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Sources, acceleration mechanism
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Bell's instability

Large CR current densities :
Bell's nhon-resonant hybrid instability
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Bell's instability

carries a charge density —ne. If the background plasma carries a
current density j in its local rest frame, then VA B = j1g(jo + j —
ne u) where u is the local plasma fluid velocity. Consequently, in
the upstream rest frame (moving at speed v, relative to the shock),
the momentum equation for the background plasma is
du |
p—=-VP——BANAB) —j,AB+n.eunB, (1)
dr o
where P is the background plasma pressure. The plasma pressure
plays no part in the linear calculation as the fluctuations are trans-
verse in the cases we consider. The other MHD equations are unaf-
fected by the presence of the CR:

N
o A B dt

These equations make it clear that the MHD turbulence is driven by
the — j . A B force exerted in reaction to the j . A B force exerted
on CR through the current they carry.

=V (pu). (2)

(Bell '04)
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CR acceleration and escape

Mon. Not. R. Astron. Soc. 000, 1+17'(2013) Printed 31 January 2013 (MN IATEX style file v2.2)

Cosmic ray acceleration and escape from supernova
remnants

A. R. Bell*, K.M. Schure, B. Reville and G. Giacinti

Clarendon Laboratory, University of Oxford, Parks Road, Ozford OX1 SPU, UK

ABSTRACT

salactic cosmic ray (CR) acceleration to the knee in the spectrum at a few PeV is only
Galact CR leration to the k tl t t a few PeV 1
possible if the magnetic field ahead of a supernova remmant (SNR) shock is strongly
amplified by CR escaping the SNR. A model formulated in terms of the electric charge
carried by escaping CR predicts the maximum CR energy and the energy spectrum of
CR released into the surrounding medium. We find that historical SNR such as Cas
A, Tycho and Kepler may be expanding too slowly to accelerate CR to the knee at
the present time.

Key words: cosmic rays, acceleration of particles, shock waves, magnetic field, ISM:
supernova remnants
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CR acceleration and escape

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 deseribe the background plasma
except that a —jog x B force is added to the momentium
equation:

| 1
P = VP— —Bx (VxB)—jer xB
ff L0

as described in Lucek & Bell {2000) and Bell (2004). The CR
distribution function f(r,p.t) at position r and momentum
p is defined in the local fluid rest frame and evolves accord-
ing to the Vlasov-Fokker-Planck (VFP) equation
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where C'{ 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 Auid rest frame.
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CR acceleration and escape
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CR acceleration and escape
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Core-Collapse SNe, Progenitors, Circumstellar

winds
— Variety of progenitors and SNe types.

— Mass loss and circumstellar material :
Optically thin or thick winds possible
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CR acceleration and escape

Qcr = 104/ p/ o Coulomb m 2
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Cosmic Ray electrons at fwd. shock & radio SNe

Radio :
- Due to SSA -
~ Sometimes a bit of £ 1
free-free abs. further K
diminish the flux at o
early times / /
{d P 1000
Fransson & B/ornsson 98 - SN1993J

Hamburg, Jan 13 (2014)
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Cosmic Ray electrons at fwd. shock & radio SNe

THE ASTROPHYSIC AL JOURNAL, 509 B61-878, 198 December 20
i 1998 The Amenican Astronomical Sodety. All rghts reserved. Primted in LS04

RADIO EMISSION AND PARTICLE ACCELERATION IN SN 1993]

Crags Fransson! anD CLAES-INGVAR BrOornsson!
Received 1998 April 27 ; accepted 1998 July 27

ABSTRACT

The radio light curves of SN 1993] are discussed. We find that a fit to the individual specira by a
E}rnchmtmn spectrum, suppressed by external free-free absorption and synchrotron self-absorption, gives

