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The SNR paradigm for the origin of CRs

@ Mechanism: Fermi acceleration at SNR . " = "
shocks is first-order and produces power- .

laws. Diffusive Shock Acceleration (DSA) ~ . '
(Krimskii7 7 Axford+78,Bell78 Blandford-Ostriker78) . ©= - « &

Downstream

@ Evidence of B field amplification: selt-
generated scattering enhances the

X-—ray profile @ 1 keV

energization rate (e.g., Bamba+05, V6lk+05, “ 5" °
Parizot+06, Morlino+12, Ressler+14, etc) |

Brightness [erg/s/cmz/Hz/sr]
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@ Reaching the knee depends on the

properties of CR-driven instabilities (e.g.,
Bell+13, Cardillo+15, Cristofari+21,22, ...)
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Astro

A Multi-scale Approach

PIC Plasma Simulations

electron + ion dynamics

Hybrid: ion dynamics,
|magnetic field amplification|

Super-Hybrid (MHD+hybriq)

Large/long scales
High-Mach numbers

Semi-Analytical
CRAFT = Cosmic Ray
Analytical Fast Tool




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)
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@ massless electrons for more macroscopical time/length scales
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Which Instability is at Work?

Downstream B energy density per unit

Precursor logarithmic band-width, F(k)
Far upstream

o : Escaping CRs atp,, ..

Free escape boundary

% : Current in diffusing CRs

zle/w)] @ £ . ina SNR depends on
Res. at Vimax(Bo) Res. at Vg,

@ Current in escaping particles
@ B-tield at saturation

@ Bell+13: Time needed for saturation may
become Comparable to the SNR age

— 230 T]o 03n1/2 2Rpc TeV /

@ Hard time reaching the CR knee ~ PeV!

DC & Spitkovsky, 2014b



A Simple Questlon

@ "Thermodynamical” argument: if P.. > Py, CRs must ampln‘y the f|e\d

@ Given a generic distribution, e.g., n.. CRs of isotropic momentum p,, drifting
with momentum p,, how much B-tield can be produced?

CR current and energy density:
fr

Hot, Drifting Jo = en,v,

fC Ecr = N € INAX {piso’ Pd }
Cold, Beam

What is the value of 6B/By(J.,, €..) at saturation?

Cr? CI’



‘Maybe a Not-so-simple Question?
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) Dependmg on the CR parameters, the: filamentation, Weibel, (modlfled) two- stream

Buneman, resonant, “interm-scale”, Bell, ... instability may grow the fastest (c.g., Bret 2009)

@ Caveat: fastest growing doesn’t imply most important for saturation!

@ Most important regime for CR acceleration (e.g., SNRs): Bell instability (Bello4, Amato+09)

@ Introducing the parameter

1 €cr Vd
) &g C
Bell dominates it £ > 1 and:
i . o
a1, & fmax =0 et

Bell's ansatz: [k ..r7]lsp ~ 1 — g 5t \/E
0







Probing the Ansatz

@ Bell's ansatz (also see Blasi+15), has never been validated by self-consistent kinetic

simulations (though see, e.g., Bell 05, Zirakashvili+07, Niemiec+08, Ohira+09, Riquelme+09, Gargaté+10,
Reville+13, Kobzar+17, Haggerty+19, Marret+21, Gupta+21, Zacharegkas+19,21...)

: - : 1 Ecr Vd
@ What is the physical meaning of § = ———7
2 &g C
f
@ Only similar to a ratio of CR to magnetic energy fluxes! Y\ Het, Drifing

@ Derived for a hot distribution of relativistic CRs

@ What is its general formula?

@ Need to introduce the relativistic stress tensor T" = (e, + p.u’uy + pn'*

@ CRs have a given energy density/pressure in their rest frame (e.. and p.,, defined by n_,

and p..,), and then boosted with a drift four-velocity u, = (y4¢, p,/m)

(&
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MAGIC SPECIFIES THE
OUTCOIME, BUT NOT THE
INTERMI":DIHTE EVENTS.

"ERE THE (CLOCK STRIKES
TWELVE, YOU ARE CURSED
JO SLAY YOUR BROTHER"
15 MAGIC, NOT SCIENCE.

PHYSICS \JORKS BY
DESCRIBING THE FORCES
THAT ACT Ok'l A SYSTEM.

TO PREDICT OUTCOMES,
WE PROGRESSIVELY APPLY
THOSE FORCES OVER TIME.

PHYSICS AND
MAGIC ARE
DIFFERENT
IN A VERY

https://www.xkcd.com/2904/

...AND THAT'S HOW \JE KNOW
THERHOD\YNAI"IICS 15 MAGIC.

CONSERVATION LAWS ARE, TOO.

WHAT ABOUT
LAGRANGIANS?

DEEP MAGIC. SPEAK
NOT OF THEM HERE.




