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 I. ACCELERATION: General 

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

● Acceleration of Background Particles 
(no pre-acceleration) 

● Losses at the Acceleration Site 
(Coulomb, Synchrotron, Compton)



Astrophysical Sources
Magnetized Plasmas

1. Solar Flares
         2. Sgr A* (slow accreting AGNs)

3. Accretion Disks
         4. Clusters of Galaxies

5. AGN Jets
6. GRBs



 ACCELERATION MECHANISMS

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

B: Fermi Acceleration

1. Shock or Flow Divergence: First Order                     First Order                     
      

2. Stochastic Acceleration: Second OrderSecond Order
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 ACCELERATION MECHANISMS

A: Electric Fields: Parallel to B Field           Parallel to B Field           
Unstable leads to TURBULENCE

B: Fermi Acceleration
       1. Shock or Flow Divergence: First Order                   First Order                   

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

                        TURBULENCE



Shock Acceleration

• Simple model very attractive
• Some unanswered questions:

   Source Particles
   Scattering Processes
   Feedback and Nonlinear effects

Combined Turbulence and Shock Processes



II. STOCHASTIC ACCELERATION
BY PLASMA TURBULENCE

1. Turbulence Generation 
2. Turbulence Cascade 
3. Turbulence Damping
4. Interactions with Particles
5. Spectrum of the Accelerated Particles



1. TURBULENCE GENERATION
Turbulence is Very Common in Astrophysics

Hydrodynamic:  Ordinary Reynolds number 

In MHD:  Magnetic Reynolds number
 

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

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

Viscosity       ;1/ =>>>= ννLVeR

  Coeff.  Diff. Mag.     ;1  / =>>>= ηηLVRm



2. TURBULENCE CASCADE

HD: Large eddies breaking into small ones
      Eddy turnover or cascade time 

MHD: Nonlinear wave-wave interactions

Dispersion Relation: (Low Beta Plasma,                 )

                      For Alfven, Fast and Slow ModesFor Alfven, Fast and Slow Modes
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2. Cascade of MHD Turbulence

Cho & Lazarian 2002

Alfvén

~k-5/3

Slow

~k-5/3

Fast

~k-3/2

anisotropic anisotropic isotropic



3. TURBULENCE DAMPING

Viscous or Collisional Damping:
Collisonless Damping:

Thermal: Heating of Plasma
Nonthermal: Particle Acceleration
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3. Turbulence Damping 

Parallel (and perpendicular) waves are not damped



kmin

kmax

k-q

k-q’

Turbulence Spectrum



Magnetic    
fluctuations in 
Solar wind

Leamon et al (1998)

 Magnetic fluctuations in Solar wind



4. Interactions with Particles:
  Heating and Acceleration

   Resonant Wave-Particle Interactions

 Interaction Rates
 Dispersion Relations
 Particle Kinetic Equation



 Wave-Particle Interaction Rates

• Dominated by Resonant Interactions

• Lower energy particles interacting with 
higher wavevectors or frequencies



 Dispersion Relation for the Waves
(Propagating Along Field Lines)

Plasma Parameter:

 Abundances:  Electrons, protons and alpha particles



 Resonant Interaction electrons



Resonant Wave-Particle Interactions
4He and 3He



 Simulations of The Wave Modes

•                                                     From Opher et al.



General Dispersion Relation

Resonance Condition
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5. PARTICLE SPECTRA
 ISOTROPIC AND HOMOGENEOUS

shockA+
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5. Accelerated Particle Spectra 
Model Parameters 

                  
 In principle:    Density                        n
                         Temperature                T
                          Magnetic Field           B
                          Scale (geometry)        L
                          Level of Turbulence 

                                   

2)/( BBδ



5. Accelerated Particle Spectra 
Kinetic Equation Coefficients

        
Acceleration rate or time
Loss rate or time
Escape rate or time
Characteristic Times:

acτ

escT
lossτ

vLTBB crossep / and )/( 21 ≈Ω∝− δτ



Some Attractive Features

1. Acceleration of Background Particles
2. Spectral Breaks
3. Heating and Acceleration
4. Proton (or ion) vs Electron Acceleration
5. Effects of shocks can be included
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A SIMPLE EXAMPLE
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Electron Spectra and         =?

Maxiwellian

Without 
injection:
Continuous
heating and
cooling

Injection
Continuous
injection, 
heating, &
cooling.

minγ



Time Scales Steady State Particle Distributions



HEATING VS ACCELERATION

 SPECTRAL HARDNESS



Electron vs Proton Acceleration



 Protons vs. Electrons

Dependence on the Plasma Parameter

α = 0.80 α = 0.98 α = 1.13



 Protons vs. Electrons



SUMMARY

• Turbulence and plasma waves play major roles 
in non-thermal sources in 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. 



III. Some Applications

                   Solar Flares

       Sgr A* (slow accreting AGNs)



SOLAR FLARES

1. Electron Acceleration and Emission

2. Proton and Ion Acceleration and Emission

3. Solar Cosmic Rays (SEPs)



Model Description



A Simple Solar Flare
11032003, N09W77, X3.9





Reames and Ng 2004



 Acceleration of 3He and 4He 
by Parallel Propagating Waves



 3He and Heavy Ion Enrichment







         Proton and Electron Acceleration 
      in the Galactic Center HESS Source

Electron Acceleration 
During the NIR and X-ray Flares

 Sgr A*
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Structure of the Accretion Flow

De Villiers et al. 2003 ApJ

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

cm and mm via Synchrotron and proton acceleration



Soft NIR Flares

Hard X-ray Flares

Broadband Spectrum
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“Quiescent” Electron Emissions



Stochastic Particle Acceleration
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Constraints on Parameters

Cooling is 
too efficient
to produce 7
mm emission

Source is 
too bright 
in the radio
band.

Source is 
optically 
thin at 7mm
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Emission Processes During Flares

Thermal 
Synchrotron

and SSC:
Four 

Parameters
N=3.8x1042

kBT=75mec2

Liu et al. 2006



 57



Dependence on B



Dependence on B



τrise

Constraining T & B with NIR and 
X-ray Spectra and flare rise time
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Conclusions

   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.



SUMMARY

   TURBULENCE AND STOCHASTIC    
ACCELERATION CAN PLAY 
IMPORTANT ROLES IN MANY 
ASTROPHYSICAL SOURCES



Zhao et al. 1991, Nature, 354, 46

2 cm radio image of the central two light year region (~20”).

VLA

Lo et al. 1998, ApJ, 508, 61 

Shen et al. 2005, Nature, 438, 62



HESS

H.E.S.S. Preliminary

HESS Collaboration 2004



X-ray Flares from Sgr A*
(Baganoff et al. 2001)

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

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



Lx ~ 6x1033 erg s-1 
Lnir ~ 5x1034 erg s-1 

Eckart et al. (2004)

Sgr A* 19-20 June 2003 – NIR/X-ray 
Flare

Baganoff 2005


