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A universal acceleration mechanism
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@ Fermi mechanism (Fermi, 1949): random elastic collisions lead to energy gain

, PHYSICAL REVIEW VOLUME 75, NUMBER 8 APRIL 15, 1949 {SeEWAS)

On the Origin of the Cosmic Radiation

ENRICO FERMI
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois

(Received January 3, 1949)

A theory of the origin of cosmic radiation is proposed according to which cosmic rays are originatedjies
and accelerated primarily in the interstellar space of the galaxy by collisions against moving magf&& =
metic fields. One of the features of the theory is that it yields naturally an inverse power law for thel =
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) « 4zp*p~%, depending on the compression ratio R = p,/p, only.

@ For strong shocks (Mach numbér M= Vo lc, >> 1): R = \4 and a =4




DSA: Like playing ping pong (without friction!)
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PIC Plasma Simulations
electron + ion dynamics

Hybrid: ion dynamics,
magnetic field amplification

Super-Hybrid (MHD+hybrid)
Large/long scales
High-Mach numbers

Astro Semi-Analytical
CRAFT = Cosmic Ray _
Analytical Fast Tool | i Wt s

.




Astroplasmas from first principles
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@ Full-PIC approach

@ 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, Haggerty & DC 2019-2022)

54
G

7 . gy
Y. 2 'Y
B~ e
e, =20

@ massless electrons for more macroscopical time/length scales
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CRAFT = Cosmic Ray |
Analytical Fast Tool " |




- Hybrid Simulations ot Collisionless Shocks
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dHybrld code (Gargaté+07; Caprioli-Spitkovsky13-18), now dHybrldR (+relativity; Haggerty & Caprioli 2019)
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CR-driven Magnetic Field Amplitication
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DC & Spitkovsky, 2013
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Time evolution of E .«

@ Evolution of Ena(t) according to DSA (Drury 1983, Blasi+2007)

@ Consistent with Bohm diffusion in the amplified B fiela
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Parallel vs Oblique shocks
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DSA Efficiency
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Acceleration
depends on the
shock inclination

_ Selt-generated B

X-ray emission:
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lon DSA at the Earth Bow _S’hmock

@ MMS confirms that DSA is efticient at quasi-parallel shocks (Johlander, Caprioli+21)
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Cosmlc Wealth
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How to Become Non-Thermal: the Injection Problem
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Particle Injection - Simulations
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DC, Pop & Spitkovsky, 2015
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® Thermal (E/Eg<?2)
Supra-thermal (2<E/Eq<10)
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Encounter with the shock barrier
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lons advected downstream, | lons reflected upstream, and

energized via Shock Drift Acceleration

and thermalizea

@ To overrun the shock, ions need a minimum E;,; increasing with § (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~10Eq, which requires N~3 -> n~1%

19






Diffusive Shock Re-AcceIer_af;ion

@ J9=60° shock with isotropic seeds with Ecr=3Eq ; ncr=0.01 (DC, Zhang, Spitkovsky, 2018)

@ Seeds are effectively reflected at the shock, amplify 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

Seed DSRA @ Absolute efficiency depends on seed energy density

@ Also electrons can be reaccelerated!

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

@ C (9>709°): No proton DSA

7



Quasi-Perpendicular SEEDED Shocks

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

15
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@ Seeds diffuse but their spectrum is steeper than DSA
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New phenomena:

|

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

By |I) Non-DSA proton acceleration: reconnection, second-order Fermi? g2
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The Current in Reflected CRs

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

10°
Vor !, Vsh




A Universal Current in Reflec_tgd CRs

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

JCR [enCRVsh] JCR= enCRVSh

@ Easy explanation: CRs tend to
become isotropic at the shock, in
the shock frame: they become
anisotropic in the upstream frame

@ For SNRs and Galactic CRs:

Tstream ins’t"’,I Oyr

Minimum level of B-amplification
for shocks in the ISM

25
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X—ray profile @ 1 keV
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R/ Rsh

0.98
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1.00

@ Only two free parameters: electron/proton ratio and injection (now constrained with PIC!)

