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Cosmic rays from young massive stellar clusters
■ Proposed a long time ago (e.g., [1])
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Cosmic rays from young massive stellar clusters
■ Proposed a long time ago (e.g., [1])


■ Renewed interest in recent years (e.g., [2])


■ Acceleration to PeV energies at termination 
shock of collective cluster wind? [3]


■ Or stochastic acceleration in dynamical 
superbubble? [4]


■ Young & massive stellar clusters 
could contribute substantially to flux 
of Galactic cosmic rays 
→ challenging the “SNR paradigm”
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Westerlund 1
■ Most massive known young stellar cluster in Milky Way

▪Half-mass radius: 


▪ Total mass: 


▪ Age:                    all uncertain / debated!


▪Distance: 


■ Harbours X-ray magnetar, but no other known stellar remnants

∼ 1 pc
∼ 105 M⊙

3.5 − 5 Myr
∼ 4 kpc
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optical X-ray

Credit: NASA/CXC/UCLA/M.Muno et al.
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Westerlund 1
■ Most massive known young stellar cluster in Milky Way

▪Half-mass radius: 


▪ Total mass: 


▪ Age:                    all uncertain / debated!


▪Distance: 


■ Harbours X-ray magnetar, but no other known stellar remnants


■  -ray source: HESS J1646–458 [5]

▪ largely extended (  diameter)


▪ centroid coincident with Westerlund 1


▪ unbroken spectrum to 


▪ limited data set (34 h) 
→  no definitive conclusion on 
      association of -ray emission

∼ 1 pc
∼ 105 M⊙

3.5 − 5 Myr
∼ 4 kpc

γ
∼ 2∘

∼ 20 TeV

γ

8

optical X-ray

Credit: NASA/CXC/UCLA/M.Muno et al.
A&A 537, A114 (2012)

Fig. 1. H.E.S.S. excess map of the region around Wd 1 corrected for the
camera acceptance, in units of equivalent on-axis VHE γ-ray events per
arcmin2 and obtained with the template background method. The image
is smoothed with a 2D Gaussian kernel with a variance of 0.12◦ to re-
duce the effect of statistical fluctuations. Significance contours between
4σ and 8σ are overlaid in black, obtained by integrating events within a
radius of 0.22 degrees at each given position. The green star marks the
position of Wd 1, the white cross the best fit position of the VHE γ-ray
emission and the black dashed line the Galactic plane. The inlay in the
lower left corner represents the size of a point-like source as it would
have been seen by H.E.S.S. for this analysis and the same smoothing,
normalised to the maximum of HESS J1646–458. The dotted white cir-
cle has a radius of 1.1◦ and denotes the region which was used for the
spectral reconstruction of the VHE γ-ray emission. Note that the bright
region in the lower right corner is the source HESS J1640–465 detected
during the GPS (Aharonian et al. 2006c).

3. VHE results

3.1. Position

Figure 1 shows a background-subtracted, camera acceptance-
corrected image of the VHE γ-ray counts per arcmin2 of the
3◦× 3◦ FoV centred on the best fit position of the γ-ray ex-
cess as obtained with the template background method. The ac-
ceptance correction has been performed using γ-ray like back-
ground events that pass the γ-ray selection cuts. The map is
smoothed with a Gaussian kernel with a variance of 0.12◦ to re-
duce the effect of statistical fluctuations and to highlight signif-
icant morphological features. Significance contours from 4σ to
8σ are overlaid after integrating events within a radius of 0.22◦
at each trial source position. This integration radius is matched
to the rms of the Gaussian to resample significant features in
the sky image and is chosen a priori to match the integration ra-
dius typically used in the GPS analysis for the search of slightly
extended sources (Aharonian et al. 2006c). Given the extended
and complex morphology of the VHE γ-ray emission the po-
sition obtained from a two-dimensional Gaussian fit convolved
with the H.E.S.S. PSF to the raw excess count map obtained for
ζhard-cuts is used to derive an estimate on the centre of grav-
ity of the emission. The two-dimensional Gaussian fit gives a
best fit position of RA 16h46m50s±27s and Dec −45◦49′12′′±7′
(J2000). Within statistical errors the centre of gravity of the VHE
γ-ray emission is consistent with the nominal Wd 1 cluster posi-
tion of RA 16h47m00.40s and Dec −45◦51′04.9′′ (J2000). Based
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Fig. 2. H.E.S.S. radial profile relative to the best-fit position of the
VHE γ-ray emission. The dotted vertical line denotes the 95% contain-
ment radius used to obtain the spectrum shown in Figure 4. Note that the
region covering the bright source HESS J1640–465 (see Figure 1) has
been excluded for the radial profile shown in black by omitting a circle
segment with 220◦ ≤ φ ≤ 260◦ for radii of 1.0◦ ≤ r ≤ 1.4◦. The red
graph displays the radial profile without excluding HESS J1640–465.

