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Outline

• Crash course on gamma-ray astronomy

• Observations of gamma-ray emission towards star-forming 
regions

• The challenges ahead
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Space telescopes
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Introduzione ai rivelatori di particelle 

coefficiente di assorbimento 

•  il coefficiente di assorbimento (in cm-1 o in cm2/g) è 
dato dal contributo dei vari processi: 

 
•  Il coefficiente di attenuazione dipende fortemente 

dall’energia del fotone.  
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Ground-based telescopes
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Credit: Richard White
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The gamma-ray sky
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Outline

• Crash course on gamma-ray astronomy

• Observations of gamma-ray emission towards star-forming 
regions

• The challenges ahead
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Foreword

• Concentration of accelerators and targets → 
gamma-ray emission!

• A complex physical problem?
• Particles released over time (E-dependence)
• Propagation in complex medium
• Feedback from the particles (non-linearities)

• Evidence for any specific processes in SFRs 
other than hosting supernovae, pulsar wind 
nebulae …?
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A bit of history
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2020

- Proposed association of COS-B gamma-ray sources with 
SNOBs (supernova remnants in OB associations)

- First theoretical studies of particle acceleration by 
massive star winds

- WR stars invoked to explain CR abundances

Improved EGRET gamma-ray catalogs do not confirm 
associations with SFRs

Improved measurements of CR heavy elements. Renewed 
interest in acceleration in SFRs (superbubble model) 

Current generation of space- and ground-based telescopes 
online: first detections of gamma-ray emission 

towards SFR

Several theoretical models emerge. Gamma-ray detections 
keep increasing

T. Montmerle ICRC 1979
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Gamma-ray sources towards SFRs
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Compilation of results in Astiasarain (PhD, 2023)
plus Liu et al. (2023, 2024), Peron et al. (2024),Wu et al. (2024), Ge et al. (2024), Lhaaso Collaboration (2024), H.E.S.S. collaboration (2024)
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Gamma-ray sources towards SFRs
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Cygnus (OB2)
1.5 kpc, 3-5 Myr
P = 4-8×1038 erg/s 

Westerlund 1
4 kpc, 5-10 Myr
P = 1039 erg/s 

A&A 525, A46 (2011)

Fig. 2. Gaussian-smoothed (σ = 0.08o) excess images for the Westerlund 2/RCW 49 and PSR J1028–5819 region. On the left, the low energy map
(0.7 TeV < E < 2.5 TeV) is shown, while the high energy map (E ≥ 2.5 TeV ) is displayed on the right. The HESS significance contours (dashed
black lines for the low energy map and solid green ones for the high energy map) are calculated using an oversampling radius of 0.1◦ and are
shown above 4σ in steps of 1σ. The position of WR 20a and the two Fermi LAT pulsars are marked in cyan and white (for more details see text).

HESS J1026–582, is clearly visible on the high energy image
(E ≥ 2.5 TeV), indicative of a very hard photon index and also
evidence for extension at the scale σ = 0.14o ± 0.03◦. The two
Gaussian-smoothed (σ = 0.08◦) excess maps are shown in Fig. 2
with significance contours above 4σ in black dashed lines for the
low energy map and solid green lines for the high energy one,
obtained by using an integration radius of 0.1◦. The significance
contours for a larger integration radius (0.22◦) for the lower (in
black) and the higher (in green) energy bands and are also shown
in Fig. 1 together with the total significance map above 200 p.e.

To further investigate the interplay between the two neigh-
boring sources as of HESS J1023–575 and HESS J1026–582, a
rectangular region (slice) is defined in the uncorrelated excess
maps along the line connecting the best-fitted positions of the
two spots with a width of twice the HESS PSF (see Fig. 3 in-
set). The profile resulting from a projection of the slice on the
long axis is shown in Fig. 3 for the low (in red) and high (in
blue) energy images. The radial profile for the low energy map
is well fitted by a single Gaussian function (χ2/ν = 5.57/6, cor-
responding to a probability of P = 0.47) centered at a position
compatible with the centroid of HESS J1023–575 and the po-
sition of Westerlund 2 and PSR J1022–5746 (cyan and white
markers respectively in the inset figure). Their positions with
respect to the center of the slice are marked with dashed lines
in the profile figure. However, the profile corresponding to the
high energy events shows a second peak towards the direction
of PSR J1028–5819 (dashed line) and a fit to a double Gaussian
function is clearly favored (χ2/ν = 0.45/4, P = 0.97) against a
single Gaussian one (χ2/ν = 10.88/6, P = 0.09).

