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Young massive stellar clusters have come increasingly into the focus of discussions about the
origin of PeV cosmic rays. Recently, the High Energy Stereoscopic System (H.E.S.S.) observed
high-energy y-ray emission around the young massive stellar cluster Westerlund 1, characterised
by an energy independent, ring-like shape slightly off-set from the cluster position. We investigate
the origin of this emission by modelling hadronic and leptonic emission processes with the
open GAMERA library, discussing particle acceleration sites and propagation effects. Our findings
support a predominately leptonic origin of the emission and highlight how the cluster’s radiative
and mechanical feedback facilitates particle acceleration.
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Figure 1: Left: H.E.S.S. observations of the Westerlund 1 region (Fig. 1b in [2]), overlayed with the predicted
termination shock position assuming spherical symmetry. The star marks the cluster position, the small white
circle the center point of the spherical geometry, and the dashed line the galactic plane. Right: structure of a
bubble blown by a continuous wind from a central object. The interior is filled with hot, tenuous material.
Note that in reality the bubble is often deformed due to inhomogeneities in the external medium.

1. TeV y-rays around Westerlund 1 — Termination shock acceleration?

Young, massive stars have powerful, supersonic winds. In compact clusters, these winds and
SN ejecta combine into a cluster wind, which blows a superbubble (SB). A basic model [1] of such a
structure is shown in Fig. 1 (right). SBs enable particle acceleration, e.g., through large-scale shocks
and turbulence. A recent analysis of H.E.S.S. data [2] revealed ring-like, energy and sub-region
independent TeV y-ray emission around Westerlund 1 (designated HESS J1646—-458, Fig. 1, left),
following the detection of the source in 2012 [3]. We propose particle acceleration at the cluster
wind termination shock, Ry, as root cause of the emission and investigate the morphology and
spectrum. In Westerlund 1, Ry is expected to be at [1]
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with the numerical prefactor &, accounting for energy losses (see [4]), the cluster wind mass-loss
rate and velocity, M and vy, the density outside the SB, nex, and the age of Westerlund 1, #gys. This
value coincides well with the inner radius of the emission (see Fig. 1, left). We do not model the
acceleration process explicitly but assume an efficiency of conversation between the cluster wind
power, Ly, and the y-ray luminosity above 1 GeV: L, =nLy =n X 0.5Mv?2,. We focus on leptonic
emission processes, as hadronic models face severe difficulties (see Sect. 4). For an overview of
other source candidates and acceleration sites see [2]. An analysis extending the work shown here
can be found in [5]. All model parameters are summarised in Tab. 1.

As a prerequisite to the discussion of the leptonic model, we constrain the magnetic field in the
acceleration region, B,.., and estimate the cluster photon field. Hillas’ limit places a lower bound
on the former for a given maximum particle energy, Enax. The H.E.S.S. spectrum continues up to
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Table 1: Input and dependent parameters of our Westerlund 1 y-ray emission model. The values for njp,
Ry, and Ry, are calculated according to [1].

Input parameters Dependent parameters

Par. Value Description Par. Value Description

Lsys 4 Myr cluster age nine 0.078cm™  density inside SB

d 3.9kpc cluster distance Ve 2500kms~!  cluster wind velocity

Ly 10% ergs™! cluster wind power Ry 20pc terminantion shock radius
M 5% 10"* Mg yr~!  mass-loss rate Ry, 74 pc SB radius

B 2uG B-field (emission region) U 42¢V cm™3 cluster photon field energy density
By 2 uG B-field (acceleration region)

Pext 100 cm™3 density outside SB

Lol 1041 erg s cluster bolometric luminosity

Te 40,000 K cluster effective temperature

E, ~ 80TeV without a clear cut-off. The electrons should therefore reach at least Eyax ~ 100 TeV.
For the upstream field, Hillas limit reads [6]

Emaxc Emax Vw 1 Ry B
B ~0.7 ( ) G. 2
R (IOOTeV) 2500kms-! (20pc) K &

In addition, efficient particle acceleration requires M5 > 1, where the Alfvénic Mach number, M,
is the ratio of the wind velocity to the Alfvén speed, va = Bacc/v4mp(Ris). We express the gas
density in terms of the mass-loss, 47rp(R)R2vW = M, with the radial distance from the cluster, R,

and obtain My = vwvgl =M vWB;JCRt‘Sl. Hence, B, upstream of the shock has to be
_1 . 0.5 -1
Ry M Ma Vw 0.5
B < 4.5 — (—) G, 3
acc (20pc) (5 % 104 Mg yr—! ) ( 10 ) 2500 kms-1/ ©)

adopting Ma = 10 as a reference value for a strong shock. Equation 2 and 3 show that B,
is quite strongly constrained in our scenario, especially for a weak wind. We take By = 2 uG
as a fiducial value in the following. We consider inverse Compton (IC) scattering on the CMB,
direct and dust-scattered starlight (following [7]) and the cluster photon field. Due to its large
population of massive stars, which are bright and hot, the effective temperature of the cluster
photon spectrum is set to Tog = 40,000 K. The energy density is given by Uy = Lyg(47r%¢)™! ~
42(Lpo1/10*! ergs™") (R /20 pc) ™% eV cm ™, estimating the bolometric luminosity based on mea-
sured of stellar magnitudes [8—10].

