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An extraterrestrlal radlatlonl

@ 1912: V. Hess discovers an
extraterrestrial source of
ionization: Cosmic Rays

@ 1932: A. Piccard reaches the
5{ = stratosphere (in a pressurized
| aluminum gondola attached

‘1l A.Piccard, 1932 b ” ' |
iy / to a ballon) to measure CRs!

@ 1940: B. Rossi and P. Auger
\ measure tExtensive Air
X °\ Showers up to ~10° GeV
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Magnetic Field Strength

mic Rays
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@ Remarkable power-law (see P. Serpico’s talk)
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A un|versa| acceleratlon mechanlsm
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o Fermr mechanlsm (Fermi, 1954): random eIastlc COHISIOI"IS \ead to energy gain

@ In shocks, particles gain energy at any interaction (Krymskii 1977; Blandford & Ostriker; Bell; Axford et al.; 1978)
Diffusive Shock Acceleration (DSA)

o A . Test-particle
3 | squeezed
.o between

converging

,/ \‘\-
: flows

Downstream \(post shock) . | Upstream (pre-shock)

@ DSA produces power-laws N(p) x4mp?p ™, depending on the compression ratio R=pg4/p, only.

@ For strong shocks (Mach number I\/I >>1) R 4 and = 4




BE:
Evidence of magnetic field amplification @

Tycho @ Narrow (non-thermal) X-ray rims due to
synchrotron losses of multi-TeV electrons...

@ ...in fields as large as B~ 100-500uG

Volk et al, 2005...;
Warren et al, 2005;
X-ray profile @ 1 keV Parizot et al., 2006:
Uchiyama et al. 2007;
Cassam-Chenai et al. 2008;
Zirakashvili & Aharonian 2009:
Morlino et al. 2010:
Morlino & DC 2012;
Slane et al. 2014;
Ressler et al. 2014
Transettals 201 5.7
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@ Ampilitication due to CR-driven plasma instabilities




SNR paradigm: Conclusions?
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. @ SNRs have the right energetics :
@ Diffusive Shock Acceleration produces power-laws |

@ B amplification enhances particle diffusion

@ |s acceleration at shocks efficient?
@ How do CRs amplity the magnetic field?
@ When is acceleration efficient?

@ How are particles injected?
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@ Full particle in cell approach

(..., Spitkovsky 2008; Amano & Hoshino 2007, 2010; Niemiec et al. 2008, 2012; Stroman et
al. 2009; Riquelme & Spitkovsky 2010; Park et al. 2012; Guo et al. 2014; DC et al. 2015...)

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

@ Computationally very challenging!

@ Hybrid approach: Fluid - Kinetic

(Winske & Omidi; Burgess et al., Lipatov 2002; Giacalone et al. 1993,1997,2004-2013; DC
& Spitkovsky 2013-2015,...)

® massless electrons for more macroscopical time/length scales

Astroplasmas from first principles
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iy . = ﬁ; Hybrld S|mu|at|ons of colhsmnless shocks
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dHybrld code (Gargaté et al, 2007; DC & Spitkovsky 2014)
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Spectrum evolution L0z

@ Diffusive Shock Acceleration: non-thermal tail with universal spectrum f(p)o<p™

@ Acceleration efficiency: ~15% of the shock bulk energy!

800 1050 1300 1550 1800 2050

Reduced T wrt

jump conditions

Downstream Spectrum
pf

DC & Spitkovsky, 2014a 10
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ParaIIeI VS Obllque shocks
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DC & Spitkovsky, 2014a
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Each point is a
simulation with
billions ot particles
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348 ad Dependence on shock strength (Ma) and inclination 3o
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Y Simulations

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

1500 2000 2500 3000

2000 2500 3000

o oo @ Different flavors of CR-driven streaming instabilities
&3 (Amato & Blasi 2009; DC & Spitkovsky 2014b)

2500 3000 @ For Ma<30, resonant (cyclotron)

@ For Ma>30, non-resonant (Bell's): strongly non-linear!

