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{ Why supernova remnants?j
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1. Bulk of CRs

10% of SNR total explosion

energy
- /

. 2. Slope E-27 A

Diffusive shock acceleration
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Energy density ~1 eV/cm3 | =P

Injection  Propagation
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[3. Magnetic field amplification]

Reviews: Blasi (2013,2019)
Tatischeff & Gabici (2018)
Gabici et al. (2019)
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{ Galactic supernova remnants }
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58 sources associated to SNRs
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Spectral index
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[ What is wrong with supernova remnants?

~
1. Diffusive shock acceleration

predicts E-2at SNRs

2. Non-thermal emission from = ol |
radio to gamma 5 '
VHE domain steep spectra? i -
Particle content: protons/electrons? N%“’“_‘ |
N\ 107
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The low rate of supernova
remnant pevatrons
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The low rate of supernova
remnant pevatrons
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How to reach PeV energies at a SNR?
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Resonant
streaming of CRs
Skiling (1975)
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Instability
density fluctuations

Giacolone & Jokipii (2007)
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Reviews: Drury (1994)
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Blasi (2013,2019)
Gabici et al. (2019)

Acoustic instability
Drury & Falle (1983)
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Non-resonant streaming

Bell (2004)




[ Non-resonant streaming of Cst
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Growth rate of the non-resonant
streaming instability

Different for different SNRs/SNe
Type la Type Il

ISM Low density ISM
REIE bubble MS

Density

Bell (2004), Bell et al. (2013), Schure et al. (2014)
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Type la Type Il
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Egy [10°! erg]

( Non-resonant streaming of Cst
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Type la, type ll, type II*
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[ Protons after propagation in the Galaxy)

| Galactic Halo H = 4 kpc
Rd = 15kpC
Galactic disk —= SNRs injecting particles
z =

1D Galactic transport
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List

[ Protons from type la j

of parameters:
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[ Protons from type la j
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[ Protons from type I j

M)

\Illllll | | IIIIII| | | IIIIII| | | IIIIII| | T T Tl |
v = 2/ Centurﬁ KASCADE — SIBYLL2.1 DAMPE 1
U E KASCADE — QGJset B CALETLE - = _
i - ARGO H CALET HE :
W f (p +He) . Not reaching
oL ARGO p fit *  AMS — 02 PeV
n 10°F ¥ Tibet PAMELA e
T Type rr -
g L -
~ I _
=
o 10 | _
() - vy -
~ - VVvv ’
AN — —
l‘_-l-_'l IR S \"‘ h
@ 103 \\‘
— - \‘ 5 .
E ‘\‘ [ SN - O ° ()6
I ‘
102 | | IIIIIL'[ | I I ‘| | | IIIII| | | IIIIII| | | IIIIII|

102 103 10* 10° 109 107
E|GeV]

14



( Protons from type II* j
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Pevatrons with CTA

Assuming all SNRs arew
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] 2
MAYBE- ( What does this mean~ J

1. SNRs are OK but we won’t see any PeVatrons with CTA
2. Another instability (not Bell) comes into play
3. Strong temporal dependance on one/several parameters
4. SNRs are not dominant sources of CRs up to the knee
(role of other objects/stellar clusters/ massive stars/?)
5. If PeV range with lI* -> not much room for others!
Efficiency< few perggnfﬁ (n.o.t...ﬂ Q'.'.'?f)/‘? §Iim. /observations)
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{ What is wrong with supernova remnants?

GOOD NOT GOOD Ty
e R |
1. Diffusive shock acceleration

predicts E-2at SNRs
N Y,

—(2.4.2.1) —(0.3..0.6 2.7 Ty
10 102 10°
Injection ropagation R[GV]
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2. Non-thermal emission from
radio to gamma

VHE domain steep spectra?
Particle content: protons/electrons?

(ergs cm? s

Funk (9017)

dN/dE Flux

g |
3. Energy budget (~5/10% total S 10 100 107 107 107 0%
- Photon Energy (eV)
explosion energy)

HOW mUCh preCIser? For how Iong? 10—9LI— Pio”becay | | | (b) ha(ljronic J
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The low rate of supernova
remnant pevatrons
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The steep gamma-ray spectra
(particle content)
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[ Diffusive shock reacceleration J

Bell (1978, MNRAS, I1.)

