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

@ 1932: A. Piccard reaches the stratosphere (in a
pressurized aluminum gondola attached to a
ballon) to measure CRs! |
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What are CRs?
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Cosmic Rays Only Thing Immortal

EITHER stars nor worlds, sunlight or

heavens, can science admit to be eter-
nal. Only one thing known to science can
be called immortal—the cosmic rays inves-
tigated, among others, by the famous Cali-

fornia physicist, Dr. R. A. Millikan. These
rays may even be relics of days before there
existed any universe as we know it now.

Modern Mechanics (1932)

@ J. Jeans: producea

@ 1930: B. Rossi predicts the East-West effect in star interiors
@ 1932: A. Piccard reaches the stratosphere (in a @ R. Millikan: “Cosmic
Rays” are the “birth

pressurized aluminum gondola attached to a 5
cry” of new atoms

ballon) to measure CRs! being created to

@ 1940: B. Rossi and P. Auger measure Extensive S StC Briopy

Air Showers up to ~10°> GeV @ A. Compton: CRs
charged particles




Cosmic Rays: Hunt for Sources
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SNR paradigm: energetics

@ Baade-Zwicky (1934) energetic argument, updatea

£ =0.5eVem™

W= Ex V

conf

~ 2x10” erg

SN in NGC4526

Lo = RWE,. =~ 3x 10" ergs”

~10% ot SN ejecta kinetic energy converted into
CRs can account for the energetics
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o Fermr mechanlsm (Fermi, 1949): ranolom eIastlc coHlslons \eaol to energy gain
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Drtfusrve Shock Acceleratlon (DSA) ?/

Downstream (post shock) ' Upstream (pre shock)
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@ DSA produces power—\aws N(p)°<47'[p |o o|e|oend|ng on the CompresS|on ratio R pd/pu only.

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




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:
Uchiyama et al. 2007;
Cassam-Chenai et al. 2008:;
Morlino & DC 2012;
Slane et al. 2014;
Ressler et al. 2014:

X—ray profile @ 1 keV
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SNR paradigm: Conclusions? 5,05

Sl

'.'
')
P - ' )
3 L] »

- - C B - e Cb = S - i, b= -
o3 3 V% B - TN T SO R yap - A O 8 o S 3 o SRR £ s s B - o SR o ek g 3 o i £ s s ER - ol SR o e, - Eors o e v e i o~

@ SNRs have the right energetics S e

@ Diffusive Shock Acceleration produces power-laws

@ B amplification enhances particle diffusion

@ |s acceleration at shocks efficient? When?

@ How do CRs amplify the magnetic tield?

@ How are particles injected in DSA?







Astroplasmas from first principles

@ 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,...) R T e S g E

® massless electrons for more macroscopical time/length scales




Hybrid simulations of collisionless shocks lpe

ot

e
Initial B field

dHybl‘ld code (Gargaté et al, 2007; DC & Spitkovsky 2014)



Spectrum evolution

@ 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

DC & Spitkovsky, 2014a 13
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Initial B field
DC & Spitkovsky, 2014a | M=6




Parallel vs Obligue shocks
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3
Dependence on shock strength (M,a) and inclination g0

=" v

N b T
.. — o — o PN A o (oZr Ve .

15

Btot/BO(t = 200(.4)6_1)

SN\ E&E*F ~ "\ =

= <) Y

A Ay
1500 2000 2500 3000

ele/w,)

* Simulations

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

3000

2000 2500 3000

| More B amplification for stronger (higher Mp)

2500 3000 @ Difterent tlavors of CR-driven streaming instabilities
| (Amato & Blasi 2009; DC & Spitkovsky 2014b)

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

z(c/wp

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

® Bohm-like diffusion in the selt-generated B
(Reville & Bell 2013; DC & Spitkovsky 2014c)




SN 1006 E paraIIeI accelerator '
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X—ray emission:
red=thermal
white=synchrotron

DEGREES

Inclination of B
wrt to the

shock normal

1.00

*t amplification and!

lon acceleration

' where the shock is
parallel
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lon Injection

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

3 golden rules of Real Estate:
TION,




Particle Injection - Simulations

& 1T DC, Pop & Spitkovsky, 2015
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The Theory of lon Injection :
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Jons reflected upstream and

, lons advected downstream, | ,
| ;j: energ|zed via Shock Drlft Acc:e\eratlon (SDA) ;

and thermalized \'_

@ To overrun the shock, ions need a minimum Ej,; increasing with 9 (OC, Pop & Spitkovsky 15)
@ lon fate determined by barrier duty cycle (~25%) and shock inclination

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

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




Hybrid Simulations: Summary

10

@ DSA efticient at parallel, strong shocks
@ CRs amplity B via streaming instability

@ Injection via specular reflection and
shock-drift acceleration

@ \What about electrons?

- _ —
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Total
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@ CR spectra from diffusion-convection eq.

Radio profile @ 1.5 GHz
X-—ray profile @ 1 keV
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@ Acceleration efficiency. ~10%
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@ Code publicly-available soon as CRAFT: Cosmic-Ray Analytical Fast Tool (DC et al. 2016)

24



Outstanding Questions - |

@ Is DSA universal slope consistent with

observations?

@ Gamma-ray-bright SNRs often imply hadron
spectra steeper than E~ (DC 2011,2012)

. Lo v .
HRERE BN

Spectral slope

@ Also propagation prefers injection spectra ~E4-
(Blasi & Amato 2011a,b)
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y+o =2.6/ H=2 kpc__-- , - _
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@ Injection spectrum: ~EY

Anisotropy

® Residence time in the
Galaxy: ~E®
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10 10° 3
Blasi & Amato 2011a,b @ Constraint: §+y~2.7 25



The challenge of producing steep spectra

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

@ Charge-exchange may induce a neutral | EEEE—_G_G - - B
return flux that makes the shock weaker

V¢r=2000 km/s

-3
Niot= 0.1 cm
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@ Balmer lines provide unique test of CR 5 f L Bt A
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@ Magnetic teedback (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

Ulgiisr g 1078 107° 107" 1073 1072
Injection fraction 7

% Obllque shocks/moditied diffusion (Kirk et al. 1996; Morlino et al. 2007: Bell et al. 2011, ...) 26



Outstanding Questions - |

@ How do accelerated particles escape from SNRs and become CRs?
(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,...)

® Can we observe SNRs as PeVatrons?

® Enax depends on B amplification (via Bell's instability): multi-PeV achieved for Tsng<100 yr in type-Il SNe
(Bell et al. 2013; Schure & Bell 2013; Cardillo et al. 2015)
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Outstanding Questions - |l

@ Do current models of DSA+propagation explain spectral and chemical features?
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What do we need to better understand CRs’?

. " What you can de for CRS .
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o K|net|c: S|mu|at|ons o ' @ " :
o E\ectron physics, heavy nuc\el plasma |nstab<\+|es ;'

& Multi-scale approach

@ From mlcrophysma\ to phenomeno\oglca\ scales
2 ziamma ray/neutnno observatories .

| 6 More spatiall -reso\ved Boyttes . -

What}c;an CRs do foryou7 L«
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@ Ac:tlve roIe of CRs in ga\actlc dynamlcs

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