE N :- o :
= " E
L] - ll. M i
.7 - RTINS i U L. NPRRNENUNE £ PRSI (PR CPIRIERT (T LTI
- . 1 T ey
- a0 0 "
== o 1.\:‘ ]
o [} r wyy :
'I_ ™
o 3 v
. wr
W #
1 b
B B B B B B B

200 400 800 800 1000 1200 1400 1600 1800 2000




0.5

R

Mass

=1 T=275 wp'1

] B i hml 0 B 1.0 mraatel bole 0 cul 50 mne=5 8505

] - N
e 0 B 1.0 OS] B 500e 50 Cwd 50 rU M 505

SN0 Ee 1.0 MM ytel B560e 50 el 50 MM S0

i hell0 Ele .0 mMmassel bl 0 cul 50 m im0 530
P.oE SEhelS0 Ee 1.0 Mmasse] B5ile 50 cml 50 e S04

= E po @ e e E § 00 rrE el b 0 Cad L0 M0 M SN
) p.® wkdhel] Ele 1.0 el bl 50 sl 50 0 e S
o 2 P, widhel 0B 0 sl b L0 cal 20 e 80T
111 : EI-'u.I:Ih-ﬂI:IE:I- 1.0 st B e 50 Cmld 506U et @5
:
= H H
— 3
:
=3 ]
.
111 :
:
= 4
] - i} H
et i il '
= " *
i moE i - Py
. 2 i & =l- L} -
: =l b " 1 T
— 1 i N L] o s
: #non la iw A
— i H L] ¥ i -
= ¥ g
- [ - . 4 b -
. ar [ 7] | Rl
] ] v k8 a % e
= ] . N " i W *
. HEL | (] & L] (3 = ¥
- ] . iy N " ] [ L]
: H i Lot : ¥ LA L3 []
- ] Y Ve . % i L. a r
: : b} T w w: B " .
] H 1 HH r v ’r L]
: ¢ u £ ¢ B -
ooty e T B T e T e T A e T R e T D T T L A R I LT i
: H " i
— ] H [ & r
: H . I
3 : 4 L
W ] : " r
] H L] ¥
== ] H ) e
: H ] "
= ] H [ B
i H - B
T T T e T LTI e SR AR e R e
= : ; ; :
L] 1 1 I ] 1 |l I I i 1 I 1 1 I I ] [ 1 I I L] 1 I L] 1 I I 1 [} 1 I I 1 I‘ L] 1 I

600

800

1000 1200 1400 1600



Mass

Rae=1 T=400 w -

- A rmma =] U M
Wik Ned0 O 1.0 Mmool bodle 50 cel 50 mneei 505

____________ mEHhed ] Ele .0 Mmazssel bile L0 cel L0 nuneeS 50
= By @ hmi 0 Ea |.0 Mmassal boile 20 cul 20 nune=S 807

------------ wEhed] Ele §.0 mMmazsel boile L0 el 50 muneS 53
P8 wEhelil Bl .0 mazse] bl 10 cul 20 rune=8 54
p.® mEhedd B0 i.0 mMmamel brie 50 cel 50 runee @05
p.# widhel0 Ele .0 @ ssel bole 50 cd 50 U M S0
P wkdhel 00 .0 mMastel bxile: L0 cal 50 e 805

1 a : EI'. il B .0 i te] bie 30 cwl 50 U ne e 53

IIIEII | i I | 1 I | 1 I | 1 [} 1 i I i 1 I‘ Ll 1 I I i [} 1 i I i 1 I‘ 1 Lt
200 400 800 800 1000 1200 1400 1600 1800 2000




0.5

-0.5

____________ ¥

i e B 1.0 mMmassel bxe 50 cul 50 e
i el Efe 1.0 Mmassael bxde 50 cul 50 e G008
""""""" Bl ¥kl hmi 0 Bl 1.0 rmazzel bile L0 col 20 nune8207
wiid el Efe .0 mmazsal bedle 5.0 cul 20 rune-8 223
P ® widhedl B 1.0 rmassel beole 20 cal 50 e84
P ® wid el B 1.0 sl bele 50 cul 50 U e 50
oo widhed0 B 1.0 Mol bodle 50 cul 50 5 et G505
P, & Ak hel 0 Bl 1.0 Mmassal baole 50 cul 50 eS80

