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Young massive stellar clusters as cosmic-ray sources:
the case of Westerlund 1
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Young massive stellar clusters are increasingly discussed as major contributors to the flux of
Galactic cosmic rays. Westerlund 1, being the most massive young stellar cluster in the Milky
Way, is a prime target to study in this regard. We present results from deep observations of
the region around Westerlund 1 in very-high-energy gamma rays with the H.E.S.S. array of
Cherenkov telescopes. We observe a large-scale (∼2◦ diameter) emission region with a shell-like
structure, extending far beyond the stellar cluster itself. No indications for a variation of the source
morphology with energy could be found, the combined energy spectrum extends to several tens of
TeV. Apart from Westerlund 1, no other potential counterparts were found that can be responsible
for the bulk of the gamma-ray emission. We discuss various different explanations for the origin
of the gamma-ray emission, considering both cosmic-ray acceleration at shock fronts within the
cluster as well as scenarios related to the powerful combined cluster wind.
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1. Introduction

Young massive stellar clusters have been proposed as cosmic-ray acceleration sites already
almost 40 years ago [1]. Recently, there has been an increased interest in young massive stellar
clusters as potential sources of the highest-energy cosmic rays [2], and several recent works have
studied cosmic-ray acceleration at various sites connected to young massive stellar clusters and their
surrounding superbubbles (e.g. [3,4]). With an estimated mass of around 105 𝑀� [5], Westerlund 1
is the most massive young stellar cluster in the Milky Way, and thus a target of prime interest to
test these predictions. It is located about 4 kpc away from Earth [6] and 3 − 5 Myr old [5]. Its
half-mass radius is approximately 1 pc [7]. In 2012, the H.E.S.S. Collaboration has reported the
detection of an extended 𝛾-ray source – denoted HESS J1646−458 – around Westerlund 1 [8]. Due
to the limited data set available at the time, no definitive conclusions on the association of the 𝛾-ray
emission could be drawn. Here, we summarise results from a recently published, updated study
of the 𝛾-ray emission surrounding Westerlund 1 with the H.E.S.S. telescopes [9]. All results and
figures presented in this proceedings article are based on this study, to which the reader is referred
for further details.

2. H.E.S.S. data set and analysis

H.E.S.S. is an array of five imaging atmospheric Cherenkov telescopes, located in the Khomas
highland in Namibia [10,11]. The data set for HESS J1646−458 comprises 362 observations runs,
corresponding to a total observation time of 164.2 h. Only data from the four smaller (12 m diameter)
H.E.S.S. telescopes have been considered in this study. The analysis has been carried out above
an energy threshold of 0.37 TeV. 𝛾 ray-like events have been selected using a multivariate analysis
technique [12] and reconstructed with the ImPACT algorithm [13]. For the high-level analysis, we
employed the Gammapy package (v0.17) [14,15] to carry out a three-dimensional likelihood analysis.
To model the residual background of cosmic ray-induced air shower events, we utilised the approach
outlined in [16].

3. Results

In Fig. 1(a), we show a 𝛾-ray flux map of the region around Westerlund 1. The 𝛾-ray emission
of HESS J1646−458 is largely extended, about 2◦, or 140 pc in diameter. Remarkably, it is not
peaked at the position of the stellar cluster. Instead, a shell-like structure that is almost centred on the
cluster can be made out, with several bright peaks in addition. A detailed investigation of possible
counterparts for the emission has revealed that while the two energetic pulsars PSR J1648−4611
and PSR J1650−4601 may contribute locally in their immediate surroundings, only cosmic rays
accelerated by Westerlund 1 can be made responsible for the majority of the emission.

The shell-like morphology of the emission is also reflected in the radial excess profile shown
in Fig. 1(b) (black line). The peak at ∼0.5◦ corresponds to a distance from the centre of ∼34 pc.
To test for a possible energy-dependent morphology, we also computed radial profiles in different
energy bands (coloured lines). The profiles are all compatible with each other, implying that we
find no indications for an energy-dependent morphology of the emission.
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Figure 1: (a) Flux map showing the 𝛾-ray emission around the young massive stellar cluster Westerlund 1.
The black star marks the position of Westerlund 1, the grey dashed line the Galactic plane. The dark grey
symbols denote positions of sources from the Fermi-LAT 4FGL-DR2 catalogue [17,18]. The white circle
shows the position with respect to which the radial profiles in the right-hand panel have been computed. (b)
Radial profiles of the 𝛾-ray excess. The thick black curve shows the total emission and the coloured curves
are for different energy bands. The profiles have been normalised so that they can directly be compared.