Based on the limited statistics at E ≥ 2.5 TeV, the peak of the
VHE emission related to HESS J1023–575 appears to shift to-
wards the location of the LAT pulsar PSR J1022–5746 at higher
energies although the statistic is too scarce to resolve further
energy-dependent morphologies. The angular separation of the
two best-fitted positions for the low and high energy images is
∼0.08◦, of the order of the HESS PSF.

2.2. Spectral analysis

Spectral information has been obtained in the following way:
two circular regions were defined around the respective centroids
of HESS J1023–575 and HESS J1026–582, with radius 0.33◦.

The background was evaluated by using the reflected back-
ground method, in which symmetric regions, not contaminated
by the sources, are used to extract the background (Aharonian
et al. 2006b). The energy spectra are derived by means of a
forward-folding maximum likelihood fit (Piron et al. 2001).

The two energy spectra are shown in Fig. 4. The spectrum
of the region containing HESS J1023–575 is well fit by a power
law function dN/dE = N0(E/1 TeV)−Γ, with a photon index
of Γ = 2.58 ± 0.19 stat ± 0.2 sys and a normalization constant
of N0 = (3.25 ± 0.50stat)× 10−12 TeV−1 cm−2 s−1 (red mark-
ers and line), confirming the results from the previous analysis
(dashed line) (Aharonian et al. 2007a). The previously measured
flux level was slightly higher but this difference is explained by
the larger integration radius (0.39◦) used previously. At high
energies the previous flux of HESS J1023–575 was contami-
nated with some fraction of the events related to the new source
HESS J1026–582. The energy spectrum of HESS J1026–582 is
also well represented by a power law function (blue markers and
line), showing a hard photon index of Γ = 1.94±0.20 stat±0.2 sys
as expected from the energy maps, with a normalization constant
of N0 = (0.99± 0.34stat)× 10−12 TeV−1 cm−2 s−1. The systematic
error on the normalization constant N0 is estimated from simu-
lated data to be 20% (Aharonian et al. 2006b).

The two measured photon indices in the energy range be-
tween 1 and 10 TeV differ by ∆Γ = 0.7, which taking into ac-
count their statistical errors, lead to an incompatibility of 2.5σ
for the two VHE emission regions. The different spectral indices
as well as the clear separation of the two sources in the images
favor the interpretation of the two emission regions as two inde-
pendent sources rather than having a common origin.

3. Discussion

Follow up observation on the previously discovered source
HESS J1023–575 lead to confirmation of the features of this
source as well as the discovery of a new VHE γ-ray source,
HESS J1026–582. The two TeV emission regions appear spa-
tially distinct and show different spectral characteristics, fa-
voring an interpretation of being two independent sources.
Accordingly, different scenarios regarding the nature of both
sources in the context of being related to energetic pulsars or
massive stars and their winds are discussed in the following.

Article number, page 4 of 8

Westerlund 2
4 kpc, 1-2 Myr

P = 1-2×1038 erg/s 

A&A 600, A107 (2017)
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Fig. 1. Left: gamma-ray counts map above 10 GeV in the inner 5� around NGC 3603. The identified 3FGL catalogue sources are labelled with
red crosses. The two unassociated catalogue sources are labelled with green crosses. The position of NGC 3603 is marked as a magenta diamond.
Middle: residual map after subtracting all the identified catalogue sources and the di↵use background. Right: residual map after subtracting all
the identified catalogue sources and the di↵use background, as well as the unassociated catalogue source 3FGL 1111.9-6038. Also shown is the
best-fit 2D Gaussian template (white circle, the radius corresponds to the 1� of the Gaussian), the position and extension of 2FHL J1112.1-6101e
(green circle), and the position of the five point sources (white “x”) used to test the hypothesis that the extended emission comes from several
independent point sources.

parts of the ROI had been observed at zenith angles >90�. The
spectral analysis was performed based on the P8_R2_v6 version
of the post-launch instrument response functions (IRFs). Both
the front and back converted photons were selected.