E @ wiidhall0 e 1.0 Massel bode 50 cel 5.0 runesS 52

1020 1040 1060 1080 1100 1120 1140 1160 1180 1200




Riass=1 T=25 w;' (Zoomed)

Mass

Cm
il B0 cmd 50
____________ Tl B0 ol 50
B i hml 0 B 1.0 mrraatel bole 50 cal 50 eS8 855
E el Ee .0 mMmazsel baile L0 cel 20 uneed 533
Po® S helS0 Ee 1.0 Mmasse] B5i0e L0 cml 50 MU S04
po @ o e Ee 500 rE el b B0 cal 0 M0 M SIS
1 - H o il w2 0 B |0 T sse] bl 50 cd 50 1L et S0
st l e e chor ] e st P, widhel 0Bl 0 rmazsel bl L0 cal 50 e ST
. : P i w0 Ee .0 (TS Sl b e 0 Gl 5D L M T

0.5

IIIEII 1 i ] 1 ] I L] [ L] I 1 L} 1 i [} 1 i' 1 1 I L] 1 II
1020 1040 1060 1080 1100 80 1180 1200

] I 1 [ ] I 1 ] 1
1120 1140 11



R

=1 1=

Mass

150 w, " (Zoomed)

Cm
il B0 cmd 50
____________ Tl B0 ol 50
B i hml 0 Bl 1.0 mraate] bole 50 cul 50 mne =S5 &850
T e ik hel0 Ele: 1.0 mMmassel bile L0 cul 50 mne =0 528
- Pod S B0 Ee 1.0 M stel B5ile 50 cml 50 M S0
E p. @ e et Ele 00 rE el B 0 cal 0 MU e S0
: . wkd el Ele 1.0 sl bl 50 ol 50 0 e S0
"""""""""""""""""" P, wdhel 0 B |0 rmastel bl L0 cal 50 e w00
| =, P, s B 0 E e 1.0 TS ] B e P Sl DL Mo
-
=
.
— ]
= : : i : :
0.5 : : ' ' :
e T e e L L
- .
. ' ' ' '
S h h h
. H H H
e J‘"‘:
= | &
. K # e . =
."", - e - e e e e ——
I|I-.'II- .-r" -
=

1020 1040 1080

L L 1 II 1 [ [] I 1 L] 1 [} Ll | I |
1080 1100 1120 1140 1160 1180 1200



Riass=1 T=275 w,' (Zoomed)

Mass

0.5

r 1-_'_' =
& - 3 F
- o= . ] STERL TR el =R L e e e e -
- - -
- -
-
""1-_‘_ - -
-0.5 = - - g e |
e s e S e e L e e R e I R s e e o o e . L S e L R
- x H Ee H
| -
o
-
=1 b -4
[~ -
- 3 o
] - i -
2 H H il : -
- b 5 6 B B e T e T T G

IIIEII 1 i ] | ] I 1 ] L I 1 L} 1 i ] 1 il. | 1 I 1 1 II
1020 1040 1060 1080 1100 80 1180 1200

] I 1 ] [] I 1 L] 1
1120 1140 11



Riass=1 T=400 w ' (Zoomed)

[
il B0 il
____________ 0 L0
By i hm Bl .0 mmazse il B0 S B O e ST
"""""""""" il el 0 B 1.0 mma s i 0 cml 5O e 75330
P eSO E. TS Tl A0 Sl B0 UM S04
B SE el Bl |0 mmarse] Bl L0 el 50 im0 50N
i w2 0 B 1.0 s il B 0 Sl L M el RS
Tl WO Sl B D M 5T
oot ] B ol O e T S Tl B0 Sl SO MU M T