Morlino & DC 2012

@ Semi-analytical spectra from CRAFT
@ Acceleration efficiency. ~15%

@ Protons up to ~0.5 PeV
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- CR acceleration in SN Remnants: energetics
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@ Baade-Zwicky (1 934) energetic argument, updatead

7R*h = 2 x 10 cm’

~ 2x10” erg

= Ex V

conf

~ 5x 10" erg s

~ 3x 10" ergs™

~10% ot SN ejecta kinetic energy converted into
CRs can account for the energetics

28



(
N
b

Sue WIth .

ﬁ
)




o el e el A e e ot o el o ar e fo e o v el o e

@ The momentum spectral index depends only
on the compression ratio

3R e v+
: R
| y — 1
@ The CR pressure makes the adiabatic index
smaller and induce a shock precursor

q:

@ Particles "tfeel” different compression ratios:
spectra should become concave

@ |f acceleration is efficient, at energies >1 GeV:
g < 4 (flat spectra!)

(e.g., Jones-Ellison91, Malkov-DruryO1 for reviews)

Non-Linear Diffusive Shock Acceleration

p*f(p)

30



~ 1) Gamma-Rays from SNRs
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SNR Age [yr]

DC11,12

@ Too steep to be leptonic: hadronic emission
@ Not consistent with non-linear DSA theory!
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@ Fast shocks in young SNRs
@ Radio emission requires Radio slope —
(e.g., Chevalier-Fransson(06) 0 = g — 1 Ra.d'i'b--.SNe
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Anisotropy

@ Injection spectrum: ~ E™7
@ Residence time in the Galaxy: ~ E~°

@ Constraint: 0+ y ~ 2.7

@ Monte Carlo simulations of SNRs + CR transport

10.0000

_ 5 =0.6
if@zg.m H=2 kpc -~~~ yHo =267 H=2 kpe

. . :
SN Rote: 1/30 yro i~ 10000 | SN Rater 1/30 yr e - @ 0=0.33 returns:

0.1000 @ more universal CR
spectra

0.0100

Anisotropy

0.0010 @ less anisotropy

0.0001 L @ the measured B/C
10 (AMS-II, 2016)

An injection slope of y ~ 2.7 — 0.33 ~ 2.37 is preferrea

Sie)



A Theoretical Challenge

@ Shocks in partially-neutral media (Blasi+12; Morlino+13; Ohira14, ...)
@ Oblique trans-relativistic shocks (Kirk+96; Morlino+07; Bell+11, ...)

(5 Geometry effects (Malkov-Aharonian19, Hanusch+19)

@ lon "losses” dufNlone of these |deas has been

tested from first pr:ncrples'

@ Feedback of amg ke e
The large velocity of scattering centers | With wy(38) o ‘
Viwaves = V4(0B) leads to an effective ratio: —t

Uy £ vy |
Rer = —SK Standard NLDSA
cr S ops |
Up £ Vg0

107° 1077 1077 1077 1077

Injection fraction 7 Caprioli12

34



- Theory vs Observations
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@ Efficient DSA (Drury 1983, Jones & Ellison 1991, Malkov & Drury 2001,...) should return:

@ Compression ratios R > 4;

@ CR spectra flatter than p~* (flatter than E~* for relativistic particles)

@ Observations, instead, point to significantly steeper spectra:

@ Hadronic y-rays from historical and middle-age SNRs: g ~ 4.3 — 4.7 (e.g., Caprioli11,12; Aharonian+19);
@ Synchrotron emission from radio SNe: g ~ 5 (e.g., Chevalier & Fransson06, Bell+11, Margutti+18, ...);

@ Propagation ot Galactic CRs suggests source spectra with g ~ 4.3 — 4.4 (e.g., Blasi-Amato11a,b; Evoli+19).

