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The massive star cluster Westerlund 1

Credit: ESO/VPHAS+ Survey/N. Wright 

Cr
ed

it:
 H

.E
.S

.S
. C

ol
la

bo
ra

tio
n,

 A
&

A 
66

6,
 A

12
4 

(2
02

2)

mailto:lars.mohrmann@mpi-hd.mpg.de
https://lmohrmann.github.io


Lars Mohrmann  —  Morphological studies of star clusters with IACTs  —  2nd HONEST workshopNov 30, 2022

๏ Disadvantages 
‣ limited duty cycle (10-15%) 
‣ limited field of view (few degree) 
‣ cannot compete with wide-field 

instruments in terms of exposure 
at ultra-high energies 

๏ Advantages 
‣ low energy threshold ( ) 
‣ high angular resolution 

(  at 1 TeV ) 
‣ ideal for detailed morphological 

studies

𝒪(100 GeV)

≲ 0.1∘

2

Imaging Atmospheric Cherenkov Telescopes (IACTs)
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๏ Proposed a long time ago
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Star clusters as cosmic-ray sources
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๏ Proposed a long time ago 

๏ Renewed interest in recent years
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๏ Proposed a long time ago 

๏ Renewed interest in recent years 

๏ Many (recent) predictions
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Star clusters as cosmic-ray sources

Gupta et al., MNRAS 493, 3159 (2020)

Bhadra et al., MNRAS 510, 5579 (2022)

Morlino et al., MNRAS 504, 6096 (2021)

Vieu & Reville, arXiv:2211.11625

Vieu et al., MNRAS 512, 1275 (2022)

Vieu et al., MNRAS 515, 2256 (2022)

see following talk by 
G. Morlino for more details!
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๏ Proposed a long time ago 

๏ Renewed interest in recent years 

๏ Many (recent) predictions 
‣ young, massive clusters most promising 
‣ compact clusters: 

formation of superbubble & wind termination shock 
‣ several possible acceleration sites: 

central cluster, termination shock, turbulence in bubble, … 
‣ for massive clusters: termination shock at tens of pc, 

entire bubble can be > 100 pc 
→  expect extended gamma-ray emission 

‣ contributions from stellar winds & supernovae 
to be understood

6

Star clusters as cosmic-ray sources

Morlino et al., MNRAS 504, 6096 (2021)

Young massive star clusters challenge (isolated) 
supernova remnants as major sources of the 

highest-energy Galactic cosmic rays!
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๏ Proposed a long time ago 

๏ Renewed interest in recent years 

๏ Many (recent) predictions 

๏ Few (often putative!) detections 
‣ with Fermi-LAT 

in the GeV range
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Star clusters as cosmic-ray sources

Yang & Aharonian, A&A 600, A107 (2017)

NGC 3603 Westerlund 2

Yang et al., A&A 611, A77 (2018)

W43

Yang & Wang, A&A 640, A60 (2020)

RSGC1

Sun et al., MNRAS 494, 3405 (2020)

W40

Sun et al., A&A 639, A80 (2020)
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๏ Proposed a long time ago 

๏ Renewed interest in recent years 

๏ Many (recent) predictions 

๏ Few (often putative!) detections 
‣ with Fermi-LAT 

in the GeV range 
‣ (mostly) with IACTs 

in the TeV range

8

Star clusters as cosmic-ray sources
Westerlund 2

HESS Coll., A&A 525, A46 (2011)

Cygnus OB2

VERITAS Coll., ApJ 861, 134 (2018)

30 Dor C

HESS Coll., Science 347, 406 (2015)

Cl* 1806–20

HESS Coll., A&A 612, A11 (2018)
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Westerlund 1

HESS Coll., A&A 666, A124 (2022)
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Star clusters as cosmic-ray sources
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๏ Located in Khomas highland, Namibia 
๏ System of 5 IACTs 
‣ 4 telescopes with 12m mirrors 
‣ 1 telescope with 28m mirror 
๏ Sensitive to gamma rays in 

energy range ∼ 100 GeV − 100 TeV

10

High Energy Stereoscopic System (H.E.S.S.)
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๏ Located in Khomas highland, Namibia 
๏ System of 5 IACTs 
‣ 4 telescopes with 12m mirrors 
‣ 1 telescope with 28m mirror 
๏ Sensitive to gamma rays in 

energy range  

๏ Westerlund 1 data analysis 
‣ 164h live time, taken 2004–2017 
‣ 12m telescopes only 
‣ very large source extent & other nearby sources 

→ cannot estimate background from source-free regions 
‣ Employ background model from archival observations 
‣ Perform high-level analysis with open-source package Gammapy

∼ 100 GeV − 100 TeV
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High Energy Stereoscopic System (H.E.S.S.)