Controlled Slmulatlons of CR driven Instab|||t|es
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G Hybrld SIMS 1N perlodlc boxes in the Bell regime (e.g., Haggerty, Zweibel & Caprloh 2019)

500 e _ ﬁ & -

venax =130.0 Note the

large 0B/B,,
at saturation

Can also be
driven by

leptons!
(Gupta, DC &
Haggerty

2021)

600 | 1000

Zacharegkas, DC+24 . b



The Saturation of the Bell Instability
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@ Atfter the linear stage, power moves at larger and larger scales

@ At saturation 6B/By > 1: magnetic pressure ~ gas pressure ~ initial CR pressure
14



An Extensive Survey

@ Tens of (un-)driven runs exploring hot/cold cases, (non Jrelativistic, values ofcf

@ The quantity that best expresses B at saturation is:

€ Hot Cases

TOO X }/isopcrcz/}/d : TOx Vy - TXX _ P

e Cold C 3 = 7. o =
old Cases new PB PB A PB
2 ey 2)
E =2 Gk _ 1 4 Y d Viso
new — </iso ) Yd e
n, Vi P L C

¢ o = Kinetic energy density, or

anisotropic momentum flux,
normalized to the initial B pressure

5B /¢

At saturation, — ~
B 2
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Comparison with Bell’s ansatz

@ Simulations suggest that saturation may be smaller than
the one predicted by Bell, since

Va

SBell C

@ Though dynamo effects in the precursor may be important:
Beresnyak+09, Drury & Downes 12, Downes & Drury 2014

gnew

Saturation / Prediction

e This work

Bell's prediction
<nee”? (Bell+13, Cardillo+15, Cristofari+20,22,...) ) ——— YRVt Vst / C

@ Does this make it harder for SNRs (v, ~ v_;) to reach the

0.0 0.2

@ In shocks, amplification happens Zacharegkas+24

@ tar upstream: because of escaping CRs (cold beam, v, ~ ¢)

@ in the precursor: because of diffusing CRs (hot distribution)

@ Most of the amplification must be driven by escaping CRs!

16






- Evidence ot CR “Spheres of Influence”
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Supernova Remnants (SNRS) Pu\sar Wmd Nebulae (PWNe) Stellar Clusters
Casanova+10, Hanabata+14,... HAWGESsass Ohm+13, Aharonian+19, ...

[counts/pixel]

o
®

Dec. [deqg]

Declination (J2000) [deg]
Dec (J2000)

' af‘Bof. . :

104 99
R.A. [deqg]

0
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Right Ascension (J2000) [deg] Significance |$|gmasl RA (J2000)

W28 Geminga Cygnus Loop

@ TeV haloes 50-100 pc wide are ubiquitous around CR sources. Why?

@ They require a diffusion coefficient ~100x smaller than the Galactic one
18



CR Self-confinement_,

@ Gradients in CR distributions generate currents, and hence B amplification

@ Analytical calculations (e.g., Gabici+09,Fujita+11,Malkov+13, Nava+16,19, etc...)

@ Assume: resonant streaming instability (Kulsrud+69, Zweibel/9) balanced by some damping (e.g.,

Brunetti+07,Wiener+13), and 1D escape along a flux tube

Dense gas clumps

Y @ These assumptions may be violated

@ When P.. > Pz amplification occurs
via Bell (BellO4, Amato-BlasiO9)

CR-illuminated

CR-driving B ~.Dense gas clump

CR-cloud

" CR-cloud i

@ The flux tube may expand sideways
due to the CR overpressure: bubbles?

from Malkov+13

19



7000

Global Hybrid Simulations of CR Escape

Schroer, DC+2021
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Implications

@ Size ot “spheres of influence” ~50-100pc (Schroer, DC+2021, 2022)
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@& CR diffusion is reduced in such bubbles

® A factor of ~100 is reasonable and consistent with TeV haloes

@ Possible modifications to secondary/primary yield and spectra (e.g., B/C, p/p,...)

@ The dynamical role of CRs in galaxy evolution needs to be re-evaluated
21






CRAFT: a Cosmic-Ray Fast Analytlc Tool

(Malkov01; Blasi02,04; Amato & Blasi05,06; Caprioli+09-12-,... Diesing & Caprloll 2021, 2023)

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

of(z,p) 0 5f(-’v,p)] . pdi(z) 0f(z,p)

i) L2 = o [pen

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

| (@1 fz(P)exp[ /0 da:'Du(m,) ] [1 — VI‘;/("”?)] l Mass+momentum
’ (z',p) 0(p) conservation egs.
of | wuofap)

" o8 %o 0 17, ﬁ(.’v") z)u(x)” +p(T) + Per(Z) + PB(T) = pPolUg + Pg,0 + PB,0
W) - / “ Dw,p) ™ [/ 0 D(a:",m] |

f(p)—nZOZ’:S) xp{ :m‘qup@')[ p(p')+W1(pJ)]}

A R R )

Magnetic turbulence transport equation

CR distribution function
23



Example 1: Tycho SNR

Total  yERITAS

Type la SN |h.
rgoetszy [ % b-‘--m
e  fo ,’*‘s \l-ﬁ
Radio

Radio profile @ 1.5 GHz

@ Acceleration efficiency. ~10%

@ Protons up to ~0.5 PeV

@ Only two free parameters: electron/proton ratio and injection (how constrained with PIC!)
24