® Bohm-like diffusion in the selt-generated B
(Reville & Bell 2013; DC & Spitkovsky 2014c)
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X-ray emission: B T o T
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red=thermal
white=synchrotron

DEGREES

&

Inclination of B
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shock normal

Reynoso et al. 2013
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lon acceleration

Polarization where the shock is

(low=turbulent

high=ordered)

parallel
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lon Injection

‘What determines the fraction of particles that become CRs? |

3 golden rules of Real Estate:

et
i’ W.w'
ifgw '

-

ol 3 . : — i o
~ oty b s e :’?ﬂ?““ i )
- %" il \ '( \!@ﬁ%{%‘j
il @ Edﬁﬁ%f \% . .
: ST i




Particle Injection - Simulations
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Encounter with the shock barrier
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® Low barrier (shock reformation) o
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lons reflected upstream,

' lons advected downstream, |
. and energized via Shock Drift Acceleration |

and thermalized

E.g.: Burgess & Schwartz 1984; Kucharek & Scholer 1991; Guo & Giacalone 2013

@ lon fate determined by barrier duty cycle (~25%) and shock inclination
@ The energy Ej,j needed to escape upstream increases with 9 (DC, Pop & Spitkovsky 2015)

@ After N SDA cycles, only a fraction n~0.25N has not been advected

@ For 9=45", Ei,j~10Ep, which requires N~3 ->n~1%




@ Time-varying potential barrier
@ High state (duty cycle 25%)
@ Reflection + SDA

® Low-state

@ Thermalization

M )
@ P=probability of being advected

@ g=fractional energy gain/cycle

Advected ions N

ms Sinulation

— — — Maxwellian
- Minimal model

N !
DN

E/Eg,

10°

DC, Pop & Spitkovsky, 2015
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@ Acceleration at shocks can be efficient:
>10%

@ CRs amplify the B tield via streaming
instability

@ DSA efticient at parallel, strong shocks

@ lons injected via reflection and shock
dritt acceleration




Outstanding gquestions
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@ How are electrons accelerated?

@ |Is there direct evidence of CR acceleration? (also see F. Aharonian’s and E. Hays talks)
@ Should we detect neutrinos from SNRs? (see C. Kopper's and M. Ahlers’ talks)

@ Are SNRs PeVatrons? (also see F. Aharonian’s talk)

@ How do accelerated particles escape and become CRs?

@ Can (simple) diffusive models for propagation explain the features in the CR
spectrum and in the diffuse emission? (see D. Gaggero's talk)

@ How does B selt-generation work in the Galaxy? (see P. Serpico’s talk)

@ What do we need to better understand particle acceleration?
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@ Full PIC simulations (Tristan-MP code) M=20, V¢,=0.1c, quasi-parallel (9=30°) 1D shock

f(p,)"
0.0 0.3 0.B 0.9 1.2 S

t=461700/0.

| T
— | | -
A= ARNTO0 A = I ' i -
IR TP Sttt sl | ; Density -
| | ]
— | | )
— | | —_
c . ' ]
- — | -
- I | -
. - | | —
Electrons | | 73 I i _
. b | _ | - | g
| | . | A | 1 -
= | ' -
— Q 1

~4000  —2000 0 2000 4000 6000 800
X (c/ 6pe)

10"
107"
1072
1077
107*

107°
107°

Density Electrons

IIIIT“TI IIll|'|'|T| llll|'|'|'|'| Illlm!l

p*f(p)

Self-generated B

|||||||I |||||||I llllu,lj,l IIII|,|,|,|,| IlII|,|,|,|,| L

T |IIII HEEBRR lllllll
—

1.0E—01 1.0E+00 1.0E+01 1.0E+02
p(mec)

—10

—5.ol><103 5 5.0%105 1.0>l<10"' 1.5>'<1o4 .
5k DC & Soitkoveky 2015 Electron/proton ratio K¢p~0.01




..O

e O c O
o L N N B
.OO..
@ o

The Astroparticle Physics Conference

e ®

Log[f.(p)] at t=276300/w_, Logqo[falp)] at t=276300/w,,

o e—

—5.6 —4.5 —3.3 =22 -1 0D

=
o

=21  -1.0

Pey $CJ

| Y

. 1 2. F

1.0x10* 1.5x10*% 2.0x10* 2.5x10%

W -

Q

&

Self-generated B field

ieh denaity
$=

M
UL LA

[

i -
TIFETIE TN NN P s

—

=Y

1.6x10*% 2.0x10* 2.65x10* 5,0
}f(c/om} ;

5.0x10% 1.0x10* 1.5x10* 1.0x10*

L)
X

-
“

Electro

1077 ——
1072 NS

m
S
‘m

107°
107+

107"
107°C

p*f{p)

lIlll lllllllllllll-

L, .

1.0E—02 1.0E—01 1.0E+0Q0 1.0E+01 1.0E+02 0 5.0%10° 1.0x10* 1.5x10% 2.0x10* 2.5x%x10% 3. 0x10t
. el(rmc) v ([ofw )




TN ! v Electron
AT T MBS Koreshock \,,0\\\\6‘

& \—] \J\; %\v“\}t\‘b\\
N * A Vel 3

4 N | Veas \0\\

Ion
Foreshock

i = 2t 5 ) H
ol e | iy = i -

E"‘ r-|‘-_ & -;.