a superior fit to models based on pure free-free absorption. A standa 2
assumed and is found to be adequate. From the flux angds®loll wavelength, the maZhe
synchrotron-emitting region behind the shock is determifed to B =~ ﬁd{R&fH}” cm}'l G. Th
the field argues strongly for turbulent amplification behiMwidy Pmagnetic and
thermal energy density behind the shock 15 ~0.14. Synchrotron losses e cooling of the elec-
trons, whereas inverse Compton losses due to photospheric photons are less important. For most of the
time also Coulomb cooling affects the spectrum. A model where a constant fraction of the shocked,
thermal electrons are injected and accelerated, and subsequently lose their energy due to synchrotron
losses, reproduces the observed evolution of the flux and number of relativistic electrons well The
injected electron spectrum has dn/dy oc v~ 2!, consistent with diffusive shock acceleration. The injected
number density of relativistic electrons scales with the thermal electron energy density, p¥2, rather than
the density, p. The evolution of the flux is strongly connected to the deceleration of the shock wave. The
total energy density of the relativistic electrons, if extrapolated to y ~ 1, is ~5 x 10™* of the thermal
energy density. The free-free absorption required is consistent with previous calculations of the circum-

field in the
strength of

G. Giacinti & A. R. Bell CR Acceleration and HE Neutrinos at SN Explosions Hamburg, Jan 13 (2014)



P T D

The magnetic ﬁelds of the circumstellar media of late type
supergiants are uncertain. Based on polarization obser-
vations of OH masers in supergiants, Cohen et al. (1987)
and Nedoluha & Bowers (1992) estimate that at a radius of
~10'® ¢cm the magnetic field is ~1-2 mG, although the
uncertainty in this number 1s large. It 18 unlikely that the
magnetic field in the wind 1s higher than that corresponding
to equipartition between the magnetic field and the kinetic
energy of the wind. This means that B*/8n < pug/2, giving

w12 y 12
M) T (M
r 107° Mg yr !

i, 1/2 r
X (m km 3-1) (mlﬁ cm

Likely locations for the electron acceleration are at the posi-
tion of the circumstellar shock or, alternatively, close to the
contact discontinuity between the circumstellar swept-up
gas and the shocked ejecta gas. The latter region 1s
Rayleigh-Taylor unstable, and the associated turbulence
may help in amplifying the magnetic field (Chevalier et al
1992; Jun & Norman 1996).

At 10 days, cnrrespnndmg to a radlus ~1.9 x 10'° cm
we [ind that the magney mias 100 18 ~34
G. Usigg : ] Ngctic

clg@®and a shock compression by a factor of 4, this pos
thock magnetic field would be B = (24-4.8) x 107 G.
This is a factor ~ 10° less than that inferred from the obser-
vations and therefore strongly argues for magnetic field
amplification behind the shock. Although this conclusion
ests on the very uncertain estimate of the circumstellar

atis Falde AF tha AsrameAditoas cwotass a cimala ohe

)_1 mG . (46)
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Cosmic Ray electrons at fwd. shock & radio SNe

P — Aeri LELIGE WASLIOLELLIL BLE LLLILW £

the discussion below. In Flgure
the injected nonthermal electron
tion of shock radius. The value ¢
by the optically thin flux and, the
in § 5, can be shown to depe
V3730 o 12 A least-squares
for the first 100 days1s given by

— —1.1 R-‘ o
Meel = Meel 15 Pmin 1D15 cm

where n,, s = (6.1 + 0.7) x 10*
After 100 days there 1s a promin
and one finds that n,, =(4
n =264 + 0.05. A fit based on
days givesn,, ;s = (64 + 0.8) x
Chevalier (1996) has discusses
density of relativistic particles b
fraction of the thermal particle ¢
or a constant fraction of the the:
Doing V2 oo R™2V? act™ 2. Here
These scalings have little physica
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Cosmic Ray electrons at fwd. shock & radio SNe

THE ASTROPHYSICAL JOURMAL, 333: L65-L68, 1988 October 15
it 1988 The American Astronomical Society. All rights reserved. Printed im LL5.A

MAXIMUM ENERGY OF COSMIC-RAY PARTICLES ACCELERATED BY SUPERNOVA
REMNANT SHOCKS IN STELLAR WIND CAVITIES

HemricH J. ViLk' AND PETER L. BIERMANN?
Received 1988 May 25 accepred 1988 July 28

ABSTRACT

In this Letter we demonstrate that diffusive shock acceleration, balanced by adiabatic losses, leads readily to
particle energies of =10'% eV in the case of a supernova shock freely expanding into a stellar wind cavity.
This process accelerates particles early on out of stellar wind material which is often enriched in certain ele-
ments (isotopes) and may thus contribute to explain elemental and isotopic anomalies in the cosmic rays. We

speculate that the same process may produce particle energies up to 10'? eV in the case of a supernova explo-
sion in a compact binary star.

