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OUTLINE

I. PARTICLE ACCELERATION: General

[I. STOCHASTIC ACCELERATION BY
TURBULENCE

[II. SOME APPLICATIONS



A. Observed over a wide energy, time and spatial scales

B. Cosmic Rays (electrons, protons and ions; isotopes)

C. Radiating Sources (electrons and protons)
Some General Requirements

e Acceleration of Background Particles
(no pre-acceleration)
e [osses at the Acceleration Site
(Coulomb, Synchrotron, Compton)



1. Solar Flares

2. Sgr A* (slow accreting AGNs)
3. Accretion Disks

4. Clusters of Galaxies

5. AGN lJets

6. GRBs



A: Electric Fields: Parallel to B Field
B: Fermi Acceleration

1. Shock or Flow Divergence: First Order

2. Stochastic Acceleration: Second Order



II. ACCELERATION MECHANISMS

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

Acceleration Rate: dp/dt = e€

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

E < Ep: Energy Gain AFE < 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 ON. 8
o Do) = S EDEYG )= AEIN) (O

1. SHOCK ACCELERATION: (First Order Fermi)

Energy Gain: p = 2% 6p/p ~ Ushoe/V

Need Scattering Agent i.e. TURBULENCE

Diffusive Shocks
Scattering Rate Dg.qs
Acceleration Rate ~ (U, /v)? Dyeas

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 ~ (Vaifven/v)*

Scattering Rate ~ Do
Acceleration Rate ~ D,,,/p* ~ (Viiren/ V) Dscat

eFor Viiten > Voomda TURBULENCE more ef-
ficient than SHOCKS

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



A: Electric Fields: Parallel to B Field
Unstable leads to TURBULENCE
B: Fermi Acceleration
1. Shock or Flow Divergence: First Order

Shocks and Scaterers; i.e. TURBULENCE
2. Stochastic Acceleration: Second Order
Scattering and Acceleration by TURBULENCE

TURBULENCE ’



* Simple model very attractive

* Some unanswered questions:
Source Particles
Scattering Processes
Feedback and Nonlinear effects

Combined Turbulence and Shock Processes



1. Turbulence Generation

2. Turbulence Cascade

3. Turbulence Damping
4. Interactions with Particles
5. Spectrum of the Accelerated Particles



Turbulence is Very Common in Astrophysics

Hydrodynamic: Ordinary Reynolds number

Re =LV /v>>>1, v =Viscosity

In MHD: Magnetic Reynolds number
R =LV /n >>>1; n =Mag.Diff. Coeff.

Thus most flows or fluctuations lead to
generation of turbulence on scales around L

(or waves with k-vector k = 1/L)



HD: Large eddies breaking into small ones

Eddy turnover or cascade time
r. =1/kv(k)<L/V.

ound

MHD: Nonlinear wave-wave interactions

w(k,) = wky) + awlky); k =k, +k;
Tcas <L / VAlfven
Dispersion Relation: (Low Beta Plasma, v, >>v,,.)

w(k) = k||VAlfven > kVAlﬁ/en > k||VS0und
For Alfven, Fast and Slow Modes
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Viscous or Collisional Damping: ] = k™! >> A

| | 5 Coul
Collisonless Damping: k= << A__,

Thermal: Heating of Plasma

Nonthermal: Particle Acceleration
Turbulence 1sdamped for k>k_
-1\ — -1/2
where 7, (LA )=7, (Uk ")

Inertial Range k_. <k<k__
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Parallel (and perpendicular) waves are not damped



Wiky ="

(General Features:

# Injection scale: %y

¢ Cascade and index g k
¢ Damping scale or %, min Damplng

Wave power

Injection

Wavenumber

Kinetic Equation:

AW (K, ¢)
at

Wik, #)

= Qu(k, t) — Y)W (k, &) + V; [D; VW (k, 8)] — T

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

[=1=loi

~(%k) =~ + v The damping coefficients.