LI | I 1 ] 1l | N | I 1 L} 1 i ] 1
1020 1040 1060 1080 1100

II 1 [ [] I 1 L] 1 ] Ll | I |
1120 1140 1160 1180 1200



0.5

-0.5

Ersmmmmmmmm wicth= 40 EQ= 1.0 mams= 2 bud= 5.0 c=15.0 run==2313
ErsmmmmmEmmm wicth= 20 EQ= 1.0 mmasss 2 buds 5.0 cu'l 5.0 rune==a314
............ wickh= 10 EQ= 1.0 mmases 2 buds 5.0 cel 5.0 run==2213

p, & wickhe 20 Ed= 1.0 mams=2 e 50 cel5.0 run=-=512
B & wickhe 40 Ede 1.0 mamss=2 e 5.0 ce15.0 run=-=313
P & wickh= 20 EO= 1.0 miaos=2 bud= 5.0 c=150 run=-=314
By & wickh= 10 EO= 1.0 miaos=2 bud= 5.0 c=150 run===315

——
W 4
(4

T T T LT T TN PP NPT TTY - PITTTITTTTTRTT: PR BEEEEEEEEELEEEE LEEEEEEEEEEE R LT BEEEEEEEEELEEL

200

400 600

00 1000 1200 1600 1800 2000




R

Mass

=2 1=25 wp'1

S SO SR S - S W (W ORI N S

i =g ==
vi =40 Eci=
v =20 EC=
wi = 10 ECl=
Fu = wicth=20 Eo-
P = wickhmd0 Eo-
P = wickh=20 ED=
Fu =" wickh=10 ED=

T MMase= = b S0 Cm | 50 ML e B 12
1.0 mmasse=2 beide= 50 c= 50 rur-=-==u313
10 mMass=2 b= 5.0 cm1 /50 rm=-—-—=14
1.0 mMass=2 kit S50 c=1 50 - a1s
1.0 mMmass=2 k0= 5.0 c=150 rnr-=-—-=312
1.0 mma o2 bote 50 cml 50 rm=-— 5313
1.8 a2 boile 500 cm'1 50 rop-=E]4
1.0 mnass=2 b0 500 Coml 500 MEp=——015

1000

1200 1400 1600 1800

2000



Rae=2 T=150 w -

Mass

il R

ol ity 0 BT

i cthi= 20 Eillm

i cthi= 10 B
P, = i =20 EQ=
P = v by B
B = i cthym 20 EQ=
P = i it 10 EDl=

TS S (=] ILE

1=

1.0 M= 2 b= 50 c=l 50 rr-=—=u313
10 mMass=2 b= 5.0 cml1 /50 rurm=-—-_=a14
1.0 mMass=2 Wit S50 c=150 nrm=-=a1s
10 mMmaas=2 b0 50 Cm1 5.0 rr=-—-_=m12
1.0 mnaoces 2 boie =50 cm'l S0 rume=>=5513
1.0 mnasse 2 boile 500 com 150 romps-E]4
1.0 mnass=2 b0 500 Coml 50 Mup=— 5015

H
3% i
: - J
= z =_.- I-r'=
. 'ldl".
- : g = oa "o
: -=. -I:I
0.5 ' §. &
- ::.
- b m
imu?¥
s E ._,:
- : w b
Jl : ]
- "
: . .

T SHR U W . - (U - DI WO S | S

1000

1200 1400 1600

1

800

2000



Mass

Rae=2 T=275 W

W =E] O 10 MmO == babe S0 c= | S0 == 12

[ —— w40 EDe= 10 o o2 buiDe 50 cml 5.0 run=-=- 5313
............ widthi=20 Ed= 1.0 mams=2 boide 50 c=1 5.0 run=--=314
R e g e g widhthi= 10 EQ= 1.0 mMams=2 ba0e 50 c=] 5.0 Mre--—_=315

P = widh=20 EQ= 1.0 mMmaos=2 b= 5.0 c=15.0 ri=- =312
: i P = widthmdd EO= 1.0 mases=2 bate 50 c='l 5.0 ron=-—=u313
i || I e SR e e L LS Pu = width=20 Eo= 1.0 rmaoss2 b= 50 c=1 50 ror=-——E4
- : pa = wiich= 10 EQ= 1.0 mmaos=2 bote= 5.0 c=1 50 roy——=a 105