To study the energy spectrum of HESS J1646−458, we defined 16 square ‘signal regions’,
labelled a–p (see Fig. 2(a)), for which we extracted separate spectra. For each region, we fitted
the 𝛾-ray excess with a power-law model, d𝑁/d𝐸 ∝ (𝐸/1 TeV)−Γ, where Γ denotes the power-law
spectral index. In Fig. 2(b), we show the spectral indices for all regions as a function of their
separation from the centre point (white circle in Fig. 1(a)). No trend can be made out, implying
that the energy spectra in the 16 signal regions are very similar to each other – a confirmation of
our previous finding that the morphology of HESS J1646−458 does not change with energy.

16h55m 50m 45m 40m

−45◦

−46◦

−47◦

Right Ascension

D
ec

lin
at

io
n 1

2
3

4

5

−2.5

0.0

2.5

5.0

7.5

10.0

12.5

15.0

Si
gn

ifi
ca

nc
e

[σ
]

(a)

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Angular separation from centre [deg]

2.2

2.4

2.6

2.8

3.0

Γ

a

b
c

d
ef

g
h

i
j

k l

m

n

o

p

(b)

Figure 2: (a) Significance map showing the definition of ‘signal regions’ that are used for spectrum extraction.
(b) Fitted power-law spectral index Γ in each region as a function of the distance from the centre point.
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To obtain a combined energy spectrum for HESS J1646−458, we summed the flux points
extracted for all signal regions; the result is shown by the black points in Fig. 3. Remarkably,
the combined spectrum extends to several tens of TeV, revealing that Westerlund 1 must be a
powerful cosmic-ray accelerator. Fitting the combined flux points with a power-law model with
exponential cut-off (ECPL), d𝑁/d𝐸 ∝ (𝐸/1 TeV)−Γ · exp(−𝐸/𝐸𝑐), we obtained a spectral index of
Γ = 2.30 ± 0.04 and a cut-off energy of 𝐸𝑐 = (44+17

−11) TeV. Additionally, we employed the Naima
package [19] to fit a hadronic (proton-proton) and a leptonic (inverse Compton) model to the flux
points. For the hadronic model, we obtained a primary proton spectrum with index Γ𝑝 = 2.33±0.06
and cut-off energy 𝐸

𝑝
𝑐 = (400+250

−130) TeV. The total required energy in protons above an energy of
1 GeV is 𝑊𝑝 = 6 × 1051(𝑛/1 cm−3)−1 erg, where 𝑛 is the density of the ambient medium. For the
leptonic model, we obtained a primary electron spectrum with index Γ𝑒 = 2.97 ± 0.07 and cut-off
energy 𝐸𝑒

𝑐 = (180+200
−70 ) TeV, where we have used a target photon field related to the stellar cluster in

addition to the usually adopted infrared and cosmic microwave background photon fields (see [9]
for details). The required luminosity in electrons above 0.1 TeV is at least 𝐿𝑒 > 4.1 × 1035 erg s−1,
and increases in the presence of magnetic fields to due synchrotron losses of the electrons.
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Figure 3: Combined energy spectrum of HESS J1646−458. The solid orange, dashed green, and dashed-
dotted red lines show model curves fitted to the data points. Fitted power law models for each signal region
are displayed by solid blue lines, where darker shades indicate a closer proximity to Westerlund 1. The
dashed blue line denotes the sum over all signal regions. The bottom panel shows the ratio to the fitted ECPL
model (orange line).

