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Cosmic ray spectrum
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Sources, acceleration mechanism
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Sources, acceleration mechanism

Diffusive shock
acceleration
(Krymskii; Axford el
et al. '77; Bell; Bland-
ford & Ostriker '78)
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Iny—rays:
— Old SNRs : Fermi-LAT coll., Science 339, 807 (2013)
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— Historical SNRs : Particles up to ~ 100's TeV only !

... 950 Where are the PeVatrons ???
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Outline

| - Cosmic Ray Acceleration at SNR / SNe

- How do CR escape SNR ? magnetic field amplification ?
- Can SNR accelerate CR to > 1 PeV ... when ?

Il - SNe in dense winds as PeVatrons

lll - Particle Acceleration BEFORE SN Shock Breakout
- When does particle acceleration start ?

G. Giacinti & A. R. Bell Supernovae as PeVatrons MACROS 2016, PSU, June 21 (2016)



Sources, acceleration mechanism

Need for MF amplification

Bell '78 D
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Sources, acceleration mechanism
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NRH instability (Bell '04)

Large CR current densities : Non-resonant hybrid instability
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CR acceleration and escape

MNRAS 431, 415 (2013)

We now set out to test the above conclusions as far as
we are able with a numerical model that includes the
self-consistent interaction of CR modelled kinetically with
a background plasma modelled magnetohydrodynamically.
Standard MHD equations describe the background plasma
except that a —jor x B force is added to the momentuum
equation:

| 1
Bkg e g}% = - VFP-—8B=x(VxB)-jocrxB (T)
€ 2
as described in Lucek & Bell (2000) and Bell (2004). The CR
distribution function f(r,p.t) at position r and momentiun
p is defined in the local fluid rest frame and evolves accord-
ing to the Vlasov-Fokker-Planck (VFP) equation

CRs —» & __, 0/ 0wor .52 cpn @

= —q )
eIt o, bi or; dp; © Oy

where (' f) is an optional collision term included to repre-
sent scattering by magnetic fluctuations on a small scale.
The electric field is zero in the local Huid rest frame.
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CR acceleration and escape
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CR acceleration and escape
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CR acceleration and escape

f]/maxdf ~ 5 Qcr = /j(;Rdf = 10~/ p/ 10

CR charge through a unit surface, upstream

emT T T . The CR current density at a radius R is jcr = nour?/R*T
o ", (CRs accelerated to energy eT when the shock radius was r)
\ @ : R np(rul(r) , [ p(R)
\\ R = r&dr — 10R
~§ ------ ”'R D T(r) ‘(JLO
Diff. / R

p=cst - 1 = 230770_037’1(1/21/{%}?[)(3 TeV

CasA: T=400TeV !l
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Nowadays, historical SNRs are not

SN 1006
f
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SNe in DENSE WINDS as PeVatrons

Bell et al. MNRAS 431, 415

(2013)
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Radio SNe
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Radio SNe

Astronomy & Astrophysics manuscript no. sn1993; © ESO 2013
February 18, 2013

Radio emission and nonlinear diffusive shock acceleration of

cosmic rays in the supernova SN 1993J
V. Tatischeft

; . — 80

© s N - b)

= 10°F max = 10 \‘\

?.}ﬁ S 60 \ \\\\\

= C

5 - 50F

i )4 C

g L= 40 \\\\ \\

S 104 3

B 30 B

g 3

2 f.. = 0.05 20F OB,

: 0

2 1“3 1 - |l.l.|l.l 1 1 |]||||I. 1 L1 l]llll L L1 " = L 1 Illllll =1 1 Illllll II L lllllll 3I 1
1 10 10 10° 1 10 10 10

Days after outburst Days after outburst
. ' ] 1 1 -
Ecp = f € X 500 Vs X 4nR{dE = 7.4 X 10 erg, Fermi : <~ 1MPC

G. Giacinti & A. R. Bell Supernovae as PeVatrons MACROS 2016, PSU, June 21 (2016)



Interaction-powered SNe
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ABSTRACT
The optical and near-1R emission from some classes of supernovae (SNe), including Type Lln
and possibly some super-luminous SNe, is likely powered by a collision between the SN gjecta
and dense circumstellar material (CSM). We argue that for a range of CSM masses and their
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ARGO—YBJ cutoff at 700 TeV
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Formation of a collisionless shock

Hydrostatic core of
progenitor star
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: optically thick wind

¥ 2 T’; [31

-_—

The shell at r, cannot be accelerated by photons to a velocity larger than :

2
T« K Eem rs+d 2 p2,.2
5 &7 s _, where FEem >~ 4mre E2u5 dr
U2 x U1 (I'* n (II) p 471_(,* I d)z em f?"* 2 1
u < u
2 1Ny

b1 Sf 10A2 = 0. 1(10km/s)(101?:?’*01‘1‘1)(5'10_%@/311‘)_1

G. Giacinti & A. R. Bell Supernovae as PeVatrons MACROS 2016, PSU, June 21 (2016)



Progenitor with an optically THIN wind

1D - spherical T.=T,butT =T
Compton cooling + Bremsstrahlung Thomson scattering
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Progenitor with an optically THIN wind
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Progenitor with an optically THICK wind

Spherical 1D
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Progenitor with an optically THICK wind

Spherical 1D
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Progenitor with an optically THICK wind

Spherical 1D
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Observational consequences

* 1-10 TeV CRs possible before breakout :

TCR — 8ECR/3GBSu§ ~ 308(15%3&/)( Bi )—1( Bs )—2

r )2( M )—1

~ ~/ 3 uW
Tpp = Mp/0.2¢p0pp =~ 4m1n(10km/s)(1013 cm/ 5102 Mg, /yr

~ - w 2 M —1(Bs\—2(_Ecr -1
Tpy = 1/0.2072,70'137 Z 2m1n(1011im/s)(101‘§cm) (5.10—4 Mm/yr) (0.1) (10%?\[)

( For 10TeV CRs, > 10keV )

= (1—10) TeV CRs should be produced
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Observational consequences
(1)

Neutrinos with energy E > 100 GeV -1 TeV (m * decay) arrive before the first photons from SB.

Typically ~ 10° (3 kpc/l)“2 neutrinos (distance ,r_=10r , 0.1c, 10° M, processed at r < r).
Je+44

2.5e+44 |

2e+d44 |

L

1.5e+44 | Arrival time HE neutrinos

L (erg/s)

1e+44 |

: , 5e+43 | _
ornotons GG & Bell, proc. Swift 10 conf.
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(2) X-Ray Flash

If one uses the parameters of Svirski & Nakar, ApJdL (2014)...
SN 2008D / XRF 080109 may have been an

event in which a CS is formed before SB

G. Giacinti & A. R. Bell Supernovae as PeVatrons MACROS 2016, PSU, June 21 (2016)



Conclusions and perspectives
- Tight link between CR Escape / E__ / MF amplification

» Type la fall short of reaching the knee

* First few decades of SNe in dense winds promising to
reach knee and beyond

» First few decades of SNe in dense winds very promising
-> Need to search for HE neutrino / (LE) y-rays from SNe

 Optically thick winds : CS can form before breakout
» Observational consequences :

- X-ray flashes

- E > 100 GeV neutrinos — Probe of the poorly known
optically thick regions of circumstellar winds

G. Giacinti & A. R. Bell Supernovae as PeVatrons MACROS 2016, PSU, June 21 (2016)
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