BS




CR-moditied Shocks: Enhanced compression!

d Hybrid simulations (Haggerty & Caprioli20)

@ Efficiency < 15 % at parallel shocks

@ Formation of upstream precursor

@ R increases with time, upto ~ 6

@ R ~ 6 — 7 interred in Tycho (Warren+05). In SN1006: R ~ 4 — 7, modulated with the azimuth/
shock inclination (Giuffrida, Miceli, Caprioli+21, Nature Comm, in press)

@ItR~T — expected = 3.5 ~ Chandra

@ SNRs: radio to y-ray observations:

Comprassion ratia

inferred = 4.3

A challenge to DSA theory!

i i 1 i i I i i i I i N | i i | | — i
40 &0 g0 100 3 6
Obliquity angle (deq)



The Role of Amplified Magnetic Fields

. . U +w B
@ CRs feel an effective compression R, =———; w = wave speed ~ v,

U, -+ 11%) 471',0
® We can measure both w and the effective CR speed (v...) '

@ Upstream: w; ~ —v, 1(6B)) < u;

@ Downstream: (v,,) ~ w, =~ + v, ,(6B,)

@ B tields (and hence CRs) drift downstream with respect to the thermal gas

@ First evidence of the formation of a postcursor e T b
| | T uy(1 +a)
@ CRs feel a compression ratio smaller than the gas 37




@ With the effective compression felt

by CRs
2000 4000 6000 8000 10000 q L1 3Rcr - 3Rgas > q
X (d}) - . DSA
o R — L. Rt o

_ =
Old DSA prediction ;

e

@ CRs teel R, < R,,;: the power-law
index is not universal, but depends

on the (CR-produced) B field

@ Ab-initio explanation for the steep
spectra observed?

Caprioli, Haggerty & Blasi 2020 38
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HOW: A Multi-scale Approach
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Astrc ' Semi-Analytical |
CRAFT = Cosmic Ray |
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CRAFT: a Cosmic-Ray Fast Anal‘y‘t/ic Tooll w

(Amato & Blasi05-, Caprioli+09-12-,... Diesing & Caprioli21, + in prep.)

@ lterative analytical solution of the CR transport (Parker) equation:

of (z,p) O 3f(m,p)]+gdu( z) 0f(z, p)

3 dz  op +Q(z,p)

W) or Oz [D(:a,p) oz

Advection Diffusion Energy change Injection

@ Very fast: a few seconds on a laptop (vs days on clusters: Caprioli+2010)
@ Can embed microphysics from kinetic simulations into (M)HD

e ] 0 iz ] [ - W(m,p)]_ Mass+momentum
| F f2(p)e P[ fdm D@p)| |~ Wo)

of J
= (Z0,7) 57| = _ii?vig) ; PP = o

exp dz _
D(z’, p) »  D(a",p)

. i _[* dp ; 1
——l Xp{ pnTp;qP(p)[P(p)_!_WD(p;)]}

7 du(x) [ -/” . (z) ] [ W (x,p)
— — ; — dx’ — . 1 — —
zo UD { Oz - T i} D{;I:",p) FVU(F)

conservation egs.

Magnetic turbulence transport equation

CR distribution function
41



CRAFT: radio SNe and SNRs

ir Bg=3.0e-06 G @ Zeng+19 SNR sample
==- Bp=3.0e-05G

® Postcursor eftects included in CRAFT
@ Young SNe (v, ~ 10* km/s): AE) o< E™>
@ SNRs (v, ~ 10° km/s): fAE) «x E=*5 — E=>7

@ The saturation of the Bell instability naturally
explains both regimes!

==» Bp=3.0e-06 G W Fermi LAT SNR sample
——s By=3.0e-05G

@ see also Cristofari, Blasi & Caprioli 2022

@ Modeling of shock-powered transients, including
SyﬂCh rotron absorption (Diesing, Margutti, Caprioli, in prep)

® Radio SNe, kilonovae, COWSs/FBOTs, ...