The �-ray counts map above 10 GeV of the inner 5� is
shown in the top left panel of Fig. 1. The identified Fermi-LAT
point sources listed in the 3rd Fermi source catalogue (3FGL;
Acero et al. 2015) are also shown as red crosses. In this re-
gion pulsars dominate the point source population. There are
also two unassociated Fermi point sources near NGC 3603,
which are marked as green crosses in the figure. To derive the
emission related to NGC 3603 we performed a binned like-
lihood analysis by using the tool gtlike. In the likelihood fit-
ting we first included all the sources in the 3FGL catalogue
and the Fermi di↵use background model gll_iem_v06.fits for
the Galactic �-ray emission, as well as the isotropic back-
ground model iso_P8R2_SOURCE_V6_v06.txt2. The normal-
isations and spectral indices of the sources were left free in the
analysis.

After the likelihood fitting, we subtracted the best-fit di↵use
model and all the identified sources in the ROI; the resulting
residual maps are shown in top right panel of Fig. 1. We found
strong residuals towards the direction of NGC 3603 (purple di-
amond) and the unassociated Fermi source 3FGL 1111.9-6038.
Slane et al. (2012) reveals that this source 3FGL 1111.9-6038
should be related to the supernova remnant MSH 11-62. The
other unassociated Fermi source 3FGL 1112.0-6135, is not sig-
nificant above 10 GeV and thus has little influence on the results.
We then further subtracted the source 3FGL 1111.9-6038 and
the residuals are shown in the bottom panel of Fig. 1. A di↵use
emission peaks at the position of NGC 3603.

To study the morphology of the di↵use emission, we added
a Gaussian disc on top of the model used in the likelihood anal-
ysis. We then varied the position and size of the disc to find the
best-fit parameters. The best-fit result is a Gaussian disc centred
at (RA = 167�.78±0.1, Dec = �61�.28±0.1) with � = 1.1�±0.1,
with a TS value of 114, corresponding to a significance of more
than 10�. We also test whether this extended emission is com-
posed of several independent point sources. To do this we added

2 Available at http://fermi.gsfc.nasa.gov/ssc/data/
access/lat/BackgroundModels.html

five point source at the peaks in the residual maps. These point
sources are shown as red crosses in the bottom panel of Fig. 1.
These point sources are not significant except for the one which
coincides in position with NGC 3603. And the �log(likelihood)
function value is larger than that in the 2D Gaussian template
case, even with more free parameters. We also note that the mor-
phology of the residual reveal the hint for deviation from a sim-
ple Gaussian disc, but the limited statistics prevent us from pur-
suing this issue. Thus in the following analysis we use the best-fit
Gaussian disc as the spatial template. We list the model and the
�log(likelihood) value in Table 1.

The di↵use emission spatially coincides with the 2FHL cat-
alogue source 2FHL J1112.1-6101e, which is also shown in the
lower panel of Fig. 1. The spatial extension of 2FHL J1112.1-
6101e is about 0�.53 (Ackermann et al. 2016), which is signifi-
cantly lower than the di↵use emission discussed in this paper.
The di↵erence morphology may have several causes. Firstly, in
deriving the 2FHL sources the energy range above 50 GeV was
selected, rather than above 10 GeV in this work. In addition,
all the 3FGL catalogue sources are not included in the analy-
sis for 2FHL sources; the exclusion of these point sources may
cause a di↵erent best-fit normalisation of the di↵use background
levels in the likelihood analysis procedure. Furthermore, 2FHL
J1112.1-6101e should also contain contributions from 3FGL
1111.9-6038, which was subtracted from our analysis.

2.2. Spectral analysis

For spectral analysis we applied gtlike to the whole energy range
and modelled the spectrum of NGC 3603 as a power law func-
tion, the derived photon index of 2.28 ± 0.14(stat) ± 0.1(sys).
The total flux above 1 GeV is 2.1 ± 0.2 ⇥ 10�8 cm�2 s�1. The
systematic errors come from the uncertainties of e↵ective area
and point spread function of LAT (Ackermann et al. 2012a). The
derived spectrum is consistent with the results of 2FHL J1112.1-
6101e in Ackermann et al. (2016).