2. Morphology

A unique feature of HESS J1646—-458 is its ring-like, energy independent morphology. We
model electron transport and cooling in the SB interior, assuming continuous injection at the
termination shock. The cooling times for leptonic interactions are calculated using the GAMERA!
library, which takes into account Klein-Nishina corrections. As Fig. 2 (left) shows, the cooling time
in the TeV-band is below the age of the system by ~2 orders of magnitude. The size of the source
is set by the length particles are transported within the cooling time. Transport can occur either by

Thttp://libgamera.github.io/GAMERA/docs/main_page.html
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Figure 2: Left: Cooling times for leptonic interactions at B = 2 uG inside the Westerlund 1 SB. Right:
Advection and diffusion timescales compared to the electron cooling time. The dashed, dash-dotted, and
dotted horizontal lines represent mean parent electron energies for H.E.S.S. maps with thresholds E > 0.37,
>1, and >4.9TeV (see [2], Fig. 3). The broad range given for the source’s radius represents its asymmetry.

advection in the out-flowing wind or by diffusion. Figure 2 (right) shows the timescales for these
processes, subdividing diffusion into a Bohm (D « E 1), Kraichnan (D « E 1/ 2), and a Kolmogorov
case (D o E'/3), where D is the diffusion coefficient, E the energy, and a turbulence injection scale
of 1 pc is assumed.

If the magnetic field in the emission region is comparable to that in the acceleration region,
i.e., B ~ 2 uG, the transport should have a non-negligible advective component. For higher B,
the cooling time is reduced, requiring the diffusive component to dominate. As diffusion is very
sensitive to the energy scaling of the turbulence (see Fig. 2, right), the source size is consistent with
several different scenarios. The characterisation of the H.E.S.S. emission as energy independent in
based on maps with energy thresholds £ > 0.37, >1, and >4.9 TeV (see [2], Fig. 3). For each map,
one can obtain an average y-ray energy, which in turn can be associated with an average parent
electron energy. The cooling times at these energies are shown in Fig. 2 (right). The expected
change in radius is ~5 pc for advection, i.e., ~4.4" at 3.9 kpc, which is barely detectable and within
the size variation seen in the maps. In addition, the energy scaling of D can counteract that of the
cooling time in the diffusive transport.

3. Spectrum

We assume a cut-off powerlaw injection spectrum, dN/(dEdt) o« E~%n exp(—E / Ecyofr), and
use the GAMERA library' to calculate cooling and y-ray emission. Ey.f is obtained from equating
the cooling and acceleration times in the Bohm limit. The latter is given by [11]
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where r, is the electron gyradius. Figure 3 (left) shows IC spectra for Byec = 2 uG, which places
the injection spectrum cut-off at 170 TeV. The IC model reproduces the spectral behaviour well
for ajyj = 2.1-2.3 and requires a plausible efficiency, nic = 0.09-0.28%. Higher values of By
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Figure 3: Left: IC models for the H.E.S.S. spectrum of the Westerlund 1 region. Right: Blue lines indicate
the SED for the aj,; = 2.2 model (solid line on the left). Other colours show synchrotron emission for
increased B, IC for T.g = 25,000 K, and an enhancement of the diffuse starlight and dust-scattered starlight
by a factor of 3. The grey area marks the H.E.S.S. band. The Planck upper bound on the synchrotron flux
inferred by [2] is indicated by the x-marker. The normalisation of all models matches that of the default case.

lead to lower cut-offs and systematically undershoot the highest energy data points, e.g., the cut-off
for a 5 uG field, which roughly coincides with the upper limit from Eq. 3, is at 130 TeV. The
right hand-side of Fig. 3 shows the multi-wavelengths SED model, which includes IC scattering,
synchrotron emission and bremsstrahlung. In addition, we show a hadronic component, assuming
proton acceleration at the termination shock, a 400 TeV cut-off in the injection spectrum, and
npp = 100mc. The proton-proton (PP) emission is significantly below the IC, unless efficiencies
close to 100% are assumed, which can be considered unrealistic. This result mainly stems from the
low density inside the SB cavity, nj, < 0.1 cm™>. We vary photon field parameters and the magnetic
field in the SED model (non-blue lines in Figure 3, right). The slope and shape of the spectrum
in the H.E.S.S. band change slightly if the cluster effective temperature is reduced compared to the
previously assumed T.q = 40,000 K or diffuse photon fields are enhanced. The latter could be a
consequence of UV starlight form the cluster being reprocesses by dust. Higher values of B increase
the synchrotron flux. [2] obtained an upper bound on this component from Planck data. Even for
the 10 uG case, our model is consistent with the bound.

4. Discussion and conclusion

We interpret the y-ray emission around Westerlund 1 in terms of particle acceleration at the
cluster wind termination shock. Spectrum and morphology are consistent with IC scattering of
energetic electrons on the ambient photon fields, which include the CMB, diffuse starlight and
dust-scattered starlight, and UV emission from the cluster. Theoretical considerations constrain
the acceleration region magnetic field to ~0.7-4.5 uG. In addition, we note that values larger than
~2 uG place the cut-off in the particle injection spectrum too low. With this constraint, the leptonic
model predicts all features of the emission very well.

To complete the picture, we briefly highlight the key arguments that speak against a hadronic
interpretation. A comprehensive discussion can be found in [5]. First, efficiencies close to 100%
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would be required to reproduce the observed flux level, as demonstrated in Sect. 3, unless a spectral
break not far below the H.E.S.S. band is present. Second, the PP cooling time is of the order
of ~500 Myr, which is far longer than the age of the system. Advection in the out-flowing wind
therefore carries protons inevitably out to the SB shell (cf. timescales in Fig. 2). Such a scenario
would require a very high external density, ~300cm™, to restrict the SB size to the size of the
H.E.S.S. emission region. In addition, protons would be expected to diffuse into the dense shell,
which should be clearly visible in y-rays. We hope that future observatories such as CTA and
SWGO will reduce the uncertainty in the spectrum above 20 TeV, as the position of the cut-off is a
vital signature for acceleration and emission models.
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