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Cosmic-ray acceleration
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Galactic cosmic-ray and supernova energetics

(Ber'ezhko & Volk 2007) . EGRET/CGRO - E, > 100 MeV
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- Cev * Galactic diffuse y-ray emission:
* Galactic origin below ~10-108 eV | CR + ISM — pion — vy

« Extrag. from AGNs (Auger 2007) |+ CR source luminosity: 5x104° erg/s

* Total power supplied by SNe: L, ~ 1.5x10%! erg x 50 yr-! ~ 10%? erg/s

— SN acceleration efficiency ~ 5%




Diffusive shock acceleration

* First-order Fermi (1949) acceleration process in SN shock waves
(Krymskii 1977; Bell 1978; Axford et al. 1978; Blandford & Ostriker 1978)

* Particle diffusion on magnetic turbulences on both sides of the shock

«— | «— N e
= vEvr | ViYs Vg r-1 Vg r-l
P2 TPz | P1o T15Py «— — <L _r>
ref. frame: observer shock front downstream gas upstream gas
) , Ap 4r-1v oL
* Fractional momentum gain per cycle: ) =3 CS (relativistic)

* Particle energy spectrum: N(E) c E“4 with g =143/ (r-1)
(for a test-particle strong shock r=4 = ¢ =2)

. ZB,GEs
* Relatively slow process = E,,, =23TeV — By 16 (Lagage & Cesarky 1983)

0 €j
= E, max << 3x10 eV for B ~ few p6 !



Magnetic field amplification

* CRs can excite magnetic fluctuations in the
upstream plasma by both resonant (Bell and
Lucek 2001) and nonresonant (Bell 2004)
streaming instabilities: 5B/B>>1

:J.i‘"f:\{ll T W2 Bl ‘FT "‘j
¢ Reville et al. (2008) |((
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« MHD simulations: yes (e.g. Zirakashvili et al.
2008) or no (Niemiec et al. 2008; §B8/B~1)

et al. (2005)

Warren

« Evidence for B-field amplification in
SNRs (56B/B>20) from synchrotron
X-ray filaments (e.g. Parizot et al. 2006)
(but 6B damping? Pohletal.2005)

rﬁ‘ b — Acceleration to #10% eV. And beyond?
Tycho's SNR Chandra



The injection problem

* Particles injected into the DSA
process: postshock thermal
particles with p > p, . (Ellison et al.;
Monte-Carlo simulations)

« Condition for injection (Blasi et al.
2005): r; > A= ar;™ with the shock
thickness parameter a=1-2

« But depending on the shock
strength and «, the fraction of
thermal particles converted into
CRs 1, € [10, 107] !

— Acceleration efficiency ?
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Cosmic-ray modified shock

downstream ,p upstream
, Uq U,
See Berezhko & Ellison (1999) CR-modified
« Momentum flux conservation: Test-particle = — — — » - rsubI lr
=4 I ‘ tot
pottg? + Pyo = p(u(x? + Py(x ) + Peglx) ' N\
X 0
1

. Pmax shock rest frame
with P (x) = jp. ™ dpdnp*v( p)
inj

particle dist. funct. (< diffusive transport eq.)

* Higher energy particles feel a higher compression ratio = concave spect.
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SN 1993J — One of the best observed radio SN

° 1993 May 17, day 50
° 1993 Jun 27, day 91
° 1993 Sep 19, day 175
1994 Oct 31, day 582 1996 Apr 8
day 1107

o 1993 Nov 6, day 223
1997 Nov 15
day 1693
1993 Dec 17, day 264 :
1994 Dec 23, day 635

o 1994 Jan 28, day 306 1996 Sep 1
day 1255’
1995 Feb 12, day 686
1994 Mar 15, day 352 i
19898 Jun 3
day 1893
o 1994 Apr 22, day 390 1995 May 11, day 774
1996 Dec 13
day 1356
.1994 Jun 22, day 451 . J
1995 Dec 19, day 996 1998 Dec 7
day 2080

! 1994 Aug 30, day 520 t 3371 Jun 7
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SN 19937 VLBI observations

* The expansion is almost self similar
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Synchrotron self-absorption (SSA)

- Assuming a power-law distribution of | s
electrons radiating in a uniform shell: g1
=]
2 D
B) O( Ok 5 /K, :
= K, =186 £ 21 mJy

* Fits to individual VLA spectra 10 L o =-0.82%0.11
05 K, = 0.055 £ 0.025
~ | T L R B B S Vo T T _
'? I'"'f}"-i; a) -0.6F Synchrotron ) ] K= 1862036
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Radio SN model (1)

* Inspired by Cassam-Chendi et al. (2005) for Galactic SNRs

* Nonlinear diffusive shock acceleration model ! t+ At
(Berezhko & Ellison 1999) = f (p,ry) and f,(p,r)

/. depends on the proton injection parameter n; P —

* Electron energy losses during the expansion: I rer

adiabatic, synchrotron and inverse Compton cooling (Reynolds 1998)
(radiation density dominated by the ejecta; Fransson & Bjornsson 1998)
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Radio SN model (2)