Mohrmann et al., A&A 632, A72 (2019)
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Westerlund 1

Reference: HESS Coll., 
A&A 666, A124 (2022) 
arXiv:2207.10921

https://arxiv.org/abs/2207.10921
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Credit: ESO

๏ Westerlund 1 
‣ most massive 

young star cluster 
in our Galaxy 

‣   

‣ half-mass 
radius:  

‣ Age  

‣ Distance

M ∼ 105 M⊙

1 pc
∼ 3 − 5 Myr

∼ 4 kpc

Westerlund 1

Reference: HESS Coll., 
A&A 666, A124 (2022) 
arXiv:2207.10921

https://arxiv.org/abs/2207.10921
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Credit: ESO

๏ Westerlund 1 
‣ most massive 

young star cluster 
in our Galaxy 

‣   

‣ half-mass 
radius:  

‣ Age  

‣ Distance

M ∼ 105 M⊙

1 pc
∼ 3 − 5 Myr

∼ 4 kpc

๏ HESS J1646–458 
‣ largely extended 

-ray source 

‣ diameter  
( ) 

‣ very likely 
associated with 
Westerlund 1 

γ
∼ 2∘

140 pc

Westerlund 1

Reference: HESS Coll., 
A&A 666, A124 (2022) 
arXiv:2207.10921

https://arxiv.org/abs/2207.10921
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๏ Source morphology 
‣ very large extent:  

‣ very complex 
‣ not peaked at position of Westerlund 1 
‣ shell-like structure! 
‣ centroid slightly shifted from cluster position 
‣ bright spots along shell

∼ 2∘ / 140 pc
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Source morphology
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๏ Source morphology 
‣ very large extent:  

‣ very complex 
‣ not peaked at position of Westerlund 1 
‣ shell-like structure! 
‣ centroid slightly shifted from cluster position 
‣ bright spots along shell 

๏ Energy-dependence? 
‣ bright spots remain 
‣ shell-like structure persists!

∼ 2∘ / 140 pc
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Source morphology
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๏ Source morphology 
‣ very large extent:  

‣ very complex 
‣ not peaked at position of Westerlund 1 
‣ shell-like structure! 
‣ centroid slightly shifted from cluster position 
‣ bright spots along shell 

๏ Energy-dependence? 
‣ bright spots remain 
‣ shell-like structure persists!

∼ 2∘ / 140 pc
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Source morphology
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๏ Source morphology 
‣ very large extent:  

‣ very complex 
‣ not peaked at position of Westerlund 1 
‣ shell-like structure! 
‣ centroid slightly shifted from cluster position 
‣ bright spots along shell 

๏ Energy-dependence? 
‣ bright spots remain 
‣ shell-like structure persists! 

๏ Confirmed by radial excess profiles 
‣ profiles in energy bands compatible 
‣ peak visible in all segments

∼ 2∘ / 140 pc
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๏ Energy spectrum 
‣ extracted in 16 signal regions 
‣ individual spectra remarkably similar 
‣ add up region spectra → combined spectrum 
‣ extends to several ten TeV! 

‣  , Γ = 2.30 ± 0.04 Ec = (44+17
−11) TeV

19

Energy spectrum

100 101 102

Energy [TeV]

10�13

10�12

10�11

E
2
⇥

dN
/d

E
[T

eV
cm
�2

s�
1 ]

HESS J1646�458 combined
Sum of regions a–p
ECPL model
Hadronic model
Leptonic model

1 10 100
E [TeV]

0.5

1.0

2.0

R
at

io
to

EC
PL

m
od

el

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

[�
]

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
�

a

b
c

d
ef

g
h

i
j

k l

m

n

o

p

spectral index vs. distance

combined spectrum

weighted 
average

sub-region 
spectra



Lars Mohrmann  —  Morphological studies of star clusters with IACTs  —  2nd HONEST workshopNov 30, 2022

๏ Energy spectrum 
‣ extracted in 16 signal regions 
‣ individual spectra remarkably similar 
‣ add up region spectra → combined spectrum 
‣ extends to several ten TeV! 

‣  ,  

๏ Hadronic model (proton-proton) 

‣  ,    (almost a PeVatron…) 

‣   

๏ 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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๏ Hadronic scenario requires target material for interactions 
๏ Comparison with HI (→ atomic hydrogen) and 

12CO (→ molecular hydrogen) line emission 

๏ Low density in regions with bright gamma-ray emission! 
๏ A challenge for the hadronic scenario …  

… but there could still be ways out: 
‣ strong UV radiation from cluster can ionise gas 

or photo-dissociate CO molecules 
‣ distribution of cosmic rays need not be uniform

21
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๏ Source association 
‣ only Westerlund 1 can explain majority of emission 
‣ pulsars / PWN may contribute locally

22

Interpretation
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๏ Source association 
‣ only Westerlund 1 can explain majority of emission 
‣ pulsars / PWN may contribute locally 

๏ Acceleration within cluster  
‣ at wind-wind or wind-supernova 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

23

Interpretation
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Morlino et al., MNRAS 504, 6096 (2021)
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๏ Source association 
‣ only Westerlund 1 can explain majority of emission 
‣ pulsars / PWN may contribute locally 

๏ Acceleration within cluster 

๏ Acceleration in turbulent superbubble 
‣ Fermi type 2 acceleration via scattering off magnetic turbulences 

‣ basic superbubble models suggest  

‣ exceeds gamma-ray emission, outer shock not observed 
→ not favoured (but reality is more complex than basic models!)