E;-"-_-:' i

.-‘-
L.-!_.r_ !-. -;.- - -.-..: = Jrr
-1-I_ ._ i e --
Ty TRl - .
. | e s -'- |

-'-'JI

emission: constrain e/p F'a‘scF'FT




Direct evidence: y-rays from SNRs
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y-ray spectrum to the y-ray spectrum than the
oroton one (~E2) proton (electron) one (~E"'~)

@ Location: gas-/photon-rich environments -> hadronic/leptonic emission

@ Spectral variety not necessarily evolutionary, but environmental!
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Spectral slope g
o

102 10° 10%
SNR Age [yr]

DC 2011

@ Evidence of ion acceleration: spectra too steep to be leptonic...

@ ...and to be consistent with non-linear DSA theory:
@ Efficient acceleration implies spectra flatter than E~ (Jones & Ellison 1991, Malkov & Drury 2001),




Anisotropy
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@ Monte Carlo simulations of SNRs + CR transport

@ Injection spectrum: ~EY
@ Residence time in the Galaxy: ~E®

® Constraint: §+y~2.7

10.0000

if@zg 67 H=2 kpc -~~~ 74672267 H=2 Kpe
SN Rate: 1/30 yro-~ 10000 | o Rotes 1/30 yr R | @ 0=0.33is preferred

since It returns:
0.1000

@ more universal CR
spectra

0.0100

Anisotropy

0.0010 .
@ less anisotropy

0.0001
10°

Also in this case, an injection slope of y=2.7-0.33~2.35 is requirea

27
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The challenge of producing steep spectra L0 3

® Shocks in partiaHy—neutra\ media (Blasi et al. 2012; Morlino et al. 2013; Ohira 2014)

® Charge-exchange may induce a neutral
return flux that makes the shock weaker
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@ Balmer lines provide unique test of CR
acceleration efficiency (Helder et al. 2009;
Raymond et al 2010; Morlino et al. 2014)
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@ Magnetic tfeedback (Bell 1978; Zirakashvili & Ptuskin 2008; DC et al. 2009; DC 2012, ...)

@ Large velocity of scattering centers . With v,(6B)
(va~6B) leads to an effective R<4,
which in turns implies g>2

Standard NLDSA
R~ Uup—VA,up '
S

U iy 1078 107° 107" 1073 1072
Injection fraction 7

% Obllque shocks/moditied diffusion (Kirk et al. 1996; Morlino et al. 2007: Bell et al. 2011, ...) )8
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Tycho: a clear-cut hadronic accelerator L7

Total  yERITAS

Type la SN
Age=443yr
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Distance~3kpc

Log(v) [Hz] Morlino & DC 2012

Radio profile @ 1.5 G m @ CR spectra from diffusion-convection eq.

@ Acceleration efficiency. ~10%

@ SNR hydrodynamics

0960000 1 @ Protons up to ~0.5 PeV

@ Code publicly-available soon as CRAFT: Cosmic-Ray Analytical Fast Tool (DC et al. 2015)
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e Escape from PeVatrons 1.0

@ The released spectrum is likely a convolution over instantaneous (monochromatic) spectra
(Ptuskin & Zirakashvili 2005: DC et al. 2009, 2010; Bell et al. 2013; Cardillo et al. 2015)

@ The CR power-law may reflect the self-similar SNR evolution, rather than acceleration!

® Escaping CRs illuminate molecular clouds (e.g., Gabici et al. 2007,2009; Castro & Slane 2010,...)

@ Acceleration rate depends on B amplification (via Bell’s instability)

@ multi-PeV achieved for Tonr<100 yr N type-ll SNe (Bell et al. 2013; Schure & Bell 2013; Cardillo et al. 2015)

Protons

Helium
Light ——

CNO

Iron

Overall
KG heavy e
KG light e
KG overall —e&

E%7 AN/AE [eV'Im?/s/sr]
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What do we need to better understand CRs’?

. " What you can do for CRS .
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o K|net|c: S|mu|at|ons o ' @ ‘

o E\eetron',physics, .p\asma in.st.a,bilities o

" @ Multi-scale approach

1 @ From mlcrophysma\ to phenomeno\oglca\ scales ie.
2 ziamma ray/neutnno observatones

| 6 More spatiall -reso\ved sources.

What)gaﬂ%l'\’s do for you? g o

BN 0 "n A o X T VI DY I VR I IS P, Ll S T 1 o ot o B Lo a <Ra
_ =~ S Z

@ Ac:tlve role of CRs in ga\actlc: dynamlcs

) Generatlon of B fle\ds, ionization, CR-driven winds
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