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Supernovae occurring in dense winds are promising candidates for particle acceleration to high

energies. We focus here on the onset of particle acceleration, during the first couple of days

following core-collapse. We show that a collisionless shock rapidly forms at supernova shock

breakout. We calculate the CR energy that can be reached in such environments. We take the

effect of cosmic-ray energy losses due to inelastic pp and pγ collisions into account, as well as

possible damping of the turbulence by radiation. We find that protons are accelerated to multi-

TeV energies within minutes to hours for Wolf-Rayet and red supergiant progenitors. Secondary

high-energy neutrinos with energies greater than ∼ 100 GeV are expected to be produced.
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1. Introduction

Following core-collapse, a radiation-dominated shock (RDS) travels through the supernova

progenitor. Once the RDS reaches the optically thin outer layers of the stellar core, or of the wind

if optically thick, photons escape ahead of the shock. This flash of photons corresponds to shock

breakout (SB), e.g. [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11]. A collisionless shock (CS) later forms [12, 13].

The Larmor radius rL of suprathermal particles is smaller than the width of the RDS, which is

≃ λc/3us for a shock velocity us and photon mean free path λ . On the other hand, rL is larger

than the width of the CS where diffusive shock acceleration should become possible. A thorough

understanding of the CS formation time is then crucial to study the onset of cosmic-ray (CR)

acceleration, when very high energies may be reached. Indeed, supernovae in dense winds have

been suggested to be the long-sought PeVatrons, see in particular References [14] and [15].

We confirm in this work that a CS forms around SB, and we further demonstrate that the

CS can form significantly before SB for some progenitors enshrouded in optically thick winds.

This redefines the onset of CR acceleration with respect to SB, since it can start in such cases

significantly before SB. See also Reference [16] for more details. We then calculate the maximum

CR energy that can be reached and show that CRs with energies in excess of ∼ (1− 10)TeV are

expected to be produced. In Section 2, we study the formation time of the CS, analytically and

numerically, both for optically thin and optically thick winds. In Section 3, we investigate particle

acceleration in thick winds, and discuss in Section 4 the relating production of secondary ∼ TeV

neutrinos.

2. Formation of a collisionless shock around supernova shock breakout

In the following, we assume a non-relativistic shock in spherical 1D geometry with radius

r, where r = 0 corresponds to the centre of the progenitor. The hydrostatic core and the wind are

assumed to be fully ionized hydrogen. Assuming more realistic compositions would not change our

findings. For the temperatures we consider, between ∼ eV and ∼ mec2, the opacity κ is dominated

by Thomson scattering: κ = σt/mp, where σt is the Thomson cross section.

2.1 Optically thin winds

A CS is expected to form following SB. In Lagrangian coordinates, the acceleration of a shell

of wind is Du/Dt = κ Frad/c− (1/ρ)∂ p/∂ r, where Frad is the photon flux, u the shell velocity

and p the fluid pressure. The maximum velocity that can be reached by a shell, initially at ri, due

to the flash of photons from breakout at tbr is umax,γ = κ
∫ ∞

tbr
Fraddt/c < κ

∫ ∞
tbr

L dt/4πcr2
i ∝ r−2

i

where L denotes the SN luminosity. After beginning of SB at a radius rbr, the formation of a

collisionless shock is not immediate, see e.g. [12]. However, the r−2 dilution of breakout photons

ensures that a shell S1 initially at r1 ≥ rbr will catch up supersonically a shell S2 initially at r2,

with r2 (sufficiently) larger than r1. Despite the wind being nearly collisionless, S1 is prevented

from going through S2 by electromagnetic instabilities, which gives rise to a CS (see [13] for an

estimate of their growth time). For an optically thin wind, we confirm numerically the formation

of a CS after SB (as found by [12] and [2]) with our code, described in Section 2.2.

