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ACCELERATION: In General

. OBSERVATIONS
Il. ACCELERATION MECHANISMS
Ill. TOOLS OF THE TRADE

A. Kinetic Equations for Acceleration and Transport
B. Turbulence Cascade and Damping
C. Wave-Particle Interaction and Transport Coefficients

APPLICATION to Solar Flares



. OBSERVATIONS

General Features
Where: Planets to Clusters of Galaxies
Spatial scales: 108 to 10%° cm and beyond
Temporal scales: Milliseconds to Gigayears
Energy scales:  10° to 10?2 eV



. OBSERVATIONS

Observing Methods

Direct as CRs: Solar, Galactic, Extragalactic
Electrons, Protons, lons (Isotopes)

Indirect: Radiative Signhature

Drntnnec: Di_.mocnn Nacavie (70 NMa\/)
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Electrons: Brem., Compton, Synch.

Broad Band, Power Law Spectra
Essentially all Radio and Gamma-ray emitters
Most hard X-rays and some UV, Optical and IR



. OBSERVATIONS
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. ACCELERATION MECHANISMS

A: Electric Fields: Parallel to B Field

B: Fermi Acceleration

1. Shocks: First Order Fermi

2. Stochastic Acceleration: Second Order Fermi




II. ACCELERATION MECHANISMS

A. ELECTRIC FIELDS: & (parallel to B field)

Acceleration Rate: dp/dt = e€

Astrophysical Plasmas Highly Conductive: & — 0
Dricer Field: Ep = kT/(eAcoul)

€ < &p: Energy Gain AE < kT(L/Acou)

E > Ep: Runaway Unstable Distribution Leads to
PLASMA TURBULENCE

1. Double Layers (DLs) in Earth’s Magnetosphere
Multiple DLs: Difussive Process like

PLASMA TURBULENCE

2. Unipolar Induction in High B field of Neutron Stars
Extreme Relativistic Energies: Pair Cascade




II. ACCELERATION MECHANISMS

B. FERMI ACCELERATION

Random scattering by moving scattering centers.
Diffusive Process: Why Acceleration?

More headon than trailing scatterings

Phase space availibility

18, ,.  df AN, &
5 D) = DB 5 HAEN) (0

1. SHOCK ACCELERATION: (First Order Fermi)

Energy Gain: p = g?;, dp/p ~ Ushoa /¥

Need Scattering Agent 2.e. TURBULENCE

Diffusive Shocks
Scattering Rate Dg.a:
Acceleration Rate ~ ([, /v)% Dygas

Relativistic Shocks

Most Energy Gained in First Passage

Most Likely in High B Plasmas e.g. GRBs or AGN Jets
Most of the Energy in Protons; How to convert to Elec-
trons?




2. STOCHASTIC ACCELERATION:
(Second Order Fermi)

Plasma Waves or TURBULENCE
Energy Gain; e.g. Alfven Waves: dp/p ~ (Viaigen/v)?

Scattering Rate ~ Dga
Acceleration Rate ~ D, /p* ~ (Vairen/ V) Dscat

sFor Viiten > Voonda TURBULENCE more ef-
ficient than SHOCKS

oAt low energies or high B fields D,,/p* >
Dy and TURBULENCE efficient accelerator




IIl. TOOLS OF THE TRADE

Some General Points
@ Acceleration of Background Particles
(no pre-acceleration)
@ Radiating Sources
(electrons and protons)
@ Losses at Acceleration Site
(Coulomb, Synchrotron, Compton)



A. KINETIC EQUATION

Liouville or Boltzmann equation in limit of many ”small” scatterings leads to

The General Fokker-Planck equation:

if . O 18 (. 8 8f] 8 [, 81
- {D””Bp b Bu] " on [D‘""ﬁ

%3 = Fog
f(p, s, 8, 1); gyrophase averaged particle distribution
s is the distance along the background B field

of 16

+Dppap‘ (p2 )'+‘S.