IIIEII |l i I i 1 I‘ 1 1 I I ] L] 1 i I L] 1 I L] 1 I I 1 L] 1 I I L] 1 I L] LI
200 400 800 800 1000 1200 1400 1600 1800 2000




R

Mass

=2 T=400 wp'1

W =E] Bl 10 Mma =2 bage S0 c= | S0 T == 12
w4 EQe= 10 mma o2 buiDe 50 cml 5.0 rur=-= 5313
Wwidh=20 Ed= 10 mase=2 boide 50 c=15.0 run=-—-_=314
wichhi= 10 EQ= 1.0 mMame=2 bo0e 50 c=] 50 Mr=--—=315
P = width=20 EQ= 1.0 mmaos=2 k0= 5.0 c=15.0 r=- =312
P = widthmdd Eo= 10 rmases2 bate 50 ce=l 5.0 run=-=5313
B = wickh=30 EO= 10 rmases=2 bets 50 cm'] 50 ror=——=ad
P = it 10 EQ= 1.0 mMmass=2 bat= 5.0 c=1 5.0 ra=—-=315

] 1 1 i 1 1 1 I | 1 1 I‘ 1 1 | I ]

600 800

1000 1200 1400 1600 1800 2000



ErsmmmmmEmmm wiich= 40 EO= 1.0 mame=2 buid= 5.0 c=15.0 run==2313
ErsmmmmmEmmm wicth= 20 EQ= 1.0 mmasss 2 buds 5.0 cu'l 5.0 rune==a314
............ wickhm 10 EQ= 1.0 mmases 2 buds 5.0 cel 5.0 rune==2213

p, & wickhe 20 Ed= 1.0 maoss=2 e 50 cel5.0 run=-=512
— o = width= 40 B 1.0 mamse2 biide 50 ol 5.0 rune==313
P SR S— —_— p = widh=20 EO= 1.0 mase=2 bt 50 c=15.0 rure==314
By & wickh= 10 EO= 1.0 miaos=2 bud= 5.0 c=15.0 run===5313

Ll | I | il 1 L L1 1 L | | | -
1020 1040 1060 1080 1100 11 1140 1160 1180 1200



Riass=2 T=29 W' (Zoomed)

Mass

W =E] B 10 MmO bege S0 c= | S M= 12

[ ——— w40 EQe= 10 mma o2 buiDe 50 cm'l 5.0 run=-=- 5313
............ Wwidh=20 Ed= 10 mMmams=2 boide 50 c=1 5.0 rnum=-—-=3i14
B wichhi= 10 EQ= 1.0 mMams=2 boi0e 50 c=] 5.0 rr=-—-—=31s

P = width=20 EQ= 1.0 mmaos=2 b= 5.0 c=15.0 r=- =212
: i P = widthmdd Eo= 1.0 mmases=2 baite 50 cel 5.0 run=- =313
--------- R = r S A b EE Pu = width=20 Eo= 1.0 rmasss2 buOe= 50 c=15 0 ror=——E4

: H P = it 10 EQ= 1.0 mMmamss=2 bail= 5.0 c=15.0 ra=-= =315

0.5

175 3 - ISR SRR SRS SRR SRS RS SO SRS AR S
oo v SR .
_l ] I I: 1 ] 1 i 1 1 ] I i ] i I 1 i i ] ] I 1 I 1 i ] 1 1 I i 1 [ I

1020 1040 1080 1080 1100 1120 1140 1180 1180 1200



Mass

Riass=2 15190 w ' (Zoomed)

