Particle Acceleration in Shocks

Marty Lee

USA




o 0k wWhE

Particle Acceleration in Shocks

Introduction

Parker Transport Equation
Applications of the Parker Equation
Diffusive Shock Acceleration (DSA)
Wave Excitation at Shocks
Applications of DSA



1. Introduction



GCR




oo
j=)
=}
(=]

8

2]
3
L& ]

o
o
L=
L=

4000

&
3

2000

NUCLEONIC COMPONENT INTENSITY FOR CHICAGO PILE E-3 — COUNTS PER MINUTE
&
o

O

23 February 1956 GLE Event

HOURS - UNIVERSAL TIME

Meyer, Parker and Simpson, 1956

(a)
Expanded Scale Near "ﬁ
Time of Flore Onset =
—[~2500 1000~ S
- iL
- T g
L 2
Lt 8 (b)
2000 500 f Section of Intensity Curve 1415-1900 U.T,
I T T A S S, S Prefiore Cosmic Ray Infensity= = - -« == == ====nn~ R
=]
TS
:F_E“,_. o o e v b
N 900 £ z 1415 1500 1600 1700 1800 1900
ol N Hours = Universal Time
T v =
L 3%
R u
e E 3
- 100095 4§
E. =
T 2§ &
B 52 é
B B2 .E w
S8 2 &
B ;}3 :‘? £
n I =
iy 2
A z
I A
| =‘ 1" |!'f Ll %
@ 2 oo 2 8 K,
T >
C8838 8 3 <
I~  Universal Time 2
= LLl
- ——
oo b o b e b e b b
0300 0400 0500 0600 0700 Q800D Q200




ok || reerane tevers
- 28 September 1961 Event
o | gy s
Y Explorer 12
'l | 1
| N
.,
'0’-! __________________ : %*““‘*i
o’} = \*
1 \‘
o'l \ f PROTONS > 30 MEV
RN
E; -__\.'“5_&_:.-;_.-—_ i
Eg’ 10} =\
o \ PROTONS
> 103 | % 200—300 MEV
= Ny
=2 I DN
45 AN
\\
T \ PROTONS > 600 MEV
m,_J-J,-“.__, Bryant, Cline, Desai
1
; and McDonald, 1962
Y, DEEP RIVER
[y NEUTRONS
50
wgSE A
9 |3trme $c
= I [ R T I N T

28 29 30| 1 2 3 4 5 6 7
SEPT. OCT.
1961



’ i
P /

/ . 'y
'

"~ _Earth’'s Bow Shock”

.

Tsurutani et al., 1981




ESA ULYSSES DATA SYSTEM

%

HIBCALE W (48007 Mav)
COSFINLET L31.2-20 Mav)
COSFIRILET L21 (210 Mak)

3

-
=]
kN

Protons (fom’ sisniav)

CIR Event:
Ulysses

10 L i h

ACIT 9%
=]

T T T T T
HSCALE DE1 (3050 k)
HISCALE DEZ [B0-00 k')
HISCALE DEZ (B0-18E ka)
_____ HECALE DES (185-300 k)

/ e, '
P ptes, e —;_._,_,\___:_ h\‘_‘-‘""‘"h-\-'*ﬂ'\ -
10 ey -‘w—-»—‘w// e, P
1':":';—-\1«-“- e J_/‘R_‘_ I Wr"l"'ﬂ“; 'ﬂ

T K} Elecrons (/cmisisriMev)
53

nsity (£m”)

Vo (km's)

|41ﬁﬁd Aﬁﬁﬂmmhﬁdﬂ iJu#-nuﬁWAIWM mﬁi;fﬁij¢-¥

B e e

oz .'

