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Although supernova remnants are believed to be the most plausible sources of galactic cosmic
rays (CRs), it is yet unclear how they can accelerate particles beyond 1 PeV, especially when they
evolve in the warm phase of the interstellar medium (ISM). On the other hand, the contribution
of extra-galactic sources below hundreds of PeV is expected to be subdominant. This indicates
a glaring gap in our understanding of the CR spectrum observed near the Earth. In this work,
we propose a new model for the origin of Galactic CRs, taking into consideration the fact that
most core-collapse supernovae explode within massive star clusters, and therefore their remnants
do not expand in the warm ISM, but rather in a region where magnetic fields are amplified by
the nearby powerful stellar wind outflows. By analyzing the population of young star clusters in
the Milky Way, we find that a fraction of the supernova remnants expanding around the compact
cluster cores are able to accelerate protons beyond 10 PeV. We show that particle acceleration
around these clustered supernova remnant shocks can explain the observed CR spectrum up to
several hundreds of PeV.
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1. Introduction

Several arguments suggest that the transition between galactic and extragalactic cosmic rays
(CR) occurs around several hundreds of PeV [1–3]. This implies that 20% of the sources of galactic
CRs (GCRs) must be able to accelerate heavy nuclei up to hundreds of PeV, i.e. protons beyond
10 PeV, assuming rigidity-dependent acceleration [1, 4]. The nature of these very efficient galactic
accelerators is still actively debated. In particular, supernova remnant (SNR) shocks expanding in
the warm interstellar medium (ISM) struggle to reach PeV energies [5, 6].

Alternative scenarios include e.g. particle re-acceleration at the galactic wind termination shock
[7], collective effects in superbubbles [8], a contribution from the Galactic centre [9], hypernovae
[10], or young massive stars [11] and young stellar clusters blowing a collective wind [12]. Light has
been recently shed on the latter after the discovery that several massive star clusters emit very-high
energy gamma-rays [13, 14].

Most massive stars are actually found in clusters [15], around which stellar winds carve hot
“superbubbles” [16] where efficient particle acceleration could take place [17, 18]. A recent paper
[12] identified the promising possibility to accelerate particles around a SNR shock launched beyond
the core of a compact cluster. Large magnetic fields are amplified in the core of the cluster, which
facilitate efficient particle acceleration beyond 1 PeV. In favourable conditions, a fast SNR shock
could even accelerate protons beyond 10 PeV. The question is then, are these “clustered supernovae”
frequent enough to account for the GCR spectrum in PeV bands?

2. Maximum energy estimate

Provided that the characteristic velocity 𝑢, the average magnetic field 𝐵 and the relevant system
scale 𝐿 are correctly identified, the Hillas criterion, 𝐸𝑚𝑎𝑥 ≈ 𝑍𝑢𝐵𝐿 provides an estimate for the
maximum achievable energy. In the case of a SNR shock propagating beyond the core of a compact
cluster, the scale is typically 1 pc and the velocity about 5000 km/s providing the shock escaped
the core without being dramatically slowed down by interacting stellar winds or turbulent eddies.
As for the magnetic field, a simple estimate can be obtained assuming equipartition between the
magnetic and kinetic energy in the turbulent cluster core:

𝐵2

8𝜋
≈
(√

𝜌𝑐𝑆

𝑘0

)2/3
, (1)

where 𝜌𝑐 is the density in the core, 2𝜋/𝑘0 is the largest turbulence scale assumed to be equal to the
average distance between massive stars, and 𝑆 = 𝜂𝑇𝐿/𝑉 with 𝐿 ≈ 1038−39 erg/s the stellar power of
the cluster, 𝑉 the volume of the core and 𝜂𝑇 the efficiency of turbulence generation. Adopting an
efficiency of 𝜂𝑇 = 10% and typical parameters for the cluster lead to an estimate of 200 µG for the
average magnetic field. From the Hillas criterion we see that protons could be easily accelerated up
to several PeV. We have performed a detailed calculation in [12] which led to 𝐸𝑚𝑎𝑥 ≲ 4𝑍𝑢5 PeV,
where 𝑢5 is the initial SN shock velocity in units of 5000 km/s.