W = B T [T o = Dorbe 5 0 Com | 00 T L e R [ 2

S — width=d40 EQ= 1.0 mmase=2 buid= 5.0 c=] 50 =313

............ width=20 EQ= 1.0 maoe=2 bo= 5.0 c=15.0 rur=-=314

e widkh= 10 EQ= 1.0 mMaos=2 buO= 5.0 c=15.0 no=-_=315

: i P = width=20 EQ= 1.0 mMmaos=2 0= 5.0 c=15.0 ri=- =312

B : i P =" widthmdd Eom 10 mases2 baite 50 ce='l 5.0 run=- =313

1 b e s R s s S ol B = widkh=30 EO= 1.0 rmaoe=2 bets 50 cm'] 50 ror=—_=a 4

| : H P = i = 10 EQ= 1.0 mMmass=2 buil= 5.0 c=15.0 ra=—-=315
O.5— B R R R e R e R L LR L B L L e

1020 1040 1060 1 1100 1120 1140 11

60 1180 1




Riass=2 T=275 W' (Zoomed)

Mass

T =E] O 10 M= babe S0 c= | S0 [ = 1

[ ——— w40 B 10 o o2 boiDe 50 cm'l 50 rune=-= 5313
............ Widhi=20 Ed= 10 mMmams=2 boid= 50 c=1 5.0 run=-—-=314
e o wichhi= 10 EQ= 1.0 mMame=2 ba0= 50 c=1 50 nr=-—=315

: H P = width=20 EQ= 1.0 mMmams=2 bat= 5.0 c=15.0 ri=- =312
i : . P = widthmdd Eo= 1.0 rmmases=2 bate 50 c=l 5.0 run=-—=u313
1 e Rt oot b, B = wickh=20 EO= 1.0 rmases=2 bets 5.0 cm'] 50 rors-——=a 4

: H P = it 10 EQ= 1.0 mMmams=2 bail= 5.0 c=15.0 ra=- =315

i ] 1 1 I 1 1 ! I

Iil || [] 1
1020 1040 1060 1 1100 1120 1140 1160 1180 1




Rass=2 15400 w ' (Zoomed)

Mass

Wl B Bk L TR e T B0 b L S |2 ML 525 2

[P —— it ED= 10 mmams=2 b= 50 o= 50 run=-- 5313
............ wickh=20 Ed= 1.0 rmass=2 bud= 50 o= 50 rur=——=E14
- w10 EQ= 10 mMmass=2 b= 50 o=l 50 nur=-=a15

Py & width=20 EQ= 1.0 rmaos=2 b= 3.0 c=135.0 nn=—=5312
P & width=40 Ed= 1.0 mame=2 b 5.0 c=15.0 run=->=313

1 _...-..--.E....-.....----:------- pa = width=30 EO= 1.0 rmaoss2 bo0= 5.0 cm] 50 rons= 5914

ps & width= 10 Ed= 1.0 mame=2 bud= 5.0 c=15.0 rm=-=%315

Illill 1 I i i 1 | i 1 i I 1 i | I [} i 1 I i 1 i I 1 i 1 I L} i | I 1 I II
1020 1040 1080 1080 1100 1120 1 1160 1180 1200




0.5

-0.5

] T o= Cm M=

ErsmmmmmEmmm wiich= 40 EO= 1.0 mame= 4 bud= 5.0 c=1 5.0 run=-=321
ErsmmmmmEmmm wicth= 20 EQ= 1.0 mmasss 4 buds 5.0 cel 5.0 rune==322
............ wickh= 10 EQ= 1.0 mmasss 4 buds 5.0 ce'l 5.0 rune==28:23

p, & wickhe 20 Ed= 1.0 maos=4 e 5.0 cel 5.0 run=-=2se0
P & wickhe 40 Ed= 1.0 mams=4 bite 50 cel5.0 run===u=E21
P & wickh=20 EO= 1.0 masse=4 b= 5.0 c=15.0 run=-=s=sz2
By & wickh= 10 EQ= 1.0 maos=4 iD= 5.0 c=15.0 run=-=5=523