To obtain the spectral energy distribution (SED) of extended
emission towards NGC 3603, we divided the energy range
1�250 GeV into eight logarithmically spaced bands and ap-
plied gtlike to each of these bands. The results of this analy-
sis are shown in Fig. 2. All data points have test statistic (TS)

A107, page 2 of 6

NGC 3603
6-8 kpc, 2-3 Myr
P = 8×1038 erg/s 

Yang et al. (2017)
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Emission properties
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dN
dE

∝ E−Γmore often than not 
extended sources
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SFR distances and ages
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First supernova explosions
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Comparison with Gaia clusters
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O stars (spectral)
Gamma-ray detections

Massive stellar clusters from Gaia/Cantant-Gaudin et al. (2020), with wind luminosity estimates from Celli et al. (2024)
Systems with O stars in Villafranca catalog/Maíz Apellániz et al. (2020)

Ad-hoc information added for Cygnus OB2, Westerlund 1, Westerlund 2, NGC 3603, Trumpler 16, NGC 6357  

Ava Webber
Alison Mitchell
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The SFRs we don’t see

• No gamma-ray emission from 
Orion-Eridanus superbubble: 12 
Myr, multiple SNe

• Eight clusters with O stars < 10 
Myr embedded in HII regions
• no detections: efficiency of 

particle acceleration < 1-10%
• later claim of detection for 

NGC 6618 and NGC 2244    
(Liu et al. 2022, 2023)

15

G. Maurin et al.: Embedded star clusters, sources of cosmic rays?
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Fig. 9. Test statistics (TS) maps of the regions around the star clusters. The red circle denotes the region of interest used in the analysis; white
stars (and pink diamonds) represent sources from the 3FGL catalogue with free (fixed) spectral parameters. Contours represent the HII regions
(Gaustad et al. 2001).
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Outline

• Crash course on gamma-ray astronomy

• Observations of gamma-ray emission towards star-forming 
regions

• The challenges ahead
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Overview

• Characterise gamma-ray emission

• Backgrounds: interstellar gamma-ray emission, charged 
cosmic rays

• Characterise complex extended sources

• Interpret gamma-ray measurements

• Discriminate between multiple sources and acceleration/
transport mechanisms

• Take into account complex multi-wavelength information

• Unbias the gamma-ray view of SFRs: from individual objects 
to populations

17
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Analysis challenges: backgrounds

18

GeV: bright structured interstellar emission
complex modelling required

IACTs
• CR background from FoV → 

challenge for extended 
sources

• recent progress: multi-
component likelihood based 
on “background” 
observations library

F. Aharonian et al.: A deep spectromorphological study of the �-ray emission surrounding Westerlund 1
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Fig. 3. Flux maps of the HESS J1646�458 region. The position of Westerlund 1 is marked by the black star symbol; the grey, dashed line shows the
Galactic plane. Coloured symbols indicate objects listed in the legend in panel (a). Dark grey square markers denote positions of sources from the
4FGL-DR2 catalogue (Abdollahi et al. 2020; Ballet et al. 2020), where those sources that are still significant (

p
TS > 3) above 30 GeV are shown

with a diamond marker (^). Grey circles labelled ‘A’ and ‘B’ mark regions defined in Abramowski et al. (2012); region ‘C’ (at R.A. 16h49m4.8s,
Dec. �46�0600000) is newly defined here. The white circle marker indicates the coordinate with respect to which the radial profiles in Fig. 4 and
9a have been computed. The scale bar denotes a projected distance of 40 pc, for the nominal distance to Westerlund 1 of 3.9 kpc. The maps are
for di↵erent energy thresholds (indicated at the bottom of each panel) and were computed using di↵erent smoothing kernels (stated below each
figure). Colour scales are saturated at the maximum observed flux value associated with the HESS J1646�458 region. Contour lines shown in
blue are at flux levels of F = (12.5/20/27.5) ⇥ 10�9cm�2 s�1 sr�1 for panels (a) and (b), at F = (3/5.5/8) ⇥ 10�9cm�2 s�1 sr�1 for panel (c), and at
F = (1/1.5) ⇥ 10�9cm�2 s�1 sr�1 for panel (d).