For comparison, a similar calculation performed in the case of a SNR expanding in a “loose”
cluster, that is, a cluster which is neither compact nor young enough to blow a collective wind, leads
to 𝐸𝑚𝑎𝑥 ≲ 0.1𝑍𝑢1/3

5 PeV [12].
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Figure 1: Left: Radial distribution (centred at the Sun) of the MSCs listed in [19]. Right: MSCs located
within 3 kpc, where wind-blowing clusters are shown in red and loose clusters in grey. The histogram in the
background shows the age distribution of the clusters.

3. The rate of clustered supernovae in the Galaxy

Most massive stars (≈ 80%), i.e. most SN progenitors, are gathered within either “wind-
blowing clusters” (WBC) or “loose clusters”. WBCs have enough power and are compact enough
to blow a collective wind, such that winds merge within the core and collective effects, such as
turbulence generation, are strong. On the other hand, loose clusters are not powerful enough, or
too extended, for the stellar winds to interact, and therefore the scenario of particle acceleration
described in the previous section does not apply. In order to estimate the frequency of supernovae
in WBCs, we must therefore first estimate the fraction of massive clusters which have the necessary
properties to blow a collective wind. Typically, we calculated that their half-mass radius must be
smaller than about 5 pc, and they must be in the “young” stage of their evolution, where the cluster
power is dominated by the powerful Wolf-Rayet stars (𝑡 ≲ 10 Myr).

In [19], almost 2000 open clusters identified in the second Gaia data release were analysed.
As seen on the left panel of Figure 1, the distribution of clusters drops beyond about 3 kpc, which
suggests that the catalogue is incomplete beyond this distance. We limit the analysis to the clusters
identified within 3 kpc. These clusters are then discriminated in regard of their size and age, as
shown on the right panel of Figure 1. The clusters which are young and compact enough to blow
a collective wind are displayed by the red dots. One sees that most clusters are in fact too old
to blow a collective outflow, such that only about 16% of the massive star clusters are actually
“wind-blowing”, which means that only about 16% of clustered core-collapse supernovae (CCSN)
can accelerate protons beyond 1 PeV. Assuming a clustering fraction of SN progenitors of 80%, and
a rate of CCSN of 2 per century, we conclude that clustered SN occur in WBC at a rate of about
2.6 per millennium.
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Figure 2: All-particle spectrum obtained from our computation, compared with recent data (see references
in [20]). The extra-galactic component is taken from [21] (UFA model).
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Figure 3: Left: Proton spectrum obtained from our computation, compared with recent data (see references
in [20]). Right: CR composition (mean logarithmic atomic mass) obtained from our computation, compared
with recent data taken from [2, 22], and references therein.
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4. Galactic CR spectrum from clustered supernovae

The contribution of supernovae in WBC to the galactic cosmic rays is modelled as a hard 𝐸−2

spectrum with an exponential cut-off at 4𝑍𝑢5 PeV. We normalise the spectrum assuming the rate
derived in the previous section, an energy per SN of 1051 erg, and an injection efficiency left as a
parameter. We also expect that only part of the SN shock is able to expand through the turbulent
core (e.g., if the SN explodes close to the edge, only about half of its power will be available
for efficient particle acceleration), such that we introduce a last parameter, 𝜉 ≪ 1, to reduce the
normalisation accordingly. Finally, as the maximum energy depends on the shock velocity, we
introduce a distribution of shock velocities up to 30000 km/s.

The contribution of SNR shocks which expand in loose clusters is assumed to scale as 𝐸−2−Δ𝑠

with an exponential cut-off at 0.1𝑍𝑢1/3
5 PeV [5]. We allow the slope to deviate from the canonical

value by a small shift Δ𝑠, as suggested by observations [23].
For completeness, we also model the contribution of the acceleration at wind termination shocks

(WTS) surrounding compact clusters, although this contribution is found to be subdominant.
Transport in the Galaxy is computed using a one-zone model, assuming a Galactic diffusion

coefficient of the form 𝐷𝐺𝑎𝑙 (𝐸, 𝑍) = 𝐷0(𝐸/𝑍) 𝛿 , where 𝐷0 = 1028 cm2/s and 𝛿 ∼ 0.3 − 0.5 is left
as a fitting parameter.