on the radial profile shown in Fig. 2 the 95% containment ra-
dius of the VHE γ-ray emission relative to the best fit position
is determined to be 1.1◦. This radius is used to extract the en-
ergy spectrum presented in Sect. 3.3. Note that although the sky
image gives the impression that the region used for spectral re-
construction is contaminated by γ rays from HESS J1640–465,
this is mostly an artifact of the smoothing procedure. The real
contribution is less than 10% in a ring between 1.0 and 1.1 de-
gree from the best fit position and only 0.8% in the whole spec-
tral extraction region. Within the integration region of 1.1◦ a to-
tal of 2771 ± 139 γ-ray excess events at a significance level of
20.9σ pre-trials (20.1σ post-trials) are found.

3.2. Morphology

In order to investigate the multi-source hypothesis two emis-
sion regions A and B (shown in Fig. 3 (left)) are considered.
The radii of 0.35◦ and 0.25◦ of region A and B, respectively,
are chosen according to the widths of the two substructures. A
one-dimensional slice in the uncorrelated excess image along the
major axis between the two regions has been produced. The fit
of two separate sources with Gaussian shape results in a χ2 of
2.0 for 4 degrees of freedom with a probability of 74%. The
probability that the emission is explained by a single Gaussian
profile or a constant value is found to be rather low at 0.2% and
0.1%, respectively. An F-test also supports the multi-source hy-
pothesis, given that the probabilities that the constant or sin-
gle Gaussian emission models are preferred over the double
Gaussian fit are <0.02 and <0.01, respectively.

Figure 3 (left) also suggests a contribution from diffuse
VHE γ-ray emission along the Galactic plane which extends
1◦ to 2◦ from region A north-eastwards. This impression is
supported by the one-dimensional slice shown in Fig. 3 (bot-
tom right), where the significance of the emission in all bins
with distance 0.5◦ ≤ d ≤ 1.8◦ from the centre of region A
is between 2σ and 4σ. This diffuse emission could be due to
unresolved VHE γ-ray sources or a Galactic diffuse emission
component, caused by the interaction of GCRs with molecular
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New H.E.S.S. analysis
■ Data set

▪ 164 h live time, taken 2004–2017


▪ 12-m telescopes only


■ Data analysis

▪ Very large source extent & other nearby sources 
→ cannot estimate background from source-free regions


▪ Employ background model from archival observations (see [6])


▪ Perform high-level analysis with Gammapy (https://gammapy.org)


▪ Energy threshold: 


■ Publication

▪ “A deep spectromorphological study of the -ray emission 

surrounding the young massive stellar cluster Westerlund 1”


▪ Accepted in A&A on July 21


▪ Pre-print: arXiv:2207.10921

0.37 TeV

γ
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Results: Flux map
■ Source morphology

▪ very large extent:  / 


▪ very complex


▪ not peaked at cluster position


▪ shell-like structure

▪ some bright spots on top


▪ centroid slightly shifted from Westerlund 1

∼ 2∘ 140 pc
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Results: Flux map
■ Source morphology

▪ very large extent:  / 


▪ very complex


▪ not peaked at cluster position


▪ shell-like structure

▪ some bright spots on top


▪ centroid slightly shifted from Westerlund 1


■ Potential counterparts

▪Westerlund 1 (   )


▪Magnetar within Westerlund 1 
(CXOU J164710.2–455216)

▪ LMXB 4U 1642–45 (  )


▪ PSR J1648–4611 (   ) / PSR J1650–4601 (   )

∼ 2∘ 140 pc
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Results: Flux map
■ Source morphology

