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PERSPECTIVES Ji & Zweibel '15 Scrence

PLASMA PHYSICS

Understanding particle acceleration
in astrophyswal plasmas

Simulations reveal new scenarios to accelerate electrons to extremely high energies

By Hantao Ji'* and Ellen Zweibel®

nergetic electrons are ubiguitous in as-

trophysical plasmas, as they are consid-

ered to be behind the surges of emission

across the elecdromagnetic spectrum at

wavelengths from radio to gamima rays.

These dvnamic phenomena indude
stellar flares, supermova explosions (see the
figure) ( I, gamma ray bursts, and extragalac-
tic jets. Energetic electrons are also directly
observed in situ during terrestrial substorms.
Despite these rich observations and substan-
tial progress in theoryv, numerical simula-
tions, and laboratory experiments over the
past few decades, however, the mechanisms
by which the electrons obtain their energy
still remain elusive. On page 974 of this issue,
Matsumoto ¢f af. (2) make progress toward
resolving these issues.
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Shock, Shock, Shock! (radio, X, )

SNR shocks
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Shock, Shock, Shock! (in-situ)

P|anetary shocks Hlnterplanetary shock @ 1AU
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High-energy electrons at strong shock waves

SN1006

Saturn’'s
bow shock

upstream ~ downstream
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Why electror? (99% of CR are nuclei/protons... )

Observationally evident, theoretically puzzling.
(contrary to protons, viz. leptonic vs. hadronic for TeV v)
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Fermi acceleration (Fermi, '49)

Lab. frame co-moving frame
e
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Lorentz transformation
=P, mp'  cos(0) = -p' cos(0)
1= mE. = TI'(E -Vp. cos(0))
mE_ =TI'(E'_ -Vp' cos(©)) mE'  =FE

=I"’E. (1+V/c*-2vVcos(0))



1st & 2nd order Fermi accels. (v~c, ['~1)
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E_ == = 2Ccos€)+
= cos(0)
*0 = 0 — over taking : energy loss
*0 = m — head-on : energy gain
= 2nd order
»cos(@) ~ -1 ~ +1
»(\V//c)? term remains
® Ist order if the head-on collisions
dominate
»<cos(0)> ~ -1
*the fist term (V/c) is the leading order




Diffusive shock acceleration (1st order Fermi)

Fermi Acceleration .

—
| shock front
) "“--.___L__o
upstream | . e downstream
+ e-o_.-r"'#'-.”'ff
Vi &=

M. Scholer
= V.-V, > 0 (div(V)<0) — head-on

® ]1st order Fermi acceleration
=y =r+2/r-1, where r is the compression
ratio. y=2 for strong shocks (r=4)



Theoretical issues

®[njection
» Shock scale L~ok >> (e
» Thermal electrons are

strongly magnetized
» v > ~ 10 can be injected

» Pre-accelerations for
electrons are necessary

Shock front

U — u,—

Upstream Downstream

. . I, 19
=Scattering bodies e

» Alfven waves — cannot scatter thermal
electrons

> magnetic clouds — found by YM+ '15 Scrence

> magnetic field amplification (x ~100)



Magnetic reconnection

Solar flare

BTopology change of anti-parallel
magnetic field lines

BConversion of magnetic energy to
plasma kinetic energy
BFundamental process in planetary
and astrophysical phenomena



Methods



Vlasov equation
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Maxwell equation

(i+1,j+1,k+1)
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Implicit FDTD method
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C
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solved within ~10 interations by the conjugate gradient method



particle-in-cell (PIC) simulation

Particle push
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Characteristic scales in PIC simulations

mAh ~ Debyle length A
1

)»D[m]=7.4T2_[eV]

1 );
nlem™]

mAt ~ electron plasma frequency o
pe

(x)_el[sec]zl 1_3 ;10_3
P NMunlem ]

®Proton-to-Electron mass ratio M/m:

M/m ~ O(10) (< 1836)

parsec and 10%°yrs in astrophysics! @



Characteristic scales of SNR shocks

mShock speed
»V_ = 1000 - 10000 km/s

» hon-relativistic shocks

BMagnetic field (upstream)
» a few pG : Alfven speed V, ~ 10 km/s (n~0.1 /cc)

» (Alfven) Mach number M > 100 !

BDynamic ranges
> shock scale : MHD (L >>r >>r )

» lon to Electron mass ratio M/m=1836
» relativistic electrons : v~c (>>V_ > V)

4

V V C

A sh



Shock creation - Injection method

Yy .
shock front propagates toward right —
boundary
|, downstream AE > upstream
/ \'J
‘ m >
—
—— >
Moving Injector X

(Riquelme & Spitkovsky '11)

=)D PIC simulations
®Perpendicular shocks (B L n)
mNon-relativistic shock speeds (V_/c ~ 0.3)

sHigh Mach numbers (V_/C_and V_/V,) ~ 40
=\M/m: O(100)



Shock experiments on supercomputer systems

, strong sca |n"10241x864x864 SOp/cell)
weak scaling strong scaling (6001x256x512, 40p/celln
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Collision-less shock simulations



Super-critical (M,> ~3) shock structures

key: Reflected ions
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Physics in high M, shocks

/ out-of-plane field \

B k1 B,
reflected ion elecron pre-acceleration

-------

oo /

k// B,
magnetic field turbulence



Electron shock surfing acceleration (eSSA)
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eSSA In multi dimensions ?

multi-dimensinonal effects
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2D PIC simulations of perpendicular shocks

Trapping condition
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e- acceleration at M/m=225, M, ~45 shock
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number of particles

Electron downstream energy spectra
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Physics in high M, shocks

out-of-plane field

reflected ion

-------

k1 B
elecron pre-acceleration

~

k// B,
magnetic field turbulence




In-plane B field case

Blon-scale ripples along the shock
surface

B[on cycrotron-instability
Blon-beam Weibel instability
BOrigin of ion-scale magnetic field
turbulence

Burgess, '06
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M/m=225, M,~42 shock (in-plane B case)

downstream log, (N_/N,) upstream

0.97

I 0.56
0.14

42.0 42.5 43.0 YM+ '15 Science




Current sheet formation via ion Weibel instability
PSD—i cf. Kato & Takabe '08, '10

shock front reflected ion

upstream




Stochastic e acceleration
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Stochastic e acceleration (contd.)
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Time evolution of energy distribution

Number of particles
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Condition for turbulent reconnection

mion Weibel B, >> upstream B,

m1-2% of beam energy (0.5p,V %) can be converted to the
magnetic energy B, /8n

25x10 % = -
7] x102
2.0 —
1.5 -

1.0

EB/EKE

0.5 —

> Kato & Takabe '08
B, ~0.1V4m p, V2> B,

M ,>10




Electron accelerations in perp. shocks

Trapping condition
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Summary

= High-energy electrons are observationally
evident, but puzzle in theory

= High performance computing helps to
reveal generation of cosmic rays at
astrophysical shock waves

= On-going 3D PIC simulations are
promising!

= Hopefully, hadron/lepton accelerations to
collaborate with IceCube
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