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An exfra’rerres’rrlal radla’rlon' A

) ‘“ m @ 1912: V. Hess discovers an
“-" extraterrestrial source of
A TR 4 . lonization: Cosmic Rays

@ 1930-1932: A. Piccard
reaches the stratosphere
with a pressurized
aluminum gondola attached
to a ballon to measure CRs

@ 1940: B. Rossi and P. Auger
measure Extensive Air
Showers:

@ CRs up to 10*-10° GeV
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The CR spectrum at Earth A
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SNR paradigm: energetics \

@ Baade- Zwmky (1934) energe’rlc argumen’r upda’red

7R*h = 2 x 10 cm’

W= éx V

conf

~ 2x10™ erg

~ 5x 10" ergs™

~ 3x 10" ergs”

110-20% of SN ejecta kinetic energy converted |
. into CRs can account for the energetics |
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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 (DSA)

| 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=p0 4/ 04 only. For strong shocks: o =4




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 & DC, 2012



Conclusions? A

o e o o P R a7 N T = = NN o = D NP e T o o N —

@ Supernova Remnants

@ Have the right energetics ; " o \

o Diffusive shock acceleration produces power-laws "l, |
(S

o B amplification may help reaching the knee A

SNR G1.9+0.3

@ Is acceleration at shocks efficient?
@ How do CRs amplify the magnetic field?
@ When is acceleration efficient?

@ How are ions and electrons injected?







Accelerahon From ﬁr51L prmcnples

@ Full parhcle in cell approach

(..., Spitkovsky 2008, Niemiec+2008, Stroman+2009,
Riquelme & Spitkovsky 2010, Sironi & Spitkovsky 2011,
Park+2012,2015, Niemiec+2012, Guo+2014, DC+15...)

@ 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 2013-2015,...)

@ massless electrons for more
macroscopical time/length scales
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Hybrid simulations of collisionless shocks

Time= 001[1/w,] DENSITY + PARTICLES

ylc/w,]

y
‘[b
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1000
x[c/w,)

Shock propagation

e OUT OF PLANE MAGNETIC FIELD

Reﬂecfinq wall
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3 3
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@ dHybrid code (Gargaté et al, 2007) Initial B field
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| | | First-order Fermi
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Filamentation instability

DC & Spitkovsky, 2013
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f o Kno’rs 6 B/BNIOO
.. @ Radial filaments

Uchiyama et al 2007 06
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Magnetic field spectrum

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, 2014b | c



Efficiency (%)

Parallel vs Oblique shocks

Non-Thermal
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DC & Spitkovsky, 2014
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Each point
corresponds to
a simulation

with about 10°
parfticles

Computation
time: almost

2x10° cpu h



Dependence on inclination and M
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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 # controls shock dynamics and CR spectrum

Magnetic fields
are amplified also
in high3 plasmas!

1000 1500 2000 2500 3000 3500

zle/wp)

CR spectra agree with

DSA prediction
(steeper than p=* for r<4)

20



Supra-thermal ions

= Post—shock I

- Near downstream
m— Far downstream

Thermal 1 Non-thermal

o Steep "bridge”
immediately
behind the shock

@ Contains
information on
injection and
thermalization

@ The DSA power-
law starts at

Pinj~ 3-4 Pthd

21



Parficle Injecfion - Simulations PO

DC, Pop & Spitkovsky, 2015
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Ion Injection - Theory

@ Reflection off a reforming
shock potential barrier
(stationary in the
downstream frame)

@ Calculate ion trajectories
(de Hoffmann-Teller frame)

Max 9 allowing escape upstream
75°

DSA-eFﬁcien’r shoc’k_':5 65°

. . 9~45°
pre-reflection velocity b iy ) O, | DSl |55

@ Ion fate determined by
 Vi~25-35Ve, A8
R et TR |7

| {f_Einj’\fé-lO,Esf\'f 5

Y

and shock inclination

@ At given velocity, ion 35°

escape upstream of
shocks with 9<94ss

25°

15°

Transverse pre-reflex V §u[V,,]

vn|Visn] Pre-reflex V along shock normal



Minimal Model for Ion

@ Time-varying potential barrier

o High state (25% of the time)
-> Reflection

-> Shock Drift Acceleration

Ush,/wc]