▪ very large extent:  / 


▪ very complex


▪ not peaked at cluster position


▪ shell-like structure

▪ some bright spots on top


▪ centroid slightly shifted from Westerlund 1


■ Potential counterparts

▪Westerlund 1 (   )  →  bulk of emission


▪Magnetar within Westerlund 1 
(CXOU J164710.2–455216)

▪ LMXB 4U 1642–45 (  )


▪ PSR J1648–4611 (   ) / PSR J1650–4601 (   ) 
→  may contribute locally

∼ 2∘ 140 pc
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Results: Flux map ( )E > 1 TeV
■ Source morphology

▪ very large extent:  / 


▪ very complex


▪ not peaked at cluster position


▪ shell-like structure

▪ some bright spots on top


▪ centroid slightly shifted from Westerlund 1


■ Energy-dependent morphology?

▪ bright spots remain


▪ shell-like structure persists

∼ 2∘ 140 pc
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Results: Flux map ( )E > 4.9 TeV
■ Source morphology

▪ very large extent:  / 


▪ very complex


▪ not peaked at cluster position


▪ shell-like structure

▪ some bright spots on top


▪ centroid slightly shifted from Westerlund 1


■ Energy-dependent morphology?

▪ bright spots remain


▪ shell-like structure persists

∼ 2∘ 140 pc
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Results: Radial excess profiles
■ Profiles are with respect to centroid of emission


■ Confirm shell-like structure


■ Peak at   → 


■ Remarkably similar in all energy bands 
→ no energy-dependent morphology


■ Also no significant variations 
in azimuthal segments

∼ 0.5∘ ∼ 34 pc
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Results: Energy spectrum
■ Extract spectrum in 16 signal regions


■ Individual spectra remarkably similar


■ Combined spectrum extends to several tens of TeV


■  , Γ = 2.30 ± 0.04 Ec = (44+17
−11) TeV
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Results: Energy spectrum
■ Extract spectrum in 16 signal regions


■ Individual spectra remarkably similar


■ Combined spectrum extends to several tens of TeV


■  , 


■ Hadronic model (proton-proton)

▪  , 


▪  


■ Leptonic model (Inverse Compton)

▪  , 


▪  

Γ = 2.30 ± 0.04 Ec = (44+17
−11) TeV

Γp = 2.33 ± 0.06 Ep
c = (400+250

−130) TeV

Wp( > 1 GeV) = 6 × 1051 ( n
1 cm3 )

−1

erg

Γe = 2.97 ± 0.07 Ee
c = (180+200

−70 ) TeV
Le( > 0.1 TeV) > 4.1 × 1035 erg s−1
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Results: Correlation with gas maps
■ Hadronic scenario requires target material for interactions


■ Comparison with H I (→ atomic hydrogen) 
and CO (→ molecular hydrogen) line emission [7,8]


■ Indicates low density in regions of bright -ray emission


■ A challenge for the hadronic scenario… 
…but there could be ways out:

▪ gas distribution uncertain (uncertain distance, photodissociation 

of molecules due to cluster radiation, …)


▪ distribution of cosmic rays need not be uniform

γ
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Results: Correlation with gas maps
■ Hadronic scenario requires target material for interactions


■ Comparison with H I (→ atomic hydrogen) 
and CO (→ molecular hydrogen) line emission [7,8]


■ Indicates low density in regions of bright -ray emission


■ A challenge for the hadronic scenario… 
…but there could be ways out:

▪ gas distribution uncertain (uncertain distance, photodissociation 

of molecules due to cluster radiation, …)


▪ distribution of cosmic rays need not be uniform

γ
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Discussion
■ No energy-dependent morphology + energetics:

▪Only Westerlund 1 can explain bulk of emission


▪ Pulsars may contribute locally
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Discussion
■ No energy-dependent morphology + energetics:

▪Only Westerlund 1 can explain bulk of emission


▪ Pulsars may contribute locally


■ Acceleration within cluster (e.g. wind-wind interactions)

▪No energy-dependent morphology rules out leptonic scenario


▪Hadronic scenario viable energetically, but need > PeV cosmic rays 
to overcome adiabatic energy losses during propagation
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Discussion
■ No energy-dependent morphology + energetics:

▪Only Westerlund 1 can explain bulk of emission


▪ Pulsars may contribute locally


■ Acceleration within cluster (e.g. wind-wind interactions)

▪No energy-dependent morphology rules out leptonic scenario


▪Hadronic scenario viable energetically, but need > PeV cosmic rays 
to overcome adiabatic energy losses during propagation


■ Acceleration in turbulent superbubble

▪ Basic superbubble models suggest 


▪ Exceeding -ray emission region, outer shock not observed at other wavelengths 
→ not favoured (but reality is certainly more complex!)

