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I. OBSERVATIONSO S O S

General Features 
Wh Pl Cl f G l iWhere:                 Planets to Clusters of Galaxies 
Spatial scales:      108 to 1025 cm and beyond 
Temporal scales:  Milliseconds to Gigayears 
Energy scales: 103 to 1020 eVEnergy scales:      10 to 10 eV 



I. OBSERVATIONS

Observing MethodsObserving Methods
Direct as CRs: Solar, Galactic, Extragalactic 

Electrons Protons Ions (Isotopes)Electrons, Protons, Ions (Isotopes) 
Indirect:    Radiative Signature 

Protons: Pi-meson Decays (70 MeV)Protons: Pi-meson Decays (70 MeV) 
Electrons: Brem., Compton, Synch.
Broad Band Power Law SpectraBroad Band, Power Law Spectra 

Essentially all Radio and Gamma-ray emitters 
Most hard X-rays and some UV Optical and IRMost hard X-rays and some UV, Optical and IR



I. OBSERVATIONS

Cosmic Ray Spectrum Solar Flare spectrum



II. ACCELERATION MECHANISMS

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

B: Fermi AccelerationB: Fermi Acceleration

1 Sh k Fi t O d F iFi t O d F i1. Shocks: First Order Fermi                       First Order Fermi                       

2. Stochastic Acceleration: Second Order FermiSecond Order Fermi









III. TOOLS OF THE TRADEIII. TOOLS OF THE TRADE

S G l P i tSome General Points
● Acceleration of Background Particles g
(no pre-acceleration) 
● di i● Radiating Sources 
(electrons and protons) (e ect o s a d p oto s)
● Losses at Acceleration Site 
(Coulomb, Synchrotron, Compton) 





A. ISOTROPIC AND HOMOGENEOUSA. ISOTROPIC AND HOMOGENEOUS
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B M ti fl t ti i S l i d

Magnetic

B. Magnetic fluctuations in Solar wind

Magnetic    
fluctuations in 
Solar windSolar wind

Leamon et al (1998)



B. ISM: Armstrong & Spangler (1995)

Slope ~ -5/3

pc AUpc



B. Turbulence Spectrum
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B Cascade of MHD TurbulenceB. Cascade of MHD Turbulence



B Cascade of MHD TurbulenceB. Cascade of MHD Turbulence
Alfvén Slow Fast

~k-5/3
5/3 k-3/2~k ~k-5/3 ~k-3/2

anisotropic anisotropic isotropic

Cho & Lazarian 2002



B. Cascade vs. Damping of Turbulencep g

Parallel (and perpendicular) waves are not damped



C. Wave-Particle Interaction Rates



C Dispersion Relation for the WavesC. Dispersion Relation for the Waves
(Propagating along Field Lines)

Plasma Parameter:

Ion Abundance.



C. Dispersion Relation and 
CResonance Condition

EM
EC

PC

EM

EC

PCPC

Pure Hydrogen Plasma



C. Resonant Wave-Particle Interaction



C. Transport Coefficients



C. Resonant Wave-Particle Interaction

Dispersion RelationDispersion Relation

Resonance Condition



A li ti t S l FlApplication to Solar Flares

General view
1. Electron Acceleration
2 Proton Acceleration2. Proton Acceleration

3. 3He and Heavy Ions Enrichment
4. Conduction Suppression



Energy ReleaseEnergy Release
(Reconnection)

TurbulenceHeatingAcceleration g

Acceleration  Heating

Heating

Turbulence?

Heating Radiation
(non-thermal)

Radiation
(non-thermal)

Heating

RADIATION
(thermal) IMPULSIVEIMPULSIVE

GRADUAL



Model Descriptions



A:  LT and FP HXRs
(H ti   A l ti )(Heating vs. Acceleration)



A Simple Solar FlareA Simple Solar Flare
11032003 N09W77 X3 911032003, N09W77, X3.9



Leg EmissionLeg Emission



Ch h i iChromospheric Evaporation



B: Spectral Breaks
(Losses vs. Acceleration)



Time Scales Steady State Particle Distributions



1. Electron Acceleration

Dependence of FP/LT e Distribution on τpDependence of FP/LT e Distribution on τp



1. Looptop and Footpoint Spectra

Best Fit to the LT and FP Spectra of 
the First Peak of a Flare on Aug. 3 2002 



1. Looptop and Footpoint Spectra

Best Fit to the LT and FP Spectra of 
the Third Peak of a Flare on Aug. 3 2002 



2 Protons vs Electrons2. Protons vs. Electrons

α = 0.80 α = 0.98 α = 1.13

Dependence on the Plasma ParameterDependence on the Plasma Parameter



2 Protons vs Electrons2. Protons vs. Electrons



3. Acceleration of 3He and 4He 
by Parallel Propagating Waves



3. Acceleration of 3He and 4He 
by Parallel Propagating Waves

Transit-Time Damping?





3. Dependence on τp3. Dependence on τp

= 10-8 (1sec/τp)



3. Acceleration of 3He and 4He 
by Parallel Propagating Waves



3 Ion Acceleration by Parallel3. Ion Acceleration by Parallel 
Propagating Waves

1 0
Q/M

1.0

0.5

0.45

0.67Q2/M=1



3 Heavy ion enrichment3. Heavy ion enrichment



4. The Roles of Turbulence in the 
D PhDecay Phase

Heating & Suppression of Conduction



4. Suppression of Conduction



4. Suppression of Conduction  & Heating
by Turbulence

The turbulence can also energize the 
particles with the acceleration time

≈ C ( / )2≈C ( / )2τac ≈ Cτsc (v/vA)2 ≈C τCoul(v/vA)2



4 Equation of Energy Conservation4. Equation of Energy Conservation



4. Simple Modeling



SummarySummary

• 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 flaremagnetic reconnection can explain most of the flare 
characteristics:

Soft LT + hard FPs; Energy partition between electrons 
and protons; Enrichments of 3He and heavy ions in impulsive 

SEPs; the slow decay of the LT in the gradual phase.



ConclusionsConclusions

Plasma Wave Turbulence appears to be pp
an important channel for the release of energy

during flaresduring flares
&

St h ti A l ti b it l iStochastic Acceleration by it can explain
many of the observed flare characteristics


