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A universal acceleration mechanism
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@ Fermi mechanism (Fermi, 1949): random elastic collisions lead to energy gain
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On the Origin of the Cosmic Radiation
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A theory of the origin of cosmic radiation is proposed according to which cosmic rays are originated
and accelerated primarily in the interstellar space of the galaxy by collisions against moving mag-
metic fields. One of the features of the theory is that it yields naturally an inverse power law for the
spectral distribution of the cosmic rays. The chief difficulty is that it fails to explain in a straight-
forward way the heavy nuclei observed in the primary radiation.
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@ DSA produces power-laws N(p) x4zp2p™*, depending on the compression ratio R=p4/p, only.
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@ For strong shocks (Mach number Mg=Vg/cs>>1): R=4 and a=4



Astroplasmas from first principles.

@ Full-PIC approach

@ Define electromagnetic fields on a grid

® Move particles via Lorentz force

@ Evolve tields 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 T




- Hybrid simulations of collisionless shocks |
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Time= 10.00[1/aw,] Out of plane B FIELD
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dHybl’id code (Gargaté et al, 2007; DC & Spitkovsky 2014, Haggerty & DC, 2018)



Spectrum evolution

@ Diffusive Shock Acceleration: non-thermal tail with universal spectrum f(p)o<p-4

@ Acceleration efficiency: ~15% of the shock bulk energy!
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CR-driven Magnetic- Fleld Amplification
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Parallel vs Oblique shocks
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Dependence on shock strength (MA) and |nc||nat|on
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@ Ditterent tlavors of CR-driven streaming instabilities
=0 (Amato & Blasi 2009; DC & Spitkovsky 2014b)

@ Study how CRs diffuse in the selt-generated
turbulence Bohm-like diffusion (DC & Spitkovsky 2014c)
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SN 1006: a parallel accelerator
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X-ray emission:
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red=thermal
white=synchrotron
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Cosmlc Wealth
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How to Become Non-Thermal: the Injection Problem

What determines the fraction of particles that become CRs? {
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Particle Injection - Simulations
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DC, Pop & Spitkovsky, 2015
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Encounter W|th the shock barrler
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® Low barrier (reformation) i
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lons reflected upstream, ana

' lons advected downstream, | | |
| ,energ|zed via Shock Drn‘t Acc:eleratlon |

and therma\ized

@ To overrun the shock ions need a minimum E;,; increasing W|th J (DC, Pop & Spitkovsky 15)

@ lon tate determined by barrier duty cycle (~25%) and shock inclination

@ After N SDA cycles, only a fraction n-~ 0.25N has not been advected
@ For 9=45", Einj~10Ep, which requires N~3 -> n~1%

@ For 9>45°, E;»i>10Eq, hence N>3 and n<<1% i



~ Proton DSA: Summary
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@ Shock Acceleration can be efficient

@ CRs amplify B via streaming instability

@ DSA efticient at parallel, strong shocks o e ReTE s

@ Injection via specular retlection and
shock-drift acceleration

® \What about other ions?

16






Diffusive Shock Re-Acceleration
@ 9=60° shock with isotropic seeds with Ecrk=3Esn ; ncr=0.01 (DC, Zhang, Spitkovsky, 2018)

@ Seeds are effectively reflected at the shock, amplity the upstream B, and undergo DSA: DSRA!
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B-amplitication opens up quasi-parallel patches
at the shock where protons can be injected
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Efficiency

@ Seed DSRA independent of 8, about
4x the initial CR energy density

® Absolute efticiency depends on seed energy density

® Also electrons can be reaccelerated!

@ A (9<45°): Same proton efficiency
@ (450<9<700°): Boosted to few %

@ C (9>709°): No proton DSA

15



Quasi-Perpendicular SEEDED Shocks

@ J9=80° quasi-perp shock with seeds Ecr=3Esx

15

Btot/B()(t = 310‘—'-)(:_1)

@ Seeds diffuse but their spectrum is steeper than DSA
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New phenomena:

|

) Re-acceleration with non-universal (steeper) spectra

k3 |I) Non-DSA proton acceleration: reconnection, second-order Fermi? g

Time [w; ]

20



The Current in Reflected CRs

@ Depends on the fraction of reflected seeds, n, and their speed, v,




A Universal Current in Reflectgd CRsi

@ n and v, “magically” balance their
dependence on 9 and M exactly:

JcrlencrVen] Jer= encrVsr

@ Easy explanation: CRs tend to
become isotropic at the shock, in

*M30; 9=50 the shock frame: they become
®M10; ¥=60
M30; 9=60 anisotropic in the upstream frame
M50; 9=60
M20; =70
©-M40; 9=70 " 0
Murdaislllll & For SNRs and Galactic CRs:
®M30; ¥=80

Tstream inst"',I Oyr

Minimum level of B-amplification
for shocks in the ISM
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lon vs Electron Injection

@ lons injected by specular reflection

@ Their magnetic moment W, =p 2/B is

not conserved: the shock is evolving on
their gyro-time!

@ Electrons cannot be reflected by the shock
potential barrier, but conserve their W,

& VB-drift + shock drift acceleration

@ Electron injection requires oblique shocks!

® How can we have simultaneous
acceleration of ions and electrons?

upstream downstream upstream downstream
weaker B stronger B

Be

drift along shock

V1—>

path of incoming particle path of incoming particle
(a) (b)

cartoon: Ball & Melrose 2001

Reflection condition: 6, > 6.

HP — 4(V, Bl)

Hcrit — sin_l Bl/BQ
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Electron Acceleration
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@ Full PIC simulations (Tristan-MP code) M=20, V¢,=0.1c, quasi-parallel (9=30°) 1D shock
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Electron injection

@ Electron pre-heating via SDA 2
s L/\Ion SDA
@ DSA starts at the same pj,j as for ions |
160: -
140 ) D
1 o, ~ 120F
0.5 1.3 2.1 3.0 3.8 46 €i0f dlf)n DSA
1.000 F ] 3 o sof ) :
; : 60 }
__0.100F ¥ sob N
o - . - ‘
< i . (e) electron 601 m (f) electron1 |
i 10N E | » ele SDA
0.001 L ] 3 o 20} |
ol
ey 100
~ NN ia (g) electron?2 :
= ) ‘ T — 80 |
<ro_ 9 N - /ao » )
i E e} o= :
3 Q :
o ) OV VIRV ALY Y ‘ 40: (h) electron2
1.0E—0" 1.0E+00 1.0E+01 1.0E+02 '

P (mec) —1000 O 10002000300040005000 —1000 O 10002000300040005000
X (c/wp,) X (C/wpe)






SNR Evolution in a Thin-Shell

@ Ejecta-dominated stage: Rsh~Vgh t
@ Sedov-Taylor (adiabatic) stage: Rgh~t 2/°
ﬂm_;AVSNR

@ Radiative stage (Tsh<~10¢K)

@ Pressure-driven snowplow (Phet>Po)

@ Momentum-driven snowplow (Phot~Po)

SNRs deposit energy and momentum in the interstellar medium
Crucial for feedback that can suppress star formation!
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