Subject headings: cosmic rays: abundances — cosmic rays: general — nebulae: supernova remnants —
particle acceleration — shock waves — stars: circumstellar shells
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Cosmic Ray electrons at fwd. shock & radio SNe

Astronomy & Astrophysics manuscript no. snl1993; © ESO 2013
February 18, 2013

Radio emission and nonlinear diffusive shock acceleration of

cosmic rays in the supernova SN 1993J
V. Tatischeff
Centre de Spectroméirie Nucléaire et de Spectrométrie de Masse, CNRS/IN2P3 and Univ Pans-Sud, F-91405 Orsay, France*

and Institut de Ciéncies de I"Espai (CSIC-IEEC), Campus UAB, Fac. Ciéncies, 08193 Bellaterra, Barcelona, Spain
e-mail: Vincent .TatischeffBcsnsm.in2p3.fr
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Cosmic Ray electrons at fwd. shock & radio SNe

Radio :
- Due to SSA -
~ Sometimes a bit of £ 1

free-free abs. further g

diminish the flux at o

early times /

63
l1£c||:d P 1000
Fransson & Bjérnsson '98 - SN1993J

— Due to synchrotron (?) or Inverse Compton (more

often)
but often dominated by thermal X-rays from shock

heated ISM

X-rays :

Hamburg, Jan 13 (2014)
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Cosmic Ray electrons at fwd. shock & radio SNe

Radio :

- Due to SSA _ : gﬂ[ﬂrﬁ K\:

L |
1000
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Ofek et al. '12 200 0 400 ys from shock
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Shock Evolution and Shock Breakout

Hydrostatic core of
progenitor star

Radiation Dominated
(or Mediated) shock

(i.e.p_, >p, downstr.)

rad

Not the same as a
radiative shock !
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Shock Evolution and Shock Breakout

Ex. of radiative shock

-

~ Radiative shocks'in

‘the Cygnus Loop.

McKee and Draine, Science
Not the sal

radiative shock !
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Radiation mediated shocks

Viscous shock Radiation-Mediated shock
u
p ,T y ud u ud
downstream S downstream
pfld | upstream 0, T .0 Prad - pﬂd

u

<l = upstream
OT ~ Cc/u_>> R

T Radiative shock

Lab frame

downstream > p f
rad

pﬂd cooling upstream
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Radiation mediated shocks

Radiation-Mediated shock
u

downstream

P > pfld

rad

<l = upstream
OT ~ C/u_
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Radiation mediated shocks

Radiation-Mediated shock

rad,d

downstream
Diffusive flux : -D 0k /or
o P ..p
Advective flux : -U_ Eraol rad fid
s = upstream
ot ~ c/uS
L ~D/u ~ A
o p.T
p,=7p,
100 eV
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Radiation mediated shocks

Radiation-Mediated shock

Erad
rad,d

downstream
See works of :
Zel'dovitch & Raizer '66 Prad >> pﬂd
Colgate '74 - —
Arnett '70s OT ~ C/u_
Weaver '76 p,T
Falk '78 -
Klein & Chevalier '78 P,= 1P,
Matzner & McKee '99
Katz et al. 2010's (10s -
etc... 100 eV
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Shock Evolution and Shock Breakout

\ T~ c/uS /

Shock breakout

/N

(‘flash’)
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Shock breakout

U
U g Y
downstream
0
upstream
Ot ~ c/u dt <~clu
S S infinity
< = <
010 - 100 eV
to X rays
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Shock breakout

u
ud
dOW”N
upstream
ot ~ c/u Ot <~ clu
S S infinity
<l = <

The radiation-mediated shock disappears !
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THE ASTROPHYSICAL JOURNAL, 234:597-608, 1979 December 1
i1 1979, The American Astronomical Society. All rights reserved. Printed in US.A.