6. Effect of a shock front on pre-existing cosmic rays

« In previous sections the injection of particles into the acceleration
mechanism has been considered as taking place at low energy [...] An
alternative source for the injection of particles is the cosmic ray
population which already exists in the upstream gas. »

) 4 )

DSReacceleration
(1st order Fermi)

Stochastic
reacceleration

(2nd order Fermi)
\ Y, \ Y,
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{The particle content}
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SN 1006
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" SN 1006
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[ Gamma rays from SN 1006 ]
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and constrain the diffusion coefficient
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( Reacceleration over the SNR lifetime >
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{ What is wrong with supernova remnants?

— e

~
1. Diffusive shock acceleration

predicts E-2at SNRs
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{ Particle content: accelerated vs. injected?]

Escaping particles
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PC, Blasi, Caprioli (2021) 26
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[Particle content: accelerated vs. injected?]
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[Difference total spectrum electron vs. proton}
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[ Spectrum at the shock? ]

Until now: fixed slope at the shock produced steeper
summed injected spectrum.

_ —a(t
f(p) occp™® f(p) ocp™ o # 4 g
Non-linear effects: efficient particle acceleration /"
acting on the shock structure Re

Drury& Volk (1980,1981), Bell (1987)
Jones & Ellison (1991), Ellison, M&bius & Paschamnn (1990), Ellison, Baring & Jones (1995, 1995) Kang & Jone:!
(1997, 2005) Kang, Jones & Gieseler (2002), Malkov (1997), Malkov, Diamond & Vélk (2000)
Blasi (2002), Amato & Blasi (2005,2006)



[ Spectrum at the shock? ]

Until now: fixed slope at the shock produced steeper
summed injected spectrum.

f(p) oxp™® f(p) ocxp™@t) a#4 _
Non-linear effects: drift of Rl
scattering centers downstream '/

VA1 '
”4— 12 =0

Ton. v w
Shock VA2
Uyp = U] — VA1 ' m——l

| |

@down = U2 + UA,Z}

.

~

~
~.

Zirakashvili & Ptuskin (2008)

Drury (1983), Caprioli, Haggerty & Blasi (2020), Diesing & Caprioli (2021), PC, Blasi & Caprioli (submitted 2022)
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[ Spectrum at the shock? ] 5B,

VA 2 — Riot
Bell: current from all particles \/ 47T,0

(maximum value B)

50 Case A

2 | | 1 11 |||| | | L 11 |||| | | L 111 ||| | | L 1111 | | |
1§y 102 1071 100 10!
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.
[Consequences on pmax!
/

Drury (1983), Caprioli, Haggerty & Blasi (2020), Diesing & Caprioli (2021), PC, Blasi & Caprioli (submitted 2022)
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{ What is wrong with supernova remnants? }

p
- ~ . .
1. Diffusive shock acceleration Non-linear effects, drift

predicts E-2at SNRs L scattering centers

\_

—(2.4..2.1) —(0.3..0.6 B
|njectlon Dropagation Cumulative effects including

losses (B?)
2.  Non-thermal emission from -
radio to gamma '

Diffusive shock
Reacceleration?

Time evolution? Duration

[3. Energy budget (~5/10% total}
phases? Acceleration at late

explosion energy)

How much precisely? For ho _ times?
.
[ 4. SNR Pevatron } Maybe very few SNRs +
short phase

NO SNR pevatron \_
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[ Summary

Maybe few SNRs,
PeVﬁtrOnS maybe that’s ok

~ B(1)

o verproduce CR
local spectrum; room for
otlier sources of CRs?

a )
Particles released . Radio-to-gamma
in the ISM observations

\
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What’s wrong unclear with supernova
remnants?

]

What is pmax(t)? Pevatrons?
Magnetic field (time)?
Content accelerated/reaccelerated?
Efficiency (time)?

Slope (precursor/postcursor)?
Spectrum released in the ISM?

oA W=
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