==
% 4
(4

T T T LT T TN PP NPT TTY - PITTTITTTTTRTT: PR BEEEEEEEEELEEEE LEEEEEEEEEEE R LT BEEEEEEEEEEEELE

200

400 600

00 1000 1200 1600 1800 2000




R e =4 T=25 w -

Mass

i =T B T3 Mo e o Doaiie 5 08 Com | 8 1L e PRS0

[ ——— w4 B 10 o msed boiDe 50 com] 50 rurp-=im=z |
............ Widhi=20 Ed= 10 mMmams=-4 bote 50 c=1 5.0 rr--—-=uazz
B A wichhi= 10 EQ= 1.0 mMams=4 biGe 50 c=] 5.0 - =uazz
: H P, = width=20 EQ= 1.0 mmamss=4 but= 5.0 c=15.0 M- =2z

W : F P = widthmdo Eo= 1.0 mmassesd baide 50 cm'l S50 rons-— a2
i [ e B e L P Pa = width=20 Eo= 1.0 rmasse4 bote= 50 c=l 50 rore=——_Ess
: : pa = wiicth= 10 EQ= 1.0 mmass=4 bo0e= 5.0 c=1 50 r—=casd

S A S S S W (W R . S S

200 400 800 800 "iCﬂD 1200 1400 1600 1800 2000




=4 T=150 wp'1

Mass

=T B T3 Mo Do 5 00 Com | 0 T LN b PELC0

[ —— w40 B 10 o ased boiDe 50 com 50 rurs= =z |

S ——— widhi=20 Eid= 1.0 mmasc=-4 bode 50 c=] 5.0 rur--—-_=mass

T e wichhi= 10 EQ= 1.0 mMams=4 bo0e 50 c=] 5.0 M- =S92z

' P = width=20 EQ= 1.0 mmaos=4 b= 5.0 c=15.0 rr=- =2z

W : F P = wicthman Eo= 10 rmassesd baite 50 cm'l 5.0 rons=— =21
|| SRR e e R Pu = width=20 Eo= 1.0 rmasse+4 boe= 50 c=l 50 roe-——_Ess
| : : P = it 10 EQ= 1.0 mmams=4 bail= 5.0 c=1 5.0 r=—- =23

]} .'l By
== ] L] iN L] ] ™
: "5 N =L H
e . w iy "'. LL g H
: in &y s H
= H . - g H 1
L= | B P H :
i - g M
=H : - g " H
- H ‘rll H 1
_ﬂ5 e R T e R S e B e e s e T
- ] R T T -
il T LI~ - :
| i R i |
] ' L '
I : H L] wi i H
: H . nh H
=N ] H H ntl H H
. ' P ' [
= : H " i
Y : wy :
oy, || el ST e rlisisieiiaas d T eart e e e g PE TP i P R A AR b  SRPH T SCR S nasiorieast L iaariariiass
. H N, !
— z -‘_": i ;
i Lo RN I B -4 TR T RN RN AN TN VR T NN WS W [ Y AN U AR T W N AN

200 400 800 800 1000 1200 1400 1600 1800 2000



R e =4 T=275 W

Mass

w40 B 10 o ased boiOe 50 comT 50 rur-=e=az ]
Wwidthi=20 Ed= 1.0 mMmams=-4 bode 50 c=1 5.0 rur--—-=sazs
wichhi= 10 EQ= 1.0 mMams=-4 boGe 50 c=] 5.0 Mre--_=uaz2

g =T B 110 Mo e Do 5 08 Com | 8 T LN e PRS00
P

-

wichh=20 EQ= 1.0 mmaas=4 bo= 5.0 o= 5.0 rr=——=sen
P = widthmdd Eo= 1.0 mmassesd baite 50 cm'l 5.0 rons-— a2
B =" wickh=30 EO= 1.0 rmasse4 boids 50 ce=l 50 rs-—=u322
P = it 10 EQ= 1.0 mmams=4 bud= 5.0 c=1 5.0 ri=- =23

"""" Ry M”i """" Lal |1

E-.‘F . ol uy

0 ':-.. "'I’IFF“F”

__________ ."”I'

.r.rrr"‘
'-‘-_'r-'--'n.ﬂ-.m

;

3 - ll_:..'..r.:"

o W
]

IIIIEII |l i I i 1 I‘ 1 1 I I ] L] 1 i I L] 1 I- L] 1 I I 1 L] 1 I I L] 1 t L] Lt
200 400 800 800 1000 1200 1400 1600 1800 2000