~
&,
=
o

&

I
—~
-~
<

@ Low-state -> Thermalization
@ Multiple cycles of SDA

@ Spectrum a la Bell 1978

In(1 —P)
_fma+£)

s Simmul ation
— — — Maxwellian
% Minimal model

@ P=0.75; € =2V /v

% p=Vsh/V} & =2V5h/V
DC, Pop & Spitkovsky, 2015 24



Conclusions!

® Acceleration at shocks can be
efficient: >15%

@ CRs amplify the B field via
streaming and filamentation
instabilities

@ DSA efficient at parallel,
strong shocks

@ Ions are injected via reflection
and shock drift acceleration




. " ,PerSpecfives f .

o Supér-Hjbfid.(Bai, DC, Sironi, Epitkovsky 291'.4:).' *
@ Electron physicé .Wi’r;\ full PIC (Park, Dc;' Spitkovsky 2015)
- Embedding micropk.\ygics in hydro/MHD simulafions
-] CRAFT CR Analy’rlc Fasf Tool (DC e’r al in prep)

d Rela’rlws’rlc shocks (GRB AGN jets, pulsars radlo SNe, .. )

o Par’rl’rlonlng ener/y into ions, electrons, and magnehc ﬁelds

@ Almost any problem in collisionless astrg and lab,plasmas!

SN1006 rim - HST
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¥

Going bigger: Super-Hybrid N

@ MHD (Athena) + kinetic ions (also relativistic)

@ Needs injection (tuned form hybrid)

@ Allows to go to higher Mach # and larger scales

Bai, DC, Sironi, Spitkovsky 1412.1087 28



Long-term evolution

0
XV, t [cfmpi]

Bai, DC, Sironi, Spitkovsky 1412.1087
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CRAFT: a Cosmic-Ray Fast Analytic Tool

(Caprioli et al. 2009-2015, to be publicly released soon)

@ Iterative solution of the CR fransport equa’rion:

0f(a,p) _ orie.n)] , pdsie)ofies

or Oz [D( z,P) oz 3 dz  Op +Q(@,7)

u(x)

Injection

0 a(z) W (z, p) Mass+momentum p(z) _ Do,
/@.p) = fap)exp [ / o D(:L',p)] [1 - Wolp) ] conservation eqs. MRS

of ug f2(p) p(z)u(z) = poug
q’esc -D ’ P ;
(p) = =D(z0,p) 5 oz |, Wo(p) ' 2+ p(z) + per(2) + pB(Z) = pouf + Pgo + PBo

Wia.p) = / d"’"D(z,p) o U dz”quf:’:’a)P)]

1mogp(p) - 5 ap ! /
o) = Tt xp{ [ e |+

1
0(17')]} dpc,.(:z:)

/Oiﬁ{agm P |- / | [ - e

— 3PB($)dZE:)

Magnetic turbulence transport eq.

CR distribution function
@ Very fast: a few seconds on a laptop (vs days on clusters)

@ Embeds microphysics from Kinetic simulations into (M)HD
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Account for spectra,
SNR hydrodynamics,
and morphology

1.5~ Radio profile @ 1.5 GHz
I X-ray profile @ 1 keV

Brightness [Jy/arcminz]

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

—T
__—— 74
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@ Hadron acc. eff.~10%

— \S] O8] BN 9] (@) 3 (e 2]
A B e S e e e I I e o e e e e AR

=l e e e e e b
0.94 0.95 0.96 0.97 0.98 0.99

o Protons up to 0.5 PeV

@ Only two free parameters: injection efficiency and electron/proton ratio