_ * Hydrodynamic of the postshock
< plasma: self-similar solutions
(o8
= 10° (Chevalier 1983)
E * Postshock magnetic field evolution:
al: - advected in the plasma flow or
I : - damped by cascading of MHD wave
_ 2)
tg ¥ e energy (Pohl et al. 2005)
g e  advection * Synchrotron emission: radiative
=~ [\ - damping transfer calculations including
- .
= synchrotron self-absorption
= 1 &
s * Free-free absorption in the clumpy
= wind lost from the progenitor star
t, = 1000, b) .
e VT AV T T T = 4 free parameters:

095 1 1.05 1.1 1.15 1.2 125 1.3
dM/dt B ., 1P, and n...c
Radius/contact discontinuity ( JRsGr Buos Tin Min;



Relative emissivity

Acceleration at the reverse shock
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No damping of the postshock magnetic field

1F 3.6cm A a)
08 | day 2787 '
- —— advected B
0.6 F ----damped B
g O — _____
g o0zf
= C
20 0oF
E sl | | ' | | | —
@ 1F =
S - E
E 0.8 - =
=%} n %
& 06 f =
L
C 75}
04 =
- 3
0.2 F
C »e
oF =
-I L1 1 I 11 I L1 1 I L1 1 I L1 1 I L1 1 I L h

(=

02 04 06 038 1 1.2
6/0

* Best parameter values:
- (AM/df)gg = 3.8x10°5 M Jyr!
-B,,=50+20G
- Ti? =10 and 7, = 1.1x10

0

Days after outburst

- 0.3cm ]
g . _
[ —— advected B-field . __
----damped B-field
- 2 cm 3.6 cm ]
’ gl " ":" , _.
» RO ) ™ ]
F 6cm 20 cm _
E
ul L L3 a1 13 13 T | PEEPEEY T | I T | P
2 3 2 3
10 10 10 10 10 10

Days after outburst



Magnetic field amplification

* Saturated 6B from the Bell's & 1o
nonresonant streaming instability Z:. g:z 3 P
(Pelletier et al. 2006): N U TR
A’ 06F P,
5B, Fer |P vy 0.5 F
. ~0.1 | 04 F
) 03
2-5 lower than the “measured” B-field 0.2 F Peg
01
* Further amplification by the resonant N — - '

instability (Pelletier et al. 2006)?
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 Empirical formula for both Galactic

20 SB
SNRSéBerezhko 2008) and SN 19937 10 nr
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SN 1993J and the origin of cosmic rays
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Days after outburst Days after outburst
* Rapid acceleration above the “"knee" energy of 3x10% eV
day 3100
- Total CR energy: E.; = j ecr ()% 0.5 pogyvi x dmr>dt = 7.4x10% erg
dayl

» Escape of high-energy CRs after day ~3100 as pogy N = B, N = [y 7



Gamma-ray emission from n° production

-6
7 . I
S Fermi (1 week)* n’ | * FermiLAT sensitivity
0 for a Bo detection in
0 all-sky survey operation
11 >100 MeV
=12 . .
L The early TeV emission
-14 .............................................. WGS STrlongly aTTenuaTed
15 D=3.63 Mpc by y+y—> e*+e inthe
-16 dense radiation field
-17 L 3 a3l L 1 aadoud 5 3 ol 3 ] fr‘om The SN ejeCTG

1 10 10 10

Days after outburst

= Type IT SNe could be detected in n°-decay
y-rays out to a maximum distance of ~1 Mpc




Conclusions
« Evidence from the morphology of the radio emission from
SN 1993J that electrons are accelerated at the reverse shock
* The blast wave is a weakly cosmic-ray-modified shock, n,,» ~ 10

 B-field amplification, possibly by the Bell's nhonresonant streaming
instability in the precursor region. Consistent with SNR results

 The magnetic turbulence is not damped behind the shock

* Massive stars exploding into their former stellar wind could be
a major source of GCRs above ~10!° eV (Vélk & Biermann 1988)

« A new model for radio SNe (e. g. SN 2008D...)
« Type IT SNe could be detected at y-ray energies out to only ~1 Mpc

Refs: Tatischeff (2008) PoS [arXiv:0804.1004]; A&A (2009) in press [arXiv:0903.2944]

4th Sakharov Conference, Lebedev Institute, Moscow, May 18-23, 2009



Relative emissivity

Radio profile — B-field estimate
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Relative brightness

 Synchrotron losses are important
to the radial emissivity

* From the width of the observed
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Parameter uncertainties
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* The degeneracy between B and N, . -
is lifted by the synchrotron losses * The shock is weakly modified:

B, =50+206 5x107° < n;,f < 2x104



Flux density (mJy)

Density profile of the CSM

Pcsm < 1 with s = 1.6

f2cm

1.2 cm

Days after outburst

Days after outburst

* Van Dyk et al. (1994),
Fransson et al. (1996),
Immler et al. (2001),

Weiler et al. (2007):
the CSM density
profile is flatter,
s=1.5-1.7, than the
standard s=2 case

* Fransson & Bjornsson
(1998,2005): s=2

« With the present
model, the optically
thin emission cannot
be reproduced with
s=1.6 = s=2