R =4 T=400 w

Mass

=T B 110 Mo e Do 5 08 Com | 0 5 T LN e PRS00
[ —— w4 B 10 o msed boiOe 50 com] 50 rurs= =z |
............ widthi=20 Ed= 1.0 mMasc=-+4 boide 50 c=] 5.0 rr=-—-_=mazs
____________ wichhi= 10 EQ= 1.0 mMams=4 bo0e 50 c=] 5.0 - =uazz
P, = width=20 EQ= 1.0 mmams=4 bat= 5.0 c=15.0 rr=- =320
P = widthmdn Eow 1.0 mmassesd baite 50 cm'l 5.0 runs-— a2
B =" widkh=30 EO= 1.0 rmasss4 bets 50 cm=l 50 rons- 322
P = it 10 EQ= 1.0 mmamss=4 bal= 5.0 c=1 5.0 r=-—-=as3

0.5

] 1 1 i ] 1 1 I | 1 1 I 1 1 L I ] | 1 I || ] 1 I ] 1 L I 1 L] 1 I || 1 1 I‘ ] 1 I

200 400 800 800 1000 1200 1400 1600 1800 2000



Rl T o= Cm M=

ErsmmmmmEmmm wiicth= 40 EO= 1.0 mams=4 bud= 5.0 c=15.0 run=-=321
ErsmmmmmEmmm wicth= 20 EQ= 1.0 mmass 4 buds 5.0 cu'l 5.0 rune==522
............ wickhm 10 EQ= 1.0 masss 4 buds 5.0 cu'l 5.0 rune==2823

p, & wickhe 20 Ed= 1.0 mams=4 e 50 cel 5.0 run=-=2s8e0
— o = wicth= 40 B 1.0 mMmamse 4 buide 50 cml 5.0 rune= 321
P SR S— —_— p = widh=20 EO= 1.0 mmamsse4 bt 50 cm15.0 rure-ea22
By & wickh= 10 EQ= 1.0 miaos=4 bid= 5.0 c=15.0 run=-=5=523

Ll | I | il 1 L L1 1 L | | | -
1020 1040 1060 1080 1100 11 1140 1160 1180 1200



R ass=4 T=25 w' (Zoomed)

Mass

=T B T Mo Do (5 00 Com | 5 T LN e PFLC0

S —— vty 40 EQ= 1.0 rmams=4 boid= 5.0 c=15.0 rurs--=_=e3z 1

............ wichh=20 EQ= 1.0 mass=4 bod= 5.0 o=l 5.0 rur=-——=azs

- wichh= 10 EQ= 1.0 mass=4 boi0= 5.0 =150 rno=—-=323

P = width=20 EQ= 1.0 mmasss=4 bat= 5.0 c=15.0 rr-=-—->=ss0

B : i P =" widthmd0 Eo= 1.0 mmassesd baite 50 cm'l 5.0 rons-— =21

H—iinn P e P & wicth=20 Ed= 1.0 mam=4 bude 5.0 c=150 rune= g2z

1 : H P = i = 10 EQ= 1.0 mmams=4 bal= 5.0 c=1 5.0 r=—- =3
[+ H S S et S s e B e

O

R s B e Ml B B B e R e B U
A L e T s e e T e e sl
e 1 b o0 oo 1o o9 5 1 og g v by 9 1oy g0 1 4 1 e o o 1 4 3 1

1020 1040 1080 1080 1100 1120 1140 1180 1180 1200



Mass

Riass=4 T=190 w ' (Zoomed)

i = B T (T T o D01 () G o T 0 0 T LN e PP

e —— wichh=d40 E= 1.0 mmass=4 b= 5.0 cm] 50 runss5s2 1

............ widh=20 EQ= 1.0 mma o=+ bol= 5.0 c=1 5.0 rr=-_=3z2

[ wickh= 10 EQ= 1.0 mMame=4 b= 5.0 c=1 5.0 Mr--—-==Sz2

: i P = width=20 EQ= 1.0 mmasss=4 b= 5.0 c=15.0 rr=- =20

B : i P = widthmdn EO= 10 mmassesd baite 50 cm'l 5.0 roms-— =21

1 o e s R s s Sl B = width=30 EO= 1.0 rmasse4 biits 50 ce=] 50 runs-= 322

| : H o= it 10 EQ= 1.0 mmams=4 k0= 5.0 c=1 5.0 r=-—- =223
O.5— B R R R R e R L LR L B L e LR

