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Westerlund 1

■ Massive young stellar cluster 
▪ Age:   [1] 

▪ Total mass:   [1] 

▪ Distance:   [2] 

▪ (all uncertain / debated!) 

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

■ Diffuse GeV emission (Fermi-LAT) [3], 
largely extended TeV emission (H.E.S.S.) [4] 

■ Hypothesised as a 
PeVatron candidate [5] 

■ TeV -ray observations 
are key for confirming 
this!

3.5 − 5 Myr
∼ 105 M⊙

∼ 3.9 kpc
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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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In a proton–proton scenario, a GeV counterpart to the TeV emis-
sion is expected with comparable luminosity to the TeV emission
and hence detectable with Fermi-Large Area Telescope (LAT), al-
beit with potential different morphology due to energy-dependent
diffusion, motivating the study presented here.

2 FERMI- L AT DATA A N D A NA LY S I S

The LAT on board the Fermi satellite is a pair-conversion instru-
ment, operating in the 30 MeV to 300 GeV energy range. The point
spread function (PSF) of the LAT varies with energy and becomes
less than 0.◦5 above ∼3 GeV (Atwood et al. 2009). The data set anal-
ysed here comprises a total of ∼4.5 yr of observations from 2008
August until 2013 January. Only photons with energies ≥3 GeV are
used, greatly reducing the impact of the Galactic diffuse emission on
the analysis, minimizing the contribution of the bright GeV-detected
pulsar PSR J1648−4611 in this region and allowing us to search for
multiple, spatially separated components. The Fermi Science Tools

package V9R27P1 and instrument response functions P7Source_V6
are used. Photons from within a 14◦ × 14◦ region centred at the
optical Wd 1 position are used in a binned maximum likelihood
analysis. Sources that are listed in the Fermi 2 yr catalogue (2FGL)
and lie within 15◦ of Wd 1 are modelled. The flux normalizations
of objects within 3.◦5 are left free in the fit, with all other parame-
ters fixed to their 2FGL values. The Galactic diffuse component is
modelled using the ring hybrid model gal_2yearp7v6_v0.fits
with free normalization, and the isotropic extragalactic emission
and particle background according to the tabulated spectrum of
iso_p7v6source.txt.

A search for diffuse high-energy (HE) γ -ray emission from the
vicinity of Wd 1 is performed for two different scenarios. First,
we assume that all point sources in the 2FGL catalogue are not
associated with Wd 1 and look for remaining γ -ray emission in
the field of view. The residual test-statistic (TS) map under this
hypothesis is shown in Fig. 1 (top, right) and shows excess GeV
emission south of the stellar cluster. Secondly, we assume that 2FGL

Figure 1. Fermi-LAT counts map of the Wd 1 region between 3 and 300 GeV, with HESS smoothed excess contours at the 35, 55 and 85 per cent of the peak
emission overlaid (top, left). The other three panels show residual TS maps in the same energy band. Yellow (magenta) ellipses indicate nearby 2FGL sources
that are included (excluded) in the model fits. The green star denotes the Wd 1 stellar cluster position and the red diamond PSR J1648−4611. The residual TS
maps show the 2FGL model (top, right), the 2FGL without S1 and S2 model (bottom, left) and the best-fitting model using FGL J1651.6−4621 instead of S1
(bottom, right). The red dashed line is the 1σ variance of FGL J1651.6−4621.
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H.E.S.S. data set 
and analysis
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■ H.E.S.S. data set 
▪ 164 hours live time, taken 2004–2017 

▪ Small telescopes only 

■ Data analysis 
▪ Very large source extent & other nearby sources 
→ background estimation from source-free regions not working well 

▪ Background model from archival observations [6] 

▪ Perform 3D likelihood analysis with Gammapy [7]  
(new method in IACT data analysis!) 

■ Background model adjustment 
▪ Adjust normalisation & spectral slope 

for each observation 

▪ Exclusion region from iterative procedure 

▪ Good agreement with data outside this region
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■ Above 0.37 TeV 

■ Strong emission from 
nearby HESS sources 

■ Largely extended 
emission around 
Westerlund 1 
(“HESS J1646–458”) 

■ Source morphology 
very complex 

■ Emission does not 
peak at stellar cluster 
position!
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Results — Flux map

Westerlund 1
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E > 0.37 TeV
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■ Above 4.9 TeV 

■ Two bright “hot spots”, 
but also emission 
elsewhere 

■ One hot spot close 
to positions of two 
energetic pulsars
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Westerlund 1
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Results — Radial excess profiles

■ Investigate source morphology as a function of energy 
→ compute radial excess profile in energy bands 

■ Compare energy bands using -test 
→ no indication for 
     energy-dependent 
     morphology!

χ2
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Results — Spectra in 
sub-regions
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■ Define 16 sub-regions that 
cover entire -ray emission 

■ Extract power-law spectrum 
for each region 

■ Fitted power-law slope shows 
no variation across source region 

■ Confirms non-observation of 
energy-dependent morphology

γ
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Results — Combined spectrum
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■ Sub-region spectra very similar  →  derive combined spectrum  

■ Sum up flux points of all 
sub-regions 

■ Spectrum extends to 
several tens of TeV 

■ Combined flux points 
not described well by 
power law 

■ Fit of primary proton 
spectrum (naima [8]) 
▪ Proton spectrum cutoff 

at  

▪  

(400+250
−130) TeV

Wp,>1 TeV ∼ 5 × 1049 ( n
10 cm−3 ) ( d

3.9 kpc )
2

erg

sub-region 
spectra
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Results — Gas maps
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■ Hadronic scenario  →  requires existence of target material 

■ Infer presence of possible targets 
from radio observations 
▪ H I  (SGPS survey [9]) 
→ hydrogen gas 

▪ CO  (Dame et al. survey [10]) 
→ dense clouds of 
     molecular hydrogen 

▪ Both integrated in velocity 
range (–60, –50) km/s 
(~3.9 kpc distance) 

■ Target material is present 
in general 

■ Correlation of -ray emission 
with dense clouds not striking 

γ H.E.S.S.
CO emission

H I emission map
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Discussion

■ Leptonic scenario (IC) 
▪ Two high-  pulsars + magnetar in cluster 

could be high-energy electron sources 

▪ Complex structure of HESS J1646–458 & 
lack of energy-dependent morphology 
→ leptonic origin of entire emission unlikely 

▪ Pulsars may contribute locally 

■ Hadronic scenario (  decay) 
▪ No known supernova remnant 

in / around Westerlund 1 

▪ Many supernovae in the past /  
interactions of winds of massive stars 
→ stellar cluster plausible source of cosmic rays 

▪ Lack of correlation with dense gas clouds 
→ wrong distance? 
→ “CO-dark” gas?

·E

π0
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Conclusion

■ Presented an updated analysis of 
Westerlund 1 region with H.E.S.S. 

■ Successfully applied new analysis 
technique to H.E.S.S. data 

■ HESS J1646–458 is a -ray source 
with intriguing properties 
▪ Complex morphology, 

no variation with energy 

▪ Spectrum extending to several ten TeV 

■ Stellar cluster Westerlund 1… 
▪ …remains the most likely association 

▪ …is still a good PeVatron candidate 

■ Publication with more detailed 
interpretation forthcoming!
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