%
“deg)

8

(=T
B, (deg)

g

sl L
B (nT)

2404 -2‘31.4'1' -2358 -Z360 2381 2392 2403 2414 2473 -M3IT -2448 2460 24T 2483 KunOW et al 1999



800

KM/SEC
o
o
[=]

400

FLUX (ARBITRARY UNITS)

~ASTRON ?M'I CAL UNITS

T T T TTT]

T

0.50F | 4
I : ! |
L 1 1 -
0.40 ; [ =]
1 '
L F . F . ]
n_soIIl‘rl'llILLllJIJI*I]IJII
1981 I 1982
Months of Year

L3 1 T T T T 26 L] L] T L} T T ]
v v v _
(a) S PIONEER 10 S )
. 3 JSOLAR
. . JwiND
' JVELOCITY
: Vi ]
gl bon
A . r
1 1 :\MI .I 1 I\\)-DJJ\IN\ Ir\:"ﬁ!\k! L L . L L A
LI | II LI :! rT 17T 17T T T T 1T 1 |I I :I L g
(b) | | E
I 1
I 1 _E
I 7 ELECTRONS
, 12-7 MeV
= HELIUM
5 11=-20 MeV
H PROTONS
11-20 MeV
PROTONS

29-67 MeV

PROTONS
>67 MaV
(<E> = 2 GeV)

5940C

Pioneer
Super
Events

Pyle et al., 1984



Collisionless Shock on 11/12/78: ISEE-3
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“Termination Shock” in Your Sink
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The Hairy Ball?

5 GV PROTONS
K, = 3x10%3 cm?/s
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Thomas and Gall, 1984



Distribution Functions
F(P,X,1)  (phase-space distribution function)
n(x,t)= | d®F(P,X,t)  (umber densiy)
f(px,t)=(47)" | dOF (p,x,t)

(omnidirectional distribution function)

Flux = vFp“dpdQ
J = Flux/(dQdE) = sz (differential intensity)



Vlasov Equation
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2. Parker Transport Equation
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Cyclotron Resonance Condition

w—kv,+Q=0



Streaming
Anisotropy

Reames et al., 2001



Impulsive Events

Mason et al., 1999



Parker’'s “Confusion-Defection” Equation

J UdE =n = J 4 zp” fdp
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Contours of V-V>0and <0



Stochastic Compressions and Rarefactions:
Quasi-Linear Theory
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Stochastic Acceleration

p 2
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F1c. 2. Coordinate system for calculation of Ac, etc.

Parker and Tidman, 1958



3. Applications of the Parker Equation
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Solar Modulation of GCR: A Simple Case

n= | 4zp°fdp, V, =0, V=ed/dr, d/a=0, K=K(r), V=eV
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Solar
Energetic
Particle
Event

Reames et al., 2001



SEP Propagation: A Simple Case
V=0 V,=z0 K=K(p), V=edla
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Pickup lon Mediated Termination Shock




Interstellar Pickup lon Transport

V. =0, K=0, V=¢eV, dl&=0
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4. Diffusive Shock Acceleration



Diffusive Shock Acceleration

df d df | 1dV, df
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Krymsky, 1977 Bell, 1978
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First-Order Fermi Acceleration
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“Shock Drift” Acceleration
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Diffusive Shock Acceleration
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Anisotropy Limitation
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Shock Modification

Ola=0l&=8laa=V,=Q=0
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5. Wave Excitation at Shocks



Instability Mechanism

Lerche, 1967
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Cyclotron Resonance Condition

w—kv,+Q=0

kv, = Q)

w5 ~ KVgy ~ Q(Vgy, /V,) B
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Pickup lon Excited Waves at Comet G-Z
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Wave Excitation - Il
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Wave Excitation - Il
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Waves Upstream of Earth’s Bow Shock
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Streaming instability driven by cosmic rays
Lucek & Bell 2000

B field lines, t =0
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6. Applications of DSA



Acceleration at a CME-Driven Shock

Lee, 2005



Bow Shock
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CIR Geometry




Corotating lon Events

f~(r /rs)(Zl(R—l))+V I(xV)

xv SRR exp[ -6 VR /(V (R —1)2)]

Fisk and Lee, 1980
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Blunt Shock:
2D Simulation for ACR energies
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IMass Amherst/

Evidence for magnetic field amplification at shock
(Vink & Laming, 2003; Vélk, Berezhko, Ksenofontov, 2005)
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