2



P
o
S
(
I
C
R
C
2
0
1
7
)
5
6
6

High-Energy CRs and Neutrinos around Supernova Shock Breakout Gwenael Giacinti

2.2 Optically thick winds

SB starts in the wind at τ ∼ c/us = β−1
s [4]. We have demonstrated in Ref. [16] that in the

case of moderately optically thick winds, the CS actually forms before SB: The RDS stalls in the

τ > β−1
s part of the wind, soon after exiting the hydrostatic core of the progenitor. This happens

when photon dilution due to shock curvature cannot be compensated by photon creation. We have

shown that, in a wind with density ρ(r) ∝ r−2, this happen if the shock velocity us does not exceed:

us . 0.1c

(

uw

10km/s

)

( r∗
1013 cm

)

(

Ṁ

5 ·10−4 M⊙/yr

)−1

, (2.1)

where uw is the wind velocity, r∗ the radius of the star, and Ṁ the mass-loss rate. Red supergiants

or Wolf-Rayet stars with relatively high mass-loss rates prior to the explosion are good candidates

for satisfying condition (2.1). For example, Type Ibc supernova SN 2008D/XRF 080109 may

have been an event in which a CS was formed before SB: Ref. [17] suggested that SN 2008D

is consistent with the explosion of a Wolf-Rayet star in a moderately thick wind, and that the

progenitor underwent a steady but enhanced mass-loss during the last . 10 days. Interestingly, the

parameters derived by [17] for SN 2008D (β1 ≈ 0.25, uw ≈ 1000 km s−1, and Ṁ ≈ 2 ·10−4 M⊙ yr−1

close to the star) marginally satisfy Inequality (2.1) for r∗ ≈ 1011 cm.

In contrast, progenitors of Type IIn supernovae are not expected to satisfy this scenario, since

Eq. (2.1), with typical values of Ṁ and uw for Type IIn, implies upper limits on us well below the

actual shock velocities. For progenitors with large Ṁ, the RDS should always survive the transition

from the core to the optically thick wind. For example, Type IIn supernova SN 2010jl does not

satisfy (2.1) because of the large mass-loss rate Ṁ ∼ 1M⊙ yr−1.

We confirm numerically the above statements with our Eulerian 1D-spherical radiation hy-

drodynamics code. The fluid is assumed to be fully ionized. The code is two-temperature (i.e.

proton and electron temperatures are assumed to be equal). We use a gray frequency average

for the radiation, and represent it by its internal energy Erad with characteristic temperature Trad =

(cErad/4σ)1/4, where σ is the Stefan-Boltzmann constant. At each time step, the radiation transport

is solved using a “square-root” flux-limited diffusion approximation, and the opacity κ is assumed

to be dominated by Thomson scattering. For the transfer of energy between fluid and radiation, we

take into account Compton cooling and bremsstrahlung, using the formulas of [12].

Our main result does not strongly depend on the density and temperature profile of the hydro-

static core, and we take as an example those for the red supergiant used in [12]. We choose initial

conditions such that the shock velocity reaches βs ≈ 0.1. We use winds with density profiles ∝ r−2.

We take here Ṁ = 5 · 10−4 M⊙ yr−1 and uw = 10 km s−1. A CS appears before SB, at r < 1.5r∗.

At the CS formation time, photons still have not started to escape from the optically thick material,

contrary to e.g. expectations for breakout from a stellar surface. Fig. 1 shows the CS at r ≈ 1.6r∗,

near the downstream of the radiation-dominated transition (remains of the initial RDS). See caption

of Fig. 1 for details. It appears as a growing discontinuity in the smoother velocity profile. The

radiation-dominated transition extends to radii larger than shown in Fig. 1. At such an early time,

the CS downstream temperature is only ∼ 1 keV because the radiation still provides most of the

fluid acceleration in its upstream, but we find the discontinuity in u to grow and the CS processes

a significantly larger fraction of ρu2
s at larger r. For other parameter values (smaller βs for Ṁ, uw
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Figure 1: Simulation of a red supergiant explosion in a thick wind before breakout. Zoom around the

downstream of the radiation-dominated transition of the shock, where a discontinuity (CS) can be seen

around r ≈ 5.28× 1011 m ≈ 1.6r∗ ≈ rbr/2. Left panel: Most of the fluid acceleration d(ρu)/dt is due to

the radiation, except in a thin zone at the CS, where the fluid contribution dominates. Right panel: Peaks in

p and in the electron temperature Te appear in the CS immediate downstream. Trad follows Te except in the

peak region.