NONEQUILIBRIUM PROCESSES IN THE EVOLUTION
OF TYPE Il SUPERNOVAE

ROGER A. CHEVALIER
AND

RicHAarD I. KLEIN
Kitt Pecak National Observatory®
Received 1979 April 3; accepted 1979 June 21

ABSTRACT

The emergence of the shock wave from the envelope of a type Il supernova is investigated in
the approximation of gray radiative transfer. The calculations allow for nonequilibrium between
the gas and the radiation field. It is found that the inclusion of flux-limiting does not play a large
role in the radiative energy equation, while it is very important in the momentum equation. If the
assumption of an isotropic radiation field is made in the momentum equation, the shock remains
radiation dominated. The reduced radiative flux with a flux limiter reduces the momentum
coupling between the radiation and the gas, and permits a transition from a radiation-dominated
to a viscous shock wave as the shock moves into optically thin layers of the star. The occurrence
of a viscous shock is important for the creation of hot gas (T = 10* K) in the outer layers of the
atmosphere, which can radiate a substantial, hard X-ray flux.

After the completion of the hydrodynamic calculation, the emergent spectrum of the supernova
at selected times was computed by solving the nongray time-independent radiative transfer
equation on the assumption of coherent isotropic scattering and an LTE nonscattering source
function. These calculations allowed the predictions of the X-ray flux from a Type Il supernova
by Klein and Chevalier. We have now found that the neglect of the time-dependent terms in the
radiative transfer equation is moderately inaccurate so that our predictions can be regarded only
as estimates of the X-ray burst.

Subject headings: shock waves — stars: supernovae — X-rays: bursts
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TeV Neutrinos and GeV Photons from Shock Breakout in Supernovae

Eli Waxman' & Abraham Loeb*
T Department of Condensed Matter Physics, Weizmann Institute, Rehovot 76100, Israel; warman@uwice. weizmann. ac.l
* Astronomy Department, Harvard University, 60 Garden Street, Cambridge, MA 02158, USA; aloeb@cfa.harvard.edu
(February 5, 2008)

We show that as a Type II supernova shock breaks out of its progenitor star, it becomes collisionless
and may accelerate protons to energies > 10 TeV. Inelastic nuclear collisiong of these protons produce
a ~ 1 hr long flash of TeV neutrinos and 10 GeV photons, about 10 hr arEer the thermal (10 MeV)
neutrino burst from the cooling neutron star. A Galactic supernova in a red supergiant star would
produce a photon and neutrino flux of ~ 10™* erg em™2 s™'. A km® neutrino detector will detect
~ 100 muons, thus allowing to constrain both supernova models and neutrino properties.

PACS numbers: 97.60.Bw, 14.60.Pqg, 98.70.Rz, 95.85.Ry
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Shock breakout

u
u

'Piston’ .

upstream

oT ~ C/uS Ot <~ c/u

S infinity

< <

The radiation mediated shock disappears !

If ?2 < u,: 'Need to be accelerated to u & Radiation will not do
it => Should be done by the fluid pressure => C.S.
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Shock Evolution and Shock Breakout

Collisionless (viscous) shock (?)

- N
o~ N

¢ ‘ * S
’ \
R '
I YEmission from shock
I ' heated ISM
\‘ .,Q)Le or less) radiative
Optically + ’
. y,
THIN . >\
V- --

wind + Emission from the

expanding ejecta
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Shock Evolution and Shock Breakout

T ~ c/us = B}
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Shock Evolution and Shock Breakout

RM shock (?)

—---
~
s’ ot ~c/u_ "~

T ~ c/us = B}

Optical
THICK

See works of
Katz et al., etc.

G. Giacinti & A. R. Bell CR Acceleration and HE Neutrinos at SN Explosions Hamburg, Jan 13 (2014)



Shock Evolution and Shock Breakout

—---

./ Should have a

\
S
» 7 collisionless shock (?)
~

-
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X-rays, v-rays and neutrinos from collisoinless shocks in supernova wind breakouts

Boaz Katz'*, Nir Sapir?, and Eli Waxman?

LInstitute for Advanced Study, Princeton, NJ 08540, USA and
2Dept. of Particle Phys. & Astrophys., Weizmann Institute of Science, Rehovot 76100, Israel

We show that a collisionless shock necessarily forms during the shock breakout of a supernova
(SN) surrounded by an optically thick wind. An intense non-thermal flash of < 1 MeV gamma rays,
hard X-rays and multi-TeV neutrinos is produced simultaneously with and following the soft X-ray
breakout emission, carrying similar or larger energy than the soft emission. The non-thermal flash
is detectable by current X-ray telescopes and may be detectable out to 10's of Mpc by km-scale

neutrino telescopes.