Diesing & Caprioli 2021 42
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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,

a VB-drift + shock drift acceleration

I’VL BxVEB

Vv = E:_VI/CXB

gB  B-?

@ Electron injection requires oblique shocks!

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

upstream upstream downstream
weaker B stronger B

drift along shock

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

cartoon: Ball & Melrose 2001

Reflection condition: 6, > 0

Hp — Z(V, B]_)

Ocris = sin~ /By /By

45



Electron Acceleration

P, SO P -3 &

p,[M,c)

5 BL/8,
”/W
e L = T T S s

I
o

—10

@ Full PIC simulations (Tristan-MP code) M=20, V¢,=0.1c, quasi-parallel (§=30°) 1D shock

f(p,)*"

0.0 0.5 0.9 1.2

7 & S A 00
3 _E
= Electrons =
= Density =
= Self-generated B =
- U —

—5.0x1 0" 0 5Ol e .0x10% 1 axlot
x [/ w,)

Park, DC & Spitkovsky 2015

2.0x10*

p*f(p)

t=  899/w,
g . VG N S :
il | _
i i Density
Il | e
Il | N
|
il | ]
g I Z
i H =
m |
— 4500 — 2000 J 2000 4000 OO0 SO0
x {C/w,,)
Lo ET T T g e RSN
g Electrons \
1072 N
(O \ Kep
10™* '
1075 \
107° :
1 0E—4 1 G U0 1. 0B+ 1. 0E+02

p(m.E)

Electron/proton ratio K¢p~0.01



Electron acceleration at obligue shocks

@ PIC sim of 8 = 63° shocks with different Mach numbers (.o, Guo+14ab, Xu+20, Morris+22)

My =11 My = 28 Map = 63

(a) Ne<0.1% | | (b) Ne~0.1% | | () Ne ~ 0.1%
electrons N\ 0B/By~ 0.4 6B/By ~ 0.9 /~\ 0B/Bo~ 1.6

Ne ~ 0.6%
6B/By ~ 0.2

Ne ~0.7% Ne~1.0% | | (i Ne ~7.1%
6B/By ~ 0.4 6B/By ~ 0.8 P 6B/By ~ 8.9

- k.;L
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Trans- relat|V|st|c shocks

@ Q-parallel shocks with v,
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Relativistic Shocks

@ Comprehensive PIC campaign by Sironi & Spltkovsky09 11)
as a function of shock speed (y,), angle (0), B tield (o)

100 2000

Time [ i j

@ DSA only at subluminal shocks with 6 < 34°/y,

@ In superluminal shocks, synchrotron maser instability
(Hoshino & Arons 1991) may produce EM waves that heat

| O 2000

upstream electrons. This is not DSA! S
Kleetrons
i r 2
@ Magnetization! ,=_ B /4 _ 1 _ (ﬁ)Q(E)Q = [C/“’Pr
(v —1)nmc2 M4 BZ "\ U Ry,

@ For low ¢ < 1077, the shock is Weibel-mediated and F s

inclination does not matter (Spitkovsky08) L €
@ DSA is slower, since in small-scale B fields diffusion is oz

D x E* andthen E, \/; (instead ot o t for Bohm). &f

For more details, also see Sironi+2013 am—

Sironi & Spitkovsky 2011
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@ lon and electron DSA depend on shock inclination and magnetization

@ When proton DSA, also ion and electron DSA (e.g., parallel shocks)

@ Rel shocks: electron DSA as ion/positron, but not ubiquitous and generally slow

@ We have no theory of electron DSA, yet

@ Simulations are hard (small/short electron scales, especially for non-rel shocks)

@ Exact conditions for electron reflection/heating/(pre-)acceleration unknown

@ Electron/ion relative efticiency still to unravel

@ See also PIC simulations by Riguelme-Sp

Hoshino07-10; Matsumoto+15, Crumley-

-19, Bohdan-

itkovsky11; Si

roni-Spitkovsky09-13, Guo+14; Amano-

-19-22, Shalaby+22, Morris+22
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