RSB ∼ 𝒪(180 pc)
γ
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Discussion
■ No energy-dependent morphology + energetics:

▪Only Westerlund 1 can explain bulk of emission


▪ Pulsars may contribute locally


■ Acceleration within cluster (e.g. wind-wind interactions)

▪No energy-dependent morphology rules out leptonic scenario


▪Hadronic scenario viable energetically, but need > PeV cosmic rays 
to overcome adiabatic energy losses during propagation


■ Acceleration in turbulent superbubble

▪ Basic superbubble models suggest 


▪ Exceeding -ray emission region, outer shock not observed at other wavelengths 
→ not favoured (but reality is certainly more complex!)


■ Acceleration at cluster wind termination shock

▪ Basic superbubble models suggest 


▪Matches radius of shell-like structure in -ray emission!


▪Hadronic scenario works energetically, but need  to confine cosmic rays


▪ Leptonic scenario also feasible! (need  to “hide” synchrotron emission)

RSB ∼ 𝒪(180 pc)
γ

RTS ∼ 𝒪(30 pc)
γ

B ∼ 𝒪(50μG)
B ≲ 10μG
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Conclusion
■ HESS J1646–458

▪Complex, very extended morphology


▪ Shell-like structure, no variation with energy


▪Combined spectrum extending to several ten TeV


■ Westerlund 1

▪ A powerful cosmic-ray accelerator!


▪Cannot determine acceleration site / mechanism unambiguously, 
but H.E.S.S. results provide important constraints


▪ Intriguing connection between shell-like structure 
and wind termination shock?


■ Young massive stellar clusters

▪ Likely contribute to flux of Galactic cosmic rays…


▪…but we need a better understanding of the acceleration mechanism 
    to assess how much → follow-up studies necessary!


■ See paper (arXiv:2207.10921) for details!
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Distance to Westerlund 1

■ A matter of ongoing debate


■ Most estimates agree with ~4 kpc

27

Reference Distance (kpc) Method
Clark et al. 2005 < 5.5 Yellow Hypergiants

Crowther et al. 2006 5.0 +0.5-1.0 Wolf-Rayet stars
Kothes & Dougherty 2007 3.9 ± 0.7 H I observations

Brandner et al. 2008 3.55 ± 0.17 Near-infrared observations, colour-magnitude diagram
Aghakhanloo et al. 2020 2.6 +0.6-0.4 Gaia (DR2) parallaxes
Aghakhanloo et al. 2021 2.8 +0.7-0.6 Gaia (EDR3) parallaxes
Davies & Beasor 2019 3.87 +0.95-0.64 Gaia (DR2) parallaxes, smaller (cleaner?) sample

Rate et al. 2020 3.78 +0.56-0.46 Gaia (DR2) parallaxes of WR stars
Beasor et al. 2021 4.12 +0.66-0.33 Gaia (EDR3) parallaxes

Negueruela et al. 2022 4.23 +0.23-0.21 Gaia (EDR3) parallaxes
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Fit of hadronic background model
■ Construction of model described in [6]


■ Adjust model for each run via two parameters:

▪ Background normalisation (global scaling)


▪ Background spectral tilt (factor )


■ Fit background model outside exclusion region


■ Derive exclusion region with iterative procedure


■ Resulting significance distribution indicates good agreement

(E/E0)−δ
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Galactic diffuse emission
■ Likely contributes to emission, but is difficult to estimate


■ Use prediction from PICARD propagation code [9]


■ Absolute flux level is very uncertain!

■ Shell-like structure not affected
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■ Very similar spectra in all regions


■ Only significant deviation: region “d”
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Gas maps for alternative distances
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