C My
— Ry,
pr) = 2 (r/ Rux) ™2
0.5M (r)v?
_E,[cor
Umax = 4?1'?’2 m, < U‘E)(Rbr/?")l
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Radiation-Hydrodynamics Code

Assumptions... and reguirements :
- 1D - spherical code sufficient,
- Two temperature code, and T_= Tp,

- Allow NLTE (T =T ),

- For a reasonable and safe behaviour during the transition
from optically thick to optically thin regions :
=> Use a flux limiter,

- Fluid fully ionized. Electron temperature between a few eV
and a few 100s keV (< m )

=> Do not need to take into account atomic lines
and Assume Thomson scattering for photons

---> No multigroup treatment of radiation (-> Gray diff.).

G. Giacinti & A. R. Bell CR Acceleration and HE Neutrinos at SN Explosions Hamburg, Jan 13 (2014)



Radiation-Hydrodynamics Code

— Eulerian code.

— Architecture :
- > Explicit :

1) Lagrangian terms,

2) Advection terms,

3) Energy exchange photons <-> fluid
(Bremsstrahlung & Compton cooling).

- > Implicit :

Photon diffusion term.
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Radiation-Hydrodynamics Code

e Mass Eqn. :

op 1.0 ,,
2= o TP

e Momentum Eqn. :

0 1 0 S
2 rad
0 (o)=L 2 (3pu. ) ~ L p )+
ot T2 OF or Ac
where 4
. rim 9Frad
i J. - _ #
rac rad (}T’
and D= is the flux-limited diffusion coefficient for photons
DLIM ¢

raf_l — : — 4
E 2 _|_ OF rad ;'f Or 2
A E rad

so that Frq < cFL.q In an optically thin medium. In an optically thick medium,

Drafl — Drad — = -':?Llld —% T—— = —— )
3 Ac 3 Or or
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Radiation-Hydrodynamics Code

e Mass Eqn. :

op 1.0 ,,
2= o TP

e Momentum Eqn. :

0 1 0 S
2 rad
0 (o)=L 2 (3pu. ) ~ L p )+
ot T2 OF or Ac
where 4
. rim 9Frad
i J. - _ #
rac rad (}T’
and D= is the flux-limited diffusion coefficient for photons
DLIM ¢

raf_l — : — 4
E 2 _|_ OF rad ;'f Or 2
A E rad

so that Frq < cFL.q In an optically thin medium. In an optically thick medium,

Drafl — Drad — = -':?Llld —% T—— = —— )
3 Ac 3 Or or
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Radiation-Hydrodynamics Code

e Total fluid energy Eqn.

(o) A (e ) ) i o
ot \ 27" TP 2 9 pft T oF r2gr U WTH

rad

AC

+u - + Ac + Ag,

- Compton cooling (Chevalier & Klein '79) :

AC = 8-0761'P[Te - (er/a)”‘i]

x [1

where a = 7

+ (6.75 x 10719)T,](ergs s~* cm~?)

.56 x 1015,

- Bremsstrahlung :

2
Ap = 1.42 X 10-27 £ 1,120

.
p2 e ”(1 B aTﬁ) (Gaunt factor ~ 1.25)
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Radiation-Hydrodynamics Code

e Total fluid energy Eqn.

2 (e )=k s ) o)A S0
ot \27" T 9P 2 9 P P 2o 1P
rad

AC

+u - + Ac + Ag,

e Radiation energy Eqn. :

8E/‘re:'ud 1 a

1 8 OF..
10 (o 1)

or rad or

with praq =~ Fraq/3. For safety reasons, DLI may be replaced with D,.q = Ac¢/3.

rad
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Progenitor with an optically THIN wind

Initial conditions att=0
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Progenitor with an optically THIN wind

t=1000s
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Progenitor with an optically THIN wind

t=4500s
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Progenitor with an optically THIN wind

T=8000s
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Shock breakout

u
u

'Piston’ d
dOWﬂN
4

4
4
4

upstream
y, P

oT ~ c/w Ot <~ clv

- ' £> - S infinity

The radiation mediated shock disappears !