fixed), radiation plays a smaller role, allowing the CS to emit in hard X-rays (& 10s keV) before

its photons break out. We find that for significantly larger Ṁ = (1, 5) ·10−3 M⊙ yr−1 and the same

core profile, the RDS survives the transition to the wind. Details of the hydrostatic core are not

found to be very important, and we test the Wolf-Rayet case by rescaling, as a first approximation,

the above profile to r∗ = 1011 cm and larger densities. We vary us by slightly changing the explo-

sion energy. For Ṁ = 5 ·10−4 M⊙ yr−1 and uw = 1000 km s−1, we find that for us & 0.15c, no CS

appears before SB, whereas they do appear before SB for us . 0.1c.

3. Particle acceleration

Assuming conservatively a magnetic field strength at the CS similar to that at the stellar sur-

face, Bs ∼ 10 G [18], and wind densities ρ ∼ 10−11(−9) g cm−3, the CS is super-Alfvénic. Once it

is formed, CR acceleration may start. Coulomb losses for suprathermal particles are sufficiently

small here and do not prevent them from entering diffusive shock acceleration and being accel-

erated. However, for Wolf-Rayet stars with Ṁ & 10−3 M⊙ yr−1, such losses start to inhibit CR

acceleration before SB. Some findings of [13] and [19] can be transposed to our study, yet we deal

here with a shock propagating in denser regions of the wind. Assuming Bohm diffusion for CRs

at the CS [20, 21], and equal dwell times in the downstream and the upstream, one finds a typical

acceleration time

τCR ≈
8ECR

3eBsu2
s

≈ 30s

(

ECR

10TeV

)(

Bs

10G

)−1( βs

0.1

)−2

(3.1)

for protons with energy ECR. This time can be optimistic when the discontinuity in velocity at

the shock is still small due to smoothing by radiation. However, magnetic field amplification at
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the shock due to the non-resonant hybrid (NRH) instability [22] plays a role in the opposite di-

rection by diminishing τCR and thereby facilitating CR acceleration. Magnetic field amplification

is (constantly) driven by the escape of the highest energy CRs in the upstream of the collisionless

shock, see [15]. For the ranges of parameter values that are relevant here, the typical growth time

of the NRH instability is smaller than the damping time of the turbulence by the radiation field,

which energy density is Urad ≈ ρu2
s . Therefore, magnetic field amplification should occur in such

conditions. In the upstream of the CS, a turbulent fluid parcel with velocity ut suffers momentum

losses due to radiation (second order Fermi for photons). From the momentum equation of the fluid

parcel, one can deduce the typical damping time of the turbulence :

τdamp =
ut

dut/dt
≈

c2

κρu2
s ut

&
c2

κρu3
s

. (3.2)

The size of the discontinuity in velocity at the CS may be written as ∆u = 3
4

f us, where 0 < f ≤ 1

and f = 1 is the limiting case where no radiation accelerates the upstream of the CS. The growth

rate of the fastest growing mode of the NRH instability is equal to γmax = 0.5 jCR

√

µ0/ρ , where

jCR ≃ 0.03ρ f 2u3
s e/ECR is the CR current density which drives it [15]. The instability growth time,

τNRH ≈ 5γ−1
max, is then small compared to τdamp :

τNRH

τdamp

.
10κ

√
ρECR

0.03c2e
√

µ0 f 2
≃ 0.08

(

ECR

10TeV

)(

f

0.05

)−2

×
(

Ṁ

5 ·10−4 M⊙/yr

)1/2(
uw

10km/s

)−1/2
( r

1013 cm

)−1

(3.3)

numerically for a wind with ρ ∝ r−2.

