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- The SNR paradigm tor Galactic CRs
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SNR paradlgm acceleration mechanism

o Fermi mechanism (Fermi, 1954) ‘random sca’r’rermg leads to energy gam

@ In a shock a particle gains energy at any reflection (Blandford &
Ostriker; Bell; Axford et al.; 1978): Diffusive Shock Acceleration

| Test-particle

O . squeezed
. between

N | converging

flows
Downstream (post-shock) Upstream (pre-shock) | fesesmmmmsmmms

@ DSA produces power-law p~“ in momentum, depending on the

compression ratio R=u;/uz only. For strong shocks: a =4 (i.e., °CE=?)




Evidence of magnetic field amplification

’ ‘ Tycho .
| @ Narrow (non-thermal) X-ray rims due
to synchrotron losses of 10-100 TeV

electrons...

@ ...in fields as large as B~100-500 4 G

X—ray profile @ 1 keV

Brightness [erg/s/cm2/Hz/sr]

/
— 4
—

Morlino & Caprioli, 2012
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@ Have the right energefics :

o Diffusive shock acceleration produces power-laws

]

{

@ B amplification may help reaching the knee j

PP . s < P - = . oo SO i) it - . R A NG M A .

@ Is acceleration at shocks efficient?
@ How do CRs amplify the magneftic field?

® When is acceleration efficient?







Accelerahon From ﬁr51L prmcnples

@ Full parhcle in cell approach

(Spitkovsky 2008, Niemiec et al. 2008, Stroman et al
2009, Riquelme & Spitkovsky 2010, Sironi & Spitkovsky
2011, Park et al 2012, Niemiec at al 2012,...)

@ Define electromagnetic field on a grid
@ Move particles via Lorentz force
@ Evolve fields via Maxwell equations

@ Computationally very challenging!

@ Hybrid approach:

Fluid electrons - Kinetic protons

(Winske & Omidi; Lipatov 2002; Giacalone et al.; Gargate
& Spitkovsky 2012, DC & Spitkovsky 2013, 2014)

@ massless electrons for more
macroscopical time/length scales
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Hybrid simulations S|
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@ dHybrid code (Gargaté et al, 2007) Initial B field
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Spectrum evolution
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DC & Spitkovsky, 2014



Outline

@ Is acceleration at shocks efficient?
@ Hybrid simulations: >15%

@ How do CRs amplify the magnetic field?
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Filamentation instability
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@ Is acceleration at shocks efficient
@ Hybrid simulations: >15%

@ How do CRs amplify the magnetic
field?

@ Streaming instability

® How do magnetic fields scatter CRs?




Downstream
Precursor
Far upstream

Magnetic energy density
per unit logarithmic
band-width, F(k)

@ F(k)ock! for
W c/vmax <k<w c/vsh

@ Turbulence self-
generated by a
spectrum ocp=*

DC & Spitkovsky,
1401.7679




Diffusion coefficient

@ Directly measurable | I " Energy dependence
in simulations: R ,
D(E)Etl_igloD(E’t)‘:tngoZ |xn(t)2';;n(0)|2 Qm I '''' ~I§,\ {—._.I.—//:-—I/
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Outline

@ Is acceleration at shocks efficient
@ Hybrid simulations: >15%

@ How do CRs amplify the magnetic
field?

® Bohm diffusion in 6B

@ When is DSA efficient?
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Parallel vs Oblique shocks
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Dependence on inclination and M

o, &S 5 5 - 5 - 5 3 -
= P i S = ~ , $o _ ~. / S < P =

5 20

20 ‘ v v v v v

Btot/BO (t = 2000}51)

o Fm

3000

Il Il Il Il Il Il i Il Il Il Il
0 100 200 300 400 500 600 700 800 900 1000
T — Tep[c/wy)

3000

ac/wp]

LA B B B

Y Simulations

--- <Btot/B0>2 o< My

2500

2000 3000

olefw) e

001500 2000 2500 oo 28 o In agreement with the prediction
of resonant streaming instability