D51 Wave diffusion tensor.
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Resonant Wave-Particle Interactions

Interaction Rates
Dispersion Relations

Particle Kinetic Equation



* Dominated by Resonant Interactions

D;; =ne* ) 3k<d”>5(k v — + ";70 QO) ,

* Lower energy particles interacting with
higher wavevectors or frequencies



2

(ck)” = w” |1 - Z w(w — g/ [q:| %)

2

Plasma Parameter:

1
_ Y _ 1
“T0. Y\ 1003 100G

Abundances: Electrons, protons and alpha particles
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Intensity scale
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A. KINETIC EQUATION

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

The General Fokker-Planck equation:

of of 10 , of of 0 of of 10
8t+vu83 B p28pp lD””aerDp“au +8u D””@,u—l_ op|  p? 8p(ppo)

f(p, i, s,t); gyrophase averaged particle distribution
s is the distance along the background B field

S is a source term

1. Isotropic, High Energy Limit:

B 3w Land Bl v

1 1
F(p,s,t) = E/lduf(p,u, 5,t),

OF 0 O0F O0ky OF

TR S Bl

= ()52~ S o)+
ot 0z 'z T8 op p?0p Y52 52 p?Op

v? 1 (1= p?)? 1 [t D
== = & ey 1 2 Hup
5 8 / du D R 4 ‘/_1 du( a )pDNN

1 (! 1/
K3 = §/ld,u(Dpp— sz/DW)pQ’ Q(p, s, t) = 5/1du5(p, [y S,t).

oF 10 oF .
(p4’{38—p - pQPLF) T Q(p7 S, t) )

The acceleration and scattering times are

Baslils Tes 8/@1/1)2.
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COUPLED EQUATIONS

1. Kinetic Equations

AN 8 AN - N .
— = = _(A—E)N| = P
5t — OF [‘D ergp (A~ Eo)l ] o @
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2. Energy Balance
Wrz-:vth = Jl'lrrrwrth';ﬁkjn F'.k]ffg;t = E = -I||I _‘llE]_'n'lrl.E]t'EE

3. Rate Coeflicients

_dkr" Dip)] _ [© @AW (K)S(k,E)
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In principle:  Density n
Temperature T
Magnetic Field B

Scale (geometry) L
Level of Turbulence (8B/B)°



Acceleration rate or time [,

Loss rate or time [ s
Escape rate or time L

Characteristic Times:

r " 0Q(OB/B)Y’andT,_=L/v

p ross




A

Acceleration of Background Particles
Spectral Breaks

Heating and Acceleration

Proton (or 10on) vs Electron Acceleration
Effects of shocks can be included
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LoopTop (Thin Target)
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* Turbulence and plasma waves play major roles
in non-thermal sources 1n energizing the plasma
and accelerating particles.

* These are the dominant acceleration process at
low energies and scattering agent at all energies.

* It can describe many features of radiation and
particle spectra from a variety of sources.



Solar Flares

Sgr A* (slow accreting AGNSs)



1. Electron Acceleration and Emission

2. Proton and Ion Acceleration and Emission

3. Solar Cosmic Rays (SEPs)



Reconnetion
bulent Acceleration Site

Thin Target Loop Top

Thick Target Foot Points



RHESSI: Count rates (cts/s/det)
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Proton and Electron Acceleration
in the Galactic Center HESS Source

Electron Acceleration
During the NIR and X-ray Flares



Structure of the Accretion Flow

cm and mm via Synchrotron and proton acceleration

Sub-mm, NIR, and X-ray via Synchrotron and SSC

De Villiers et al. 2003 AplJ
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“Quiescent” Electron Emissions
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Stochastic Particle Acceleration
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Consgraintls on zParagneters
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Emission Processes During Flares

i synchrotron M = 3.4x106Mo
AN D = 8.0 kpc

Thermal
Synchrotron
and SSC:
Four
Parameters
i N=3.8x10%

...I...I.:.I...I...I. kBT:75meC2
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log,, (v / Hz)

log,, (vF, / Hz Jy)

Liu et al. 2006
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Constraining T & B with NIR and
X-ray Spectra and flare rise time
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Combination of

stochastic acceleration, MHD simulations,
and observations over a broad range

can be used to detect the properties of the
black hole and its accretion flows.

61



TURBULENCE AND STOCHASTIC
ACCELERATION CAN PLAY
IMPORTANT ROLES IN MANY
ASTROPHYSICAL SOURCES
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X-ray Flares from Sgr A*

In flare-state, Sgr A*’s X-ray luminosity
can increase by more than one order of
magnitude.

Band ratie SB cts/600 8 HB cts/600 =

Band ratio
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The X-ray flare lasted for a few hours.
Significant variation in flux was seen over a 10
minute interval.
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