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The SNR paradigm for the origin of
Galactic CRs
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. Enough power in SN explosions to explain CRs
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Flux {(m? sr s GeV)?

Are SNRs proton PeVatrons?
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The problem of maximum energy in
young SNRs

* Type la(e.g. Tycho) — expanding in constant density medium

 Core Collapse (e.g. CasA, RXJ1713.7-3946) — expanding in the dense slow wind
of the progenitor star
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A population study of evolved SNRs
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The role of particle escape or
how do accelerated particles become CRs?

~ Acceleration |
|_the shock: fotp)

~ Escape ,
| the shock: fess(p)

\_,. [Fropagation inside]
A the Galaxy: forop(p) |

L>ﬂ0bservation I




The role of particle escape or
how do accelerated particles become CRs?

Wil Ptuskin & Zirakashvili, A&A 429 (2005) 755

~ Acceleration at |
|_the shock: fo(p)

i'i Gabici, Aharonian & Casanova, MNRAS (2009)
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.~ Escape ,
| the shock: fese(p)
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Defines Emax and spectral slope of both particles and radiation

e

A phenomenological model to investigate the particle
q escape through spectral and morphological features
of evolved SNRs in the HE and VHE domain.
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The hydrodynamical evolution of an SNR

contact discontinuity

NV
RIP Vink, A&A Rev 20 (2012) 1

. Ejecta-dominated (ED) stage

4
Mg > §7TpR§(t)

—— free expansion
Il. Sedov-Taylor (ST) stage

4
Mej ~ §7TPR§(?5)
—— energy conservation
lll. Radiative stage

—— momentum conservation

IV. Merging phase
— pressure comparable to ISM
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The hydrodynamical evolution of an SNR

Blast wave Sedov Merging
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Maximum energy in SNRs

e At Sedov time, particles at maximum
energy Ewm are still confined:

Ad(En, tsed) =~ Rs(tsed)

Us

. Later in the evolution, particles
b diffusion length increases faster than
SNR shock size:

)\d ~ D(EM)/US X t3/5
R, $2/5

Particles previously confined will now violate Hillas criterion
—» escape is expected to occur on shorter timescales
for the highest energy particles, but it is not an
instantaneous process
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Maximum energy in SNRs

——1 acceleration
tacc = tage I limited by

Vs D(Panin) . remnant age
vs (t)
Pmax _ _ 02(1) ¢
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> ED stage:

| Vs (1) ~const
Pmax.0(t) o< F(t)t

By F(t) ¢
b 5B(X,t)>2:/]:(k,x,t)dlnk
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Maximum energy in SNRs

In the scenario where the maximum momentum of particles
confined by the shock is a decreasing function of time, I.e.
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‘ Pmax,0(t) = Pm ( tsed> — lesc(D)
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Wil Ptuskin & Zirakashvili, A&A 429 (2005) 755 0 > 0: high-energy particles escape earlier
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 Magnetic field not amplitied
pmaX,O(t) X t_1/5

 Magnetic tield amplitication driven by resonant waves
7/5

pmax,() (t) Xt

 Magnetic field amplitication driven by non-resonant waves
Prmax,0(t) o<t
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A model for particle propagation

Solution of the transport equation for accelerated protons
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WITH A DOWNSTREAM
VELOCITY PROFILE OF:
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Matching condition: fesc(tesc) — fconf(tesc) 13




The spectrum of protons inside the SNR

. 47T RSh (t) 5
J]19n (t’ p) — VSNR / [fesc (t, r, p) fp,esc (ta r, p) fCOnf(t7 T, p)] rdr
’ Wi Celi et al., MNRAS 490 (2019) 3
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Volume integrated gamma-ray emission
from hadronic collisions

4 | I
s Shocked Unshocked
st solution solution |
25 - |
- 15 _
1 L
05 |
0
0 05 1 1.5 2
r/R, (1)
P 0 <r < Rsnr
- §=73 L 4 —
.| 0=4 TSNR =2 x 10 yr T
e 107 =
(@] i 1 (@]
> 10° 3 3 <
S 5 e
10710 | | o
=2 s § e;
Wyt | i
1071
107! 10° 10’ 10° 103 10% 10° 108
E, (GeV) 15

—4

fo(p) o

D(10GeV/c) = 3 x 10*" cm? /s

Ecr = 1%

Nup = 1cm

d = 1kpc

-3

.ll Celli, Sprlnger Theses (2019)

107° ‘ —
o7 RSNR < r < 2RSNR gg?g —
8 Tsng = 10° yr 551’% —
107 ~ b=4
10710 —
107"
10712 |




®"

4 ring
iet pulsar

B — 3.0 [deg]

E? dF/dE [MeV ph/cm?/s]

IC 443 or the Jellyfish Nebula
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W51C (G49.1-0.1)
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Take-home messages
Suppression of diffusion

| <0 ’ coefficient required:

D_/DGal < 0.3 e |ocal turbulence?

e CR-induced turbulence
(streaming instability)?

Y
RiP Malkov et al, ApJ 768 (2013) 63
Wi Nava et al, MNRAS 461 (2016) 3552N

ili D’Angelo et al., MNRAS 474 (2018) 1944D

How does magnetic turbulence
evolve with time?

Needs to include damping eftects
(MHD cascade, ion-neutral friction)

UHE observations are setting
progressively more stringent
constraints about the role of
SNRs as PeVatron sources

ipm < 1PeV/c




Thanks for your kind
attention!
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