To explore the feasibility of a hadronic scenario, in which the 𝛾-ray emission is due to inter-
actions of cosmic-ray nuclei with ambient matter, we searched for a correlation between the 𝛾-ray
emission and hydrogen gas as indicated by radio line emission surveys. Specifically, we used the
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SGPS H I survey [20] to infer the presence of atomic hydrogen gas and the Mopra 12CO survey [21]
as a tracer for molecular hydrogen. In Fig. 4, we show the resulting maps of the H I and CO emission
in the vicinity of Westerlund 1, and compare them to the 𝛾-ray emission. Both the H I and CO
map show that hydrogen is in principle present in the region. Indeed, we obtained an average gas
density of ∼10 cm−3 for the whole region. However, in particular the molecular gas is distributed
very inhomogeneously, and the maps indicate that the gas density is low in regions with bright 𝛾-ray
emission. This presents a challenge for the hadronic scenario. Nevertheless, the scenario cannot be
ruled out, as the estimates of gas distributions are afflicted with substantial systematic uncertainties
(e.g. part of the gas is expected to be ionised due to the ultraviolet radiation from the stellar cluster),
and because the underlying distribution of cosmic rays need not be uniform.
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Figure 4: Maps showing H I emission (top panel; [20]) and 12CO emission (bottom panel; [21]) in the
region around Westerlund 1. Both show the emission for a velocity interval of 𝑣 = [−60,−50] km s−1, which
approximately corresponds to a distance of 3.9 kpc. The white star marks the position of Westerlund 1, the
grey dashed line the Galactic plane. The red contour lines are from the 𝛾-ray flux map shown in Fig. 1(a).
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4. Discussion

Based on the lack of energy-dependent morphology of HESS J1646−458 and the required
energetics to explain the 𝛾-ray emission, we conclude that only Westerlund 1 can explain the
majority of the emission. Various possibilities for the acceleration site of the cosmic rays exist:

• Acceleration within the cluster. Acceleration within the cluster could happen at shock fronts
that form in the interaction of the stellar winds of the massive stars inside the cluster, or in
the interaction of a supernova shock wave with a stellar wind. The lack of energy-dependent
morphology rules out a leptonic scenario, as a steepening of the spectrum towards larger radii
would be expected in this case. A hadronic scenario is in principle viable energetically, but
requires the presence of multi-PeV protons within the cluster to overcome inevitable adiabatic
losses during propagation.

• Acceleration in turbulent superbubble. In this scenario, cosmic rays are accelerated via
stochastic scattering on magnetic turbulence inside the superbubble blown by the collective
cluster wind (see e.g. [4]). However, basic superbubble models suggest that for Westerlund 1,
the bubble should have a radius of O(180 pc), which is much larger than the observed 𝛾-
ray emission. An outer shock at such a large radius has also not been observed at other
wavelengths, which makes this possibility seem unfavoured. On the other hand, the evolution
of superbubbles is a complex process that may in reality develop differently than predicted
by basic models.

• Acceleration at cluster wind termination shock. For a sufficiently compact cluster, the
collective cluster wind is expected to form a termination shock, which has been proposed as
an efficient cosmic-ray acceleration site (e.g. [3]). Intriguingly, basic superbubble models
suggest that the termination shock for Westerlund 1 should lie at a radius of O(30 pc),
which matches the radius of the observed shell-like structure in the 𝛾-ray emission. A
hadronic scenario would work energetically, but require the presence of a relatively strong
magnetic field (O(50 µG)) in order to confine the cosmic rays for long enough. Interestingly,
an acceleration at the termination shock also renders a leptonic scenario feasible, as the
acceleration site naturally explains the complex structure of the 𝛾-ray emission. In this case,
the magnetic field should be low enough (𝐵 . 10 µG) so that the electrons do not radiate too
much synchrotron emission.

While neither of the above possibilities can be ruled out, the fact that the observed radius of
the shell-like structure in the 𝛾-ray emission coincides with the predicted radius of the cluster wind
termination shock could be a tantalising hint.

5. Conclusion

We have presented the results of a recent study of the 𝛾-ray emission of HESS J1646−458,
which surrounds the young massive stellar cluster Westerlund 1 [9].

HESS J1646−458 is a largely extended (∼2◦) 𝛾-ray source with a very complex morphology.
The 𝛾-ray emission exhibits a shell-like structure that does not seem to depend on energy. The
combined energy spectrum extends to at least several tens of TeV.
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Detailed investigations of possible counterparts have shown that only the young massive
stellar cluster Westerlund 1 can explain the majority of the emission – revealing it as a powerful
cosmic-ray accelerator. While the exact acceleration site and mechanism could not be determined
unambiguously, the H.E.S.S. results provide important new constraints for models of cosmic-ray
acceleration in massive stellar clusters. The observed shell-like structure of the emission could hint
at cosmic rays being accelerated at the termination shock of the collective cluster wind.

In conclusion, the study of Westerlund 1 has shown that young massive stellar clusters likely
contribute to the flux of Galactic cosmic rays. However, to quantitatively assess their contribution,
a better understanding of the exact acceleration mechanism and studies of further clusters are
necessary.
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