I 1 1 I 1 L] I ] 1 1 I 1 ] ] I

1020 1040 1060 1080 1100 1120 'i14ﬂ 1180 1180 1




=4 T=275 w,"' (Zoomed)

Mass

=T B T3 Mo e Do 5 08 Com | 58 1L e PRS0

[ ——— w4 EQe 10 o mse s boiDe 50 Com] 550 rurps=id=z |

S —— widhi=20 Ed= 1.0 masc=-4 boide 50 c=1 5.0 rr--—-_sazs

A I e wichhi= 10 EQ= 1.0 mMams=-4 boOe 50 c=] 5.0 rr--—_=maz2

H P = width=20 EQ= 1.0 mmams=4 but= 5.0 c=15.0 rir=- =20

i . P = widthmd0 Eo= 1.0 mmassesd baite 50 cm'l 5.0 rons—us=1
1 = HRoenin oot i, B = width=20 EO= 1.0 rmasse4 beits 50 ce=] 50 - 322
11 H P = it 10 EQ= 1.0 mmame=4 bat= 5.0 c=1 5.0 r=-=as3

b - H Ll
== .-\. -3 - ,- L
- -ﬁl.~ _'-F ¢ Fl
- i H - # 1 W H
|— L | o 1l
- #
-.:1"‘" - - oF
I €N v - P
= - H
= 1._ "" H T 5 I H
= = - - # #
- #
L 'll-_ --i H & #
: * T oom ™ - #
R o i s e R F N ke e e e e e L
= . ) =
= [ - -F
|— ] i‘.._ - o
H Ll H e rl
H % H L [
e : - ! - = B B
5 ] -
: = . d #
F— - o gy iy &
i #
L1 1 - - H H
i #
: ol X "
F -
=, | Rk TR, oM n T oot TR NAN T ERARY S R e e R e g
: = H o )
1 . H e H H

| - ] [] 1 II 1 1 II
1020 1040 1060 1080 1100 1120 1140 11

60 1180 1




Mass

Riass=4 T=400 w ' (Zoomed)

T =T B T3 Mo o o Do 5 08 Com | 08 T L e PRS0

[ ——— w40 EQe= 10 o ased boiDe 50 com] 50 rurs=e=z |
............ Wwidhi=20 Eid= 10 mMasc=-4 bode 50 c=] 5.0 rre--—-=m3azs
T wichthi= 10 EQ= 1.0 mMams=4 bi0e 50 c=] 5.0 M- _=o9z2

P = width=20 EQ= 1.0 mmaos=4 bu= 5.0 c=15.0 M- =20
: i P = widthmdd EO= 1.0 mmassesd baite 50 cm'l 50 roms-— a2
1 T B =" wickh=30 EO= 1.0 rmasse4 beds 50 ce=l 50 runs- 322
i H P = it 10 EQ= 1.0 mmamss=4 but= 5.0 c=1 5.0 r=—- =3

i ] | 1 I L] 1 [] I
80 1180 1200

L} 1 i ] |
1020 1040 1060 1080 1100 11

I 1 [ [] I 1 L]
20 1140

11



Summary

Plasma wakefields induced by Alfven shocks can in

pirnciple efficiently accelerate UE

HCR particles.

Preliminary simulation results support the existence
of this mechanism, but more investigation needed.

In addition to GRB, there exist abundant
astrophysical sources that carry relativistic plasma

outflows/jets.

Other electromagnetic sources, for example GRB
prompt signals, filamentation of e*e™ jets, intense
neutrino outburst, etc., can also excite plasma

wakefields.

So let’s surft and wave!