2500 3000

alc/wp]

[Miore B-held amplifcation for |
| stronger shocks! |

3000 e ’ :

z[c/w,]

2500




n/no(t = 200w, )

i

O o == - - il
2000 4000 6000 8000 10000 12000 14000 16000

” Preliminary
Bt,),,/BO(t = 200w ) M=].OO CGSQ

30
25
20
15
10
5

i 10000 12000 14000 16000 1‘- Tofa[ 6B/B
e ﬂ larger than

M 10 in the
precursor!

e L ’ |

O - - T - s v
2000 4000 6000 8000 10000 12000 14000 16000
zlefw)]

B, (t= 200w ")
Y T T R N AT Y . . _ 10
i . 0 el AR AL SN l - s

xf'?ri‘"“ 1’ T4 :1'1*.*1‘5"1-,_»1 . PN N TNy
1‘ | ) ) L %) LIt \ . ; 15 0
H‘i‘*- ;ﬁ.‘ \‘..‘.'}~‘~: S8 A LA VLG A UG ® very hard to
I S'ucy in the
hybrid limit

B, (t=200w ')

L

e .-*-"',-..'F-;"i"-...-.-fqt_ "F'“""'.* S e in g S

7 mq—b@ i e g N g N G v PG

L

3 """"u-f-r ..f' Jq"" T""’-ﬂ-r.'-.--"pi.- q-.-iu-'l -..1.-—

- - o ¥ =] o

; . st By | L
LY - i~ -"i -..-.u-.--ﬂgl--‘s"-*rﬁ-h*-'-'r-u--*-.-a-.---‘-‘v-"

8000 10000 12000 14000 16000

oy e I T 1

ﬁ* . = _.“--l 171:7 "‘:-.h..r-'l\.. - T-_'_:‘.. _| = 10
1'-.. < w,_w"*'fﬂ ﬂtﬂ"‘*'ﬂr-—r.r'-* '-'*l-#ﬂh‘ﬁ.drr-- 5




3D simulations

-2
T

Logi[Ef(E)](t = 200w; )

0

B component orthogonal
to the initial one

= h"-'j_1

LOglO(E/Esh)

Post-shock ion spectrum
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Inclination of
the B field

wrt to the
shock normal

X-ray emission
(red=thermal
white=synchrotron)

Polarization
(low=turbulent
high=ordered)

" Tragneric fed ]
amplification and |

particle acceleration
where the shock is
parallel




High-beta plasmas

@ The Alfvenic Mach # controls magnetic field amplification

@ The (magneto-)sonic Mach

Even for high8

magnetic fields
are amplified!

controls shock dynamics, and CR spectrum

1000 1500 2000 2500 3000 3500

z[c/wy)

CR spectra agree with

DSA prediction
(steeper than p=* for r<4)
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Outline -> Conclusions

® Is acceleration at shocks efficient?

@ Hybrid simulations: >15%

@ How do CRs amplify the magnetic field?

@ Streaming & filamentation inst.

® How do fields scatter CRs?

® Bohm diffusion in 6B

@ Where is DSA efficient?

@ At parallel, strong shocks
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_(Nedr-)Future Pers echves

s Elecfrons WI1'h PIC (with J. Park, A. Spl’rkovsky) - PLEJ@SE ASKIl .

@ Ion |nJec’rlon (DC, in prog)

- Need to go rela’rnvns’rl-c, and ’ro,.hlgher Mach numbers

° : ! o
@ Super-Hybrid, with A. Spitkovsky, X.Bai, L. Sironi (CFA) >

How to embed R,physic's in lareiscals,imAu’la’rios?
3 CRAFT: Cosmic Ray/b‘ﬁalyfical lfasf Toql' (DC, in ptog:)
' @ §emi-ahal>}_’rical solution of CR ’rranspor’r:equa’rién P |
o Ver.y fast: .’f_ew seconds on a lap’rop.' . ¢

@ Embeds microphysics from kinetic simulations :