Figure 2 shows the spectrum obtained after adjustment of the 4 fitting parameters. We obtain
a good agreement up to 300 PeV with a reasonable proton injection efficiency of 18%, a spectral
steepening of SNR spectra in loose cluster Δ𝑠 = 0.17, an escape fraction 𝜉 = 0.25 (only a quarter
of the shock is able to escape the core on average) and a Galactic diffusion coefficient close to
the Kolmogorov scaling (𝛿 = 0.35). Above 300 PeV, we also show that a smooth transition with
a light sub-ankle extra-galactic component can be achieved. Good agreement is also obtained for
the proton component alone (left panel of Figure 3), and the model reproduces the trend on CR
composition (right panel of Figure 3).

5. Preliminary hydrodynamic simulations

Can supernovae escape the turbulent core of a wind-blowing cluster? Which fraction of the
energy budget remains under the form of a fast shock launched beyond the cluster boundary? To
answer these key questions, we run 3D hydrodynamic (HD) simulations with the publicly available
PLUTO code [24]. We show in Figure 4 the preliminary result of a test run. We used a simplified
setup with 10 identical massive stars randomly distributed within a sphere of diameter 1 pc. Each
star is blowing a wind with mass-loss rate 10−6 𝑀⊙/yr and terminal velocity 1000 km/s. This is
typical for early O stars in the main-sequence. The setup is stationary, we use an ideal equation of
state and thermal conduction and cooling are not yet implemented. After 3 Myr the cluster wind
termination shock has only partially decoupled from individual winds (see left panel of Figure 4).
Mild turbulence in the downstream region slows down its expansion. On the other hand, outflows
escape under the form of one-dimensional structures which we refer to as “tentacles”.

After about 3 Myr, the cluster transitions from the “nascent” stage to the “young” stage as
the most massive stars reach the end of their hydrogen-burning cycle and eventually explode in
supernovae, launching fast shocks in the cluster core. The middle panel of Figure 4 shows a density

5



P
o
S
(
I
C
R
C
2
0
2
3
)
1
9
2

Clustered supernovae as the sources of VHE galactic CRs Thibault Vieu

Figure 4: Preliminary results from a HD simulation with PLUTO. Left slice: density map of the region
surrounding the cluster core after 3 Myr. The white outline shows the transition between subsonic and
supersonic flows. Middle slice: density map 1 kyr after the explosion of a supernova inside the core of the
cluster. Right slice: velocity map 1 kyr after the SN explosion.

slice 1 kyr after a SN has exploded. Immediately after the passage of the shock, the stellar winds
carve again their cavities, leading to strong density inhomogeneities. However, the forward shock
is not slowed down dramatically by the stellar winds. As seen on the right panel of Figure 4, most
of the shock keeps propagating at several thousands km/s beyond the cluster core.

Although encouraging, this result is still very preliminary. A more realistic setup, with several
layers of massive stars in the cluster core, will be tested in the future in order to probe the dynamics
of SN shocks in and around a WBC.

6. Conclusion

We highlight the promising possibility to accelerate PeV protons around SNR shocks which
are launched from the core of young compact clusters. We have shown that these events are
frequent enough to account for the Galactic CRs up to hundreds of PeV, filling the gap between the
contribution from nominal SNR (up to a few PeV) and the extragalactic contribution (beyond a few
hundreds of PeV).

Our model relies on two strong assumptions: i) a fraction of the SNR shock can escape the
turbulent cluster core and ii) strong magnetic fields are generated in the core. We are now running
HD and MHD simulations in order to test these hypotheses, which are at the moment not disproved
by our preliminary results. Indeed, Wolf-Rayet winds seem to generate strong magnetic fields [25],
and a reasonable fraction of the SN shocks can reach the edge of the core without being slowed
down.
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