RSB ∼ 𝒪(180 pc)
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Interpretation
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Morlino et al., MNRAS 504, 6096 (2021)
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๏ Source association 
‣ only Westerlund 1 can explain majority of emission 
‣ pulsars / PWN may contribute locally 

๏ Acceleration within cluster 

๏ Acceleration in turbulent superbubble 

๏ Acceleration at cluster wind termination shock 
‣ shock forms where wind pressure equals that of ISM 
‣ favourable acceleration site 

‣ basic superbubble models suggest  

‣ matches radius of shell-like structure seen in gamma rays! 
‣ hadronic scenario works energetically 

(but need  to confine cosmic rays) 
‣ leptonic scenario also feasible! 

(need  to “hide” synchrotron emission)

RTS ∼ 𝒪(30 pc)

B ∼ 𝒪(50μG)

B ≲ 10μG

25

Interpretation
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๏ Westerlund 1 is a powerful cosmic-ray accelerator! 

๏ Gamma-ray emission exhibits intriguing shell-like structure 
‣ high angular resolution of IACTs crucial for observing this 
‣ connected to cluster wind termination shock? 

๏ Spectrum extends to several tens of TeV 
‣ if hadronic origin → cosmic rays with hundreds of TeV 

๏ Some open questions: 
‣ can we pinpoint the exact acceleration site/mechanism? 
‣ is Westerlund 1 a special case, or can we identify more clusters? 
‣ what is the contribution of star clusters to the flux of Galactic 

cosmic rays?

26

Conclusion
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Backup slides
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Treating the residual cosmic-ray background
๏ “Residual background” 
‣ cosmic-ray events that remain after selection cuts 
‣ traditionally estimated from source-free regions 

in the field of view

Berge et al., A&A 466, 1219 (2007)
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Treating the residual cosmic-ray background
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Treating the residual cosmic-ray background
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IACT field of view
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Treating the residual cosmic-ray background

17h00m 16h50m 40m 30m

�43�

�44�

�45�

�46�

�47�

�48�

Right Ascension

D
ec

lin
at

io
n

HESS J1641–463
HESS J1640–465

HESS J1634–472
HESS J1632–478

�4

�2

0

2

4

Si
gn

ifi
ca

nc
e

[�
]

HESS J1646–458

“exclusion region”

Significance map๏ “Residual background” 
‣ cosmic-ray events that remain after selection cuts 
‣ traditionally estimated from source-free regions 
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๏ Background model 
‣ derived from archival observations 
‣ challenge: need to match (or correct for) 

observation conditions 
- zenith angle, optical throughput, atmospheric conditions… 

‣ very relevant for CTA! 

‣ Details: 

×

IACT field of view
Mohrmann et al., A&A 632, A72 (2019)
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๏ Adjust model for each run 
via two parameters 
‣ normalisation (global scaling) 

‣ spectral tilt (factor ) 

๏ Adjustment done outside 
exclusion region 
‣ derived in iterative procedure 

๏ Resulting significance 
distribution indicates 
good agreement

(E/E0)−δ

32

Fit of hadronic background model
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๏ Uncertain for a long time 
๏ Recent studies based on Gaia data converge on 4 kpc — seems relatively secure

33

Distance to Westerlund 1
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
Navarete et al. 2022 4.05 ± 0.20 Gaia (EDR3) parallaxes, eclipsing binary W36

https://ui.adsabs.harvard.edu/abs/2005A&A...434..949C/abstract
https://ui.adsabs.harvard.edu/abs/2006MNRAS.372.1407C/abstract
https://ui.adsabs.harvard.edu/abs/2007A&A...468..993K/abstract
https://ui.adsabs.harvard.edu/abs/2008A&A...478..137B/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.492.2497A/abstract
https://ui.adsabs.harvard.edu/abs/2021RNAAS...5...14A/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.486L..10D/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.495.1209R/abstract
https://ui.adsabs.harvard.edu/abs/2021arXiv210302609B/abstract
https://ui.adsabs.harvard.edu/abs/arXiv:2204.00422
https://ui.adsabs.harvard.edu/abs/2022MNRAS.516.1289N/abstract
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๏ Assume gamma-ray emission is fully hadronic and we know 
the gas distribution → can infer cosmic-ray distribution 

๏ Profile w.r.t. cluster position compatible with Aharonian et al. 
(who claimed to observe 1/r profile) 

๏ However, profile w.r.t. centroid of emission not peaked 
towards centre!
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๏ Likely contributes to emission, but is difficult 
to estimate 

๏ Use prediction from PICARD propagation code 

๏ Absolute flux level is very uncertain! 

๏ Shell-like structure not affected

35

Galactic diffuse emission
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๏ Very similar in all regions 
๏ Only significant deviation: region “d”
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Signal region energy spectra
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