Example 2: Nova RS-Ophiuchi e,
@ CRAFT: GeV/TeV peaks achieved at Sedov transition (Diesing, DC+23)

@ Incompatible with a single-shock scenario

@ Fast/poloidal + slow/equatorial shocks

Parameter Slow Component Fast Component .
e TeV (GeV) from fast (slow) shock My Ix107My  Ix107My
1300 km s~* 4500 km s’
v ; : . ini 1.2x 10" em™ 5.0 x 10" em™?
@ Also in radio (Munari+22, de Ruiter+23) = 10 AU 6.0 AU

5x 107 "Mg yr~' 5x 107" Mg yr~!
30 km s™! 30 km s~

model total X107, Fermi band — — - fast model
model total, HESS band - Fermi flux x10 *

----- slow model 4 HESS flux i

- ———— -
J" --_-~--—~ ‘.
- -~ - -, -,

o
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e
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107"
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model total, t=1day  —-- tast model °
model total, t =5 day & tp+1day

..... mode tore fooesam Lh N HESS press release

- —
>

age; t—tp + 1 (day)

This is likely a generic feature of nova eruptions and maybe even SN explosions! -



@ B amplification controls the CR spectrum, making
it steeper (Caprioli+21)

@ Young SNe (v, ~ 10* km/s): f(E) « E™>
@ SNRs (v, ~ 10° km/s): AE) x E~*> — E=*

@ The saturation of the Bell instability naturally

By=3.0e-06 G W Fermi LAT SNR sample
-—- By,=3.0e-05G

explains both regimes!

@ see also Cristofari, Blasi & Caprioli 2022

@ Modeling of shock-powered transients, including
synchrotron absorption (Diesing+ in prep)

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

Diesing & Caprioli 2021 26



Hadronic vs Leptonic Scenarios
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i y-ray spectrum

y-ray spectrum than the

proton one proton (electron) one (~E-1-5)

@ Shock-accelerated spectra are steeper than E~* when acceleration is efficient
@ Studied self-consistently in PIC simulations (Haggerty+20, Caprioli+20)
@ Slope depends on B-tield amplification (Zacharegkas, Caprioli, Haggerty+23)

@ Solves tension between theory and observations of SNRs, radio SNe, Galactic CRs (Caprioli11)



Example 4: SNR Hadronicity

@ CRAFT: time-resolved, synthetic spectra tor different SNR environments (Corso, Diesing, D’C 23)

@ The y-ray nature depends only on the SNR environment!

gk 2
Hadronicity: H = — arctan |log

@ Crucial to account for B amplitication T
n lep

@ Useful tor predicting neutrino fluxes (Simon, Diesing, DC, in prog.)

1.00 10"

10

Urad [CV cm_3]






‘Maybe a Not-so-simple Question?
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) Dependmg on the CR parameters, the: filamentation, Weibel, (modlfled) two- stream

Buneman, resonant, “interm-scale”, Bell, ... instability may grow the fastest (c.g., Bret 2009)

@ Caveat: fastest growing doesn’t imply most important for saturation!

@ Most important regime for CR transport in the Galaxy: resonant instability

e
Y . N
B e
B o0
»
b
5 |

@ Likely balance between growth ana
some damping '

@ Transition from intrinsic to extrinsic
turbulence? I

@ Need to explain, e.g., B/C, Be...

30



Towards Understanding Diffusion in the Galaxy

@ Does Sl always trap CRs? No: diffusion requires a relic drift speed v (p) ~ f((p)) ];Ep)
P <

@ Need to balance Sl with: ion-neutral,... non-linear Landau damping (NLLD)

@ 1D hybrid simulations of resonant Sl, for Galactic-like conditions (Schroer, DC, Blasi 2024)
L eft-handed

—— | dks6B(k2)?

kres
— [ dk26B(k)?

Right-handed

~ ‘!§=:§§E;:_\__~\\\‘\\\
~_\\<§§;;i==§

150 200 250 300 350 400

k=—1/d,
@ Checks all the signatures ot NLLD (Lee-Volk 73: modification of Maxwellian, inverse energy cascade)

@ First evidence of a relic drift energy: selt-generated diffusion 31
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K- Non-resonant .(BeII) Instability

o Acsimulation..-validat'e.d predietion for saturation (Zacharegkas+2024) .

. @ Confrols shock dynamics and CR acceleration (Haggetty & DC20, DC+21; Diesing & DC 2023)

@ CR propagation arouna sourgeé (Schroer+2021,%2022)

-
. @ Re¢|evant at_.scales probed by current galaxy simulations (Semenov+2021) -
@ CRAFT: CR Analytical Fast Tool, ' e ; :

@ Fast tool for calculating CR spectra including important plasma physms

@ Applied to SNRs, SNe, novae, exFécted hadronicity (-I\/Ior||no+12 Dlesmg+21 234
Corso+23, Simon+ 1 in orog:) . | .

~ @ Resonant Streaming Instablllty | , )

@ Saturation unknown; depends on.balance with non-linear Landau damping (Schroer+24)

@ Responsible for the formation ot the galactic halo (Schroer+ in.prog) *

< May control CR propagation in the Galaxy and CR feedback
: - , : End