Let us note that 10 TeV energies are reachable before breakout because τCR ≪ (rbr − r∗)/us ≈
several hours (resp. minutes) for red supergiant (resp. Wolf-Rayet) progenitors with βs = 0.1 and a

shock breakout radius rbr ≈ 10r∗. For such red supergiants, τCR(at 10 TeV) is smaller than energy

loss times from pion production through inelastic pp and pγ collisions. The typical life time of a

CR proton due to pp collisions, τpp ≃ mp/0.2cρσpp, is

τpp ≈ 4min

(

uw

10km/s

)

( r

1013 cm

)2
(

Ṁ

5 ·10−4 M⊙/yr

)−1

. (3.4)

The background ∼ 10 eV photons in the thick wind are not sufficiently energetic to trigger

pion production through inelastic pγ scattering. For 10 TeV CRs, & 10 keV photons are required

to exceed the threshold for pion production. Photons with such energies can be produced by the ra-

diative CS. However, the number density of target photons nγ must be much less than ρu2
s/hν [19].

We find for the typical life time of a CR proton due to pγ collisions, τpγ ≃ 1/0.2cnγσpγ :

τpγ & 2min

(

uw

10km/s

)

( r

1013 cm

)2
(

Ṁ

5 ·10−4 M⊙/yr

)−1
( us

0.1c

)−2
(

ECR

10TeV

)−1

.

e± pair creation due to pγ interactions does not yield a stronger constraint.

In the case of Wolf-Rayet progenitors with the above parameters, τpp,pγ & 3 s. Consequently,

TeV energies may be reached for Wolf-Rayet stars.
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4. Secondary TeV neutrinos

Our findings provide a new technique to access information on SN progenitors inside thick

winds, such as the radius of the stellar core r∗, and the density profile at τ & β−1
s . Indeed, the

presence of & (1− 10)TeV CRs in such dense circumstellar winds would lead to the creation of

secondary & 100GeV−1 TeV neutrinos (from notably π± decay).

By detecting such secondary neutrinos before the first photons from breakout, one will improve

our knowledge of the still poorly understood late stages of massive star evolution. The time interval

between the arrival of the first neutrinos and photons is ∆tνγ ≈ (rbr − r∗)(β
−1
s −1)/c ≈ 8 hr (resp.

5 min) for red supergiants (resp. Wolf-Rayets) with the above parameters, us = 0.1c, and a shock

breakout radius rbr = 10r∗. Assuming that 5 % of the energy processed by the shock is channelled

into CRs, we typically find for a source at distance l, and a processed mass between r∗ and rbr of

≈ 10−5 M⊙, that ∼ 103 (3kpc/l)2 neutrinos with ∼TeV energies would be detectable before SB

by IceCube or KM3NeT. One could record a few of such neutrinos for an event in the Magellanic

Clouds.

5. Conclusions

In a core-collapse supernova, a RDS propagates through its progenitor star. If the circumstellar

wind is optically thin, the RDS stalls when it reaches the outer layers of the stellar core and a

collisionless shock forms in the wind. For progenitors with optically thick winds, the formation of

a CS should also occur no later than during or on the time scale of shock breakout. However, we

have pointed out in Section 2.2 that for some astrophysically-relevant progenitors surrounded with

thick winds, a CS forms well before SB. In such cases, the RDS stalls when entering the optically

thick part of the wind, notably because of shock curvature. Wolf-Rayet stars or red supergiants

with either dense winds or enhanced mass-loss prior to the explosion are good candidates. On the

other hand, Type IIn supernovae are expected to have too dense winds to form CS when the RDS

leave their cores.

In Section 3, we have discussed the onset of particle acceleration at the CS, in the case where

the CS is formed before SB from an optically thick wind. We have calculated the maximum CR en-

ergy that can be reached in such environments. We have found that protons are rapidly accelerated

to multi-TeV energies before SB, both for Wolf-Rayet and red supergiant progenitors. After SB,

significantly higher energies are expected to be reached in such dense winds, see Reference [15].

Finally, in Section 4, we have discussed the production of secondary ∼ TeV neutrinos from

the destruction of these CRs via pp and pγ interactions, as well as the prospects for detecting these

neutrinos.
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