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Some Key Ongoing Issues:

•Physics of suprathermal particle “injection”

•DSA efficiency & spectrum of CRs
(internal & escaping)
pmax∝ qBR(Us/c)

•Amplification of scattering magnetic fields 
(instabilities), field PDF(k ~ 1/l)

CR diffusion properties
influence on shock structure

•Modeling approaches (shocks are highly nonlinear)
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Modeling approaches to nonlinear DSA:

•“Full” Microphysics: (PIC, “hybrid plasma”)
>e.g., Giacalone & Jokipii, Spitkovsky et al, Nishikawa et al, Hoshino et al

injection physics, self-consistent evolution 
of fields & particle distributions, scattering behaviors

•Hybrid PIC-MHD simulation:
>e.g., Lucek & Bell

self-consistent coupling between CRs and (MHD) turbulence

•Monte Carlo simulation:
>e.g., Ellison et al

internally self-consistent steady state
user-defined scattering, field structures

•Analytic modeling:
>e.g., Malkov et al, Blasi et al

steady state, user-defined scattering, field structures

•Hybrid kinetic-equation-CFD:
>e.g., Kang et al, Berezhko et al
dynamical evolution on multiple scales, multi-dimensional applications
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Comparison of some DSA modeling approaches:
MC, Analytic (steady), & Kinetic/CFD (evolving)

Preliminary:
Caprioli, et al (in prep)

CBA: Caprioli, Blasi & Amato (analytic)
KJ: Kang & Jones (kinetic & CFD, AMR)
VE: Vladimirov & Ellison (Monte Carlo)

Mach 30 parallel, plane shock: 
Us = 5000 km/s
Bohm-like diffusion, D ∝ p, B0=3µG
QL, resonant streaming instability, balanced by dissipation
“FEB” @ x/x0 = 1, x0 = D(p = 103 mpc)/Us
“Distinct” injection models

Rtot = 7.6
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CBA: Caprioli, Blasi & Amato (analytic)
KJ: Kang & Jones (kinetic & CFD)
VE: Vladimirov & Ellison (Monte Carlo)

Acceleration “efficiency”
≈ 60%

Preliminary:
Caprioli, et al (in prep)

Comparison of some DSA modeling approaches:
MC, Analytic (steady), & Kinetic/CFD (evolving)
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Need for nonlinear, multi-scale DSA modeling 
of inherently multi-D astrophysics:

Example: clumpy, irregularly shocked O star winds 

Hydrodynamical model of ζ Pup (Hamann et al 2009)
Shocks indicated by red stars

Uw ~ 2000 km/s
Twind ~ 104 K
R ~ AU
tdyn ~ days
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Nonlinear DSA Simulation:

Hybrid kinetic-equation-MHD 
AstroBEAR AMR with CGMV CRs

t = 3 days

log density

log Pc

Emax ~ GeV

-6.5               -2.5

R* ≈ 10 Rsun
Rin = 50 R*
B ~ .01 Rin/R
Thermal leakage

injection
Bohm diffusion

Edmon et al
(in prep)
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Amplification of scattering fields:

Fields in SNRs apparently >> BISM

Shocks in inhomogeneous media generate post shock turbulence

1D CR shocks unstable to amplification of field fluctuations
resonant streaming instability (Alfven waves)
nonresonant, current instability 

Precursors of modified shocks dynamically unstable
1D acoustic instability (Drury, Zank et al)
multi-D, R-T like instabilities 
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Giacalone & Jokipii 2007

Shocks in inhomogeneous media generate post shock vorticity:
(ω~Us (ρ2 / ρ1)/Rs) => stretch-fold B field growth

Hydrodynamical post shock turbulence:
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Especially for large compression:
e.g., radiative & CRs?

Inoue et al 2009

Clumpy warm ISM
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Especially for large compression:
e.g., radiative & CRs?

Cunningham et al (in prep)

Radiative clumps
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-streaming CRs upstream of 
parallel shocks 

- resonant amplification of 
Alfven waves on scales rg

- amplify B field (Lucek & Bell 
2000)
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Zirakashvili et al 2008

tim
e →

Nonresonant instability, fixed jcr:
Field fluctuations predominantly
smaller than rg; motions become
fairly stochastic; λmfp~E2/((qδB)2L)
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Ryu et al 1993

Precursor instabilities due to smooth Pc,
Weak dynamical coupling of CRs with fluid:
a ∝∇Pt/ρ, if Pt ~ Pc enhances compressions => acoustic instability in 1D
generates mini-shocks in precursor

e.g., Drury & Falle
Kang et al
Malkov & Diamond
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Diffusive Pc also leads to R-T like instabilities
In presence of density variations,    

∇P⋅∇ρ < 0 locally

density, ρ

Pg

Pc

div u

Ryu et al 1993
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Beresnyak et al 2009

Smooth Pc in precursor of shocked turbulence:
Local ∇P⋅∇ρ < 0 condition amplifies precursor turbulence

=> small scale dynamo
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Schematic of expected PDFs & diffusion properties

Beresnyak et al 2009

Eb saturates on scales < L*< L
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Summary

•Detailed modeling will be a challenge for some time

•The underlying physics is robust

•Strong, CR shocks subject to multiple instabilities

•Magnetic field amplification is likely
in both precursor & post shock regions

•Injection physics is critical (espec. efficiency), hard problem
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