S = [ENsI
Lagrangian: DulDt=kF_JIc

G. Giacinti & A. R. Bell CR Acceleration and HE Neutrinos at SN Explosions Hamburg, Jan 13 (2014)



Shock breakout

u
. u
'Piston’ d
downN
. < —~ rZ
Does not significantly slow down u,& ~1/
upstreéam
dt~clv_: &dt<~clv. .
- > - S mgmlty
u,: u CI12
r, ar,

Umax "‘,r = Kk ft I"r'JLu.’l'r-"]I]IL/}'-r < K J‘th: i:fjf/f—]:ﬂf o T‘i—E
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Shock breakout

0 1 g/,
5 (pu) = i (? pU - u)

Mediated hy the fluid
pressure

=> VISCOUS shock
collision] hock)

~ compression |

(-pdivu)

Du/Dt = k Fraa/e — (1/p) Op/or.
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Progenitor with an optically THICK wind

Spherical 1D

1e+08 i | ] | 1 1 1E_1IO k /m3. I_ i
Pl U [1E39m/s:

p‘Fd [F)a= —

o Bl —

, m -
1e+06 rad,vlorlad [eV]
Ross Opt Depth

10000 -

100

0.01 | -

0  te+11 2e+11 3e+11 4de+l1 5Se+ll 6Be+ll 7e+11 8e+lf
R [m]

G. Giacinti & A. R. Bell CR Acceleration and HE Neutrinos at SN Explosions Hamburg, Jan 13 (2014)



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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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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Viscous shock formation in opt. thick medium ?

P

prad
G, 19, , 3, Frad
a1 (pu) = 2, ('*" pu - ’”-) 9 (p+4q)+ o
'}}ﬁrmi
Pﬂd or

|v£r‘;|| = |v}”rm] |
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Viscous shock formation in opt. thick medium ?

P
prad

Collisionless shock :

- From a viscous shock : NO
P, - From Radiation : NO
- From compression
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Viscous shock formation BEFORE sb

AP A /By AL /By

1
I
L %
Ui i i
—p ] i
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Viscous shock formation BEFORE sb

Ap n /By Ay 1By
Pq R A )
uli i
o

]
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! !
hydrostatic |- "> ! optically thick wind

I

1

1

1

I

core E ! _
em! U, !

72
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5 i : : 1 ~

ST !

2 1
o <A [ + K -E"L:m
2 S~ Uq T .
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T = x/r,
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Viscous shock formation BEFORE sb

AP MIBy AL/, |
Pq % L i
Ui i
Y 5 .
hydrostatic |- _;_> ;optically thick wind E AT ~B%
core emé u, E :
:_>: Pr T P> I -
0 lrl 'r2 . Lo ?
d
() 51 < 4, (i) 51 < 4Xa[l — 1/2(rp — 1)

.. But estimate rather conservative. Numerically, we find :

B1 S 105 .e. Xo/B1 2 r«/10
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Viscous shock formation BEFORE sb
By < 10X

With: M ~5-10"4 Mg yr—!
p = M/4muy,r?

p ~ 1071 (=9) gcm
= (1 5 0.1

( 7 = Hﬁm odr, ror & ffﬂ/‘{ﬁﬁ/’iﬂfuw
roe/Ts ~ 10 for Bo = 0.1 )
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Observational consequences

« 1-10TeV CRs possibly in a few seconds... (but do not
contribute significantly to the Galactic CR flux)

By ~ 100G, p ~ 107" gem™3,

ua ~ (1 —=10)kms™' < us — Super-Alfvenic, OK.

TCR = SEG_R./%BS@ ~ 30s for Ecgr = 10TeV and 8; = 0.1
Top =~ Myp/0.2¢popp, ~ 10 min
Tpy 1/0.2(:?’5,},01;,}, > 5min ( For 10TeV CRs, 2 10keV )

:|: . . ; . . ‘
< )()u;f’ / hy (+ e™ pair creation due to P mtemctlons)

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

AP

hydrostatic
core

pl > 1 1

~ 10° (3 klpc /1)? neutrinos

i -1
L AT B

: optically thick wind

: ppb T, P |

i [ ~

~
i >
I‘br Tr

 HE neutrinos from p — p interactions arrive SIGNIFICANTLY
BEFORE photons from shock breakout : 10 hours or more !

 Flash harder than expected at shock breakout because of the

VISCous shock

( + Secondary gamma-rays from pi0 decay.

_I_

Y — ete)
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Conclusions and perspectives

o Studied transition from a radiation mediated shock to a
collisionless shock,
e Confirm that a collisionless shock forms (and why),
» Optically thick winds : Can form significantly before breakout
* Observational consequences :

- X-ray flashes

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