S is a source term
1. Isotropic, High Energy Limit:
D, >> v/Land D,,/p*

1
Flp5,6)= 3 [ A (s, ),

OF 0 OF Ok OF 1 0 10 oF g
= 5 gy s+ gy (P ~PF) + A0,

1—p 1 1
nlz-/d( 52=-/dﬂ-(1
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ny = 2[ dp(Dpp — /Dm) 2 Q(p,s,t)sEfldﬁs@,ms,t).
The acceleration and scattering times are

Tie=2 1l Te= 851/':)2.
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(General Features:

¢ Injection scale: %nin
¢ Cascade and index g II

¢ Damping scale or %, in Da:mplng
Kinax

Wave power

Injection

Wavenumber

Kinetic Equation:

AW (K, t)
It

Wk, )

= 2ok, ) = (W (K, 8) + V3 [D VW (K, 9)] — i s

Qp(k): Rate of wave generation.
T . Wave leakage timescale.

(k) = ~ve + v: The damping coefficients.

D50 Wave diffusion tensor.




Table 1: Some Cascade Characteristics of D}ﬁerent Modes
Mode Isotropy scaling vy, D(k) W(k) Teas/T0
Alfvén(@) NO, k| o kﬁf’ SR ETPWY2 kTP 551074 (ky L)72/R
Fast () Isotropic Je= /4 W k32 1.3 x 1072(kL)~ Y2

Whisteler(®) 777 =AW BT 2 1078 (kL)Y

Table 1: (a) Goldreich & Sridahr (1995), CLO02; (b) Iroshnikov (1963), Krachnan (1965); (¢) Vain-
shtein (1973), Biskamp et al. (1999).
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B. Cascade vs. Damping of Turbulence
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A: LT and FP HXRs
Heating vs. Acceleration

-840 =830 =20
Heligeendie ¥ {orcrec)

B Cad = I3 0147

-840 =830 =8x0
Heligoendiie ¥ {orcrec)

B Cad = 13 U140

Reconsirucied RHESS Imoge

20-Sep- 2002 0928365000 1o OR2720.229
Delectoes: 35 JF 55 8F BF S

Erergy Range: 76.5 4 5 bl

Plwen T LI9E403

—24D —H30 —axn
Heligceninic ¥ [orczec)

G - ] DA

Feconsirucied RHESS! Imoge

20-Sep- 2002 09:28:365.000 1o 09:27:20.229
B ar

Delectoes: 35 4F 55 &7
Erergy Range: 32.9 4 36.7 Loy
Plven T £403

—24D —830 —azxn
Heligcenisic ¥ [orczec)

O - ] 040




11032003, NOOW77, X3.9

105 Fr T T T T T T T T T T T T T T T T = 10-3
[ GOES 1.0-8.0 A ]
[---GOES 0.5-40A ] 150
F—— 25-50 keV -
- —— 50—100 keV g
—— 100-300 keV T T T Teee .
— 10*E—— 300-800 keV 4 -+~ <1074
3 E ; ]
R L ] ~ Mo
v [ ] =
L o -
7] b 5? =
: 10 E 10 §§ .‘E-',
S ] = 130 >
o b Lo
O e 4 %
= _
a 8
<]
B
102 v 10-6
= 120
ol e e e e e e w1077 110 910 920 930 940 9450 960
09:44 09:48 09:52 09:56 10:00 X (oresecs)

Time (since 2003/11/03 09:42:16) X (orcsecs)




Heliccentric Y {arcsec)

40

¢
o

M
o

10

[
-

T Av Dann e s ~em
Leg Emission

Reconstructed RHESSI Image

13-Nov-2003 04:58:22.000 to (04:58 26.000
Detectors: 3F 4F 5F 6F 7F 8F
Energy Hange: 9.0 - 120 ke

Clean Total counts: 7.¥8E+ -l...n

-880 870 -860
Heliocentric X {arcsec)




Chromospheric Evaporation
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(Losses vs. Acceleration)

2002/07/23 00:28:23.99 - 00:30:00.00 Spectrum
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4. The Roles of Turbulence in the
Decay Phase
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Heating & Suppression of Conduction



4. Suppression of Conduction
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4. Suppression of Conduction & Heating
by Turbulence
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For Transit-Time Damping, Ao, = 07 J =

The turbulence can also energize the







Observation vs. Simulation of Models
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Most solar flares are associated with magnetic loops

There are usually one LT with soft spectrum and two FPs
with hard spectrum

SA of particles in the LT region by PWT generated via the
magnetic reconnection can explain most of the flare
characteristics:

Soft LT + hard FPs; Energy partition between electrons

and protons; Enrichments of *He and heavy ions in impulsive
SEPs; the slow decay of the LT in the gradual phase.



Plasma Wave Turbulence appears to be

an important channel for the release of energy
during flares

&
Stochastic Acceleration by it can explain