freely within the Galactic disc, and can be due to bremsstrahlung
or IC emission of CR electrons, or interactions of hadronic CRs
with gas. Due to its di↵use nature, the di↵use �-ray emission
from the Galaxy is challenging to measure directly, and while
it has been detected over large scales in the TeV energy range
(e.g., Abramowski et al. 2014a; Amenomori et al. 2021), these
measurements do not provide a good constraint for the level of
di↵use emission in the region of HESS J1646�458. Therefore, in
order to assess the possible contamination with di↵use emission
of the �-ray signal of HESS J1646�458, we have used a predic-
tion of the di↵use �-ray flux based on the Picard CR propagation
code (Kissmann 2014; Kissmann et al. 2015, 2017). This anal-
ysis is described in more detail in Appendix A, where we show
in Fig. A.2 the same flux maps as in Fig. 3, but with the pre-

dicted flux due to di↵use emission subtracted. We conclude that,
while the Galactic di↵use emission likely contributes at a consid-
erable level – ⇠24% (⇠17%/⇠8%) above a threshold energy of
0.37 TeV (1 TeV/4.9 TeV), according to the Picard template –, it
cannot explain the bulk of the �-ray emission, and does not alter
the source morphology in a significant way. For these reasons,
and because of the rather large uncertainties associated with any
estimate of the Galactic di↵use emission in a particular region of
the sky, we have performed the subsequent analysis without ex-
plicitly taking it into account, noting that none of the conclusions
drawn in this paper are a↵ected by this.

In order to further characterise the morphology of the emis-
sion – and its apparent invariance with respect to energy –
we derived radial profiles of the observed excess. Noting that

Article number, page 5 of 19

H.E.S.S. collaboration (2022)

Lars Mohrmann
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The case of NGC 3603

NGC 3603 with Fermi LAT: two analyses with different interstellar 
models (also different models for nearby sources)
• significant extension Gauss σ = 1.1±0.1º
• pointlike source preferred 

19

A&A 600, A107 (2017)
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Fig. 1. Left: gamma-ray counts map above 10 GeV in the inner 5� around NGC 3603. The identified 3FGL catalogue sources are labelled with
red crosses. The two unassociated catalogue sources are labelled with green crosses. The position of NGC 3603 is marked as a magenta diamond.
Middle: residual map after subtracting all the identified catalogue sources and the di↵use background. Right: residual map after subtracting all
the identified catalogue sources and the di↵use background, as well as the unassociated catalogue source 3FGL 1111.9-6038. Also shown is the
best-fit 2D Gaussian template (white circle, the radius corresponds to the 1� of the Gaussian), the position and extension of 2FHL J1112.1-6101e
(green circle), and the position of the five point sources (white “x”) used to test the hypothesis that the extended emission comes from several
independent point sources.

parts of the ROI had been observed at zenith angles >90�. The
spectral analysis was performed based on the P8_R2_v6 version
of the post-launch instrument response functions (IRFs). Both
the front and back converted photons were selected.

The �-ray counts map above 10 GeV of the inner 5� is
shown in the top left panel of Fig. 1. The identified Fermi-LAT
point sources listed in the 3rd Fermi source catalogue (3FGL;
Acero et al. 2015) are also shown as red crosses. In this re-
gion pulsars dominate the point source population. There are
also two unassociated Fermi point sources near NGC 3603,
which are marked as green crosses in the figure. To derive the
emission related to NGC 3603 we performed a binned like-
lihood analysis by using the tool gtlike. In the likelihood fit-
ting we first included all the sources in the 3FGL catalogue
and the Fermi di↵use background model gll_iem_v06.fits for
the Galactic �-ray emission, as well as the isotropic back-
ground model iso_P8R2_SOURCE_V6_v06.txt2. The normal-
isations and spectral indices of the sources were left free in the
analysis.

After the likelihood fitting, we subtracted the best-fit di↵use
model and all the identified sources in the ROI; the resulting
residual maps are shown in top right panel of Fig. 1. We found
strong residuals towards the direction of NGC 3603 (purple di-
amond) and the unassociated Fermi source 3FGL 1111.9-6038.
Slane et al. (2012) reveals that this source 3FGL 1111.9-6038
should be related to the supernova remnant MSH 11-62. The
other unassociated Fermi source 3FGL 1112.0-6135, is not sig-
nificant above 10 GeV and thus has little influence on the results.
We then further subtracted the source 3FGL 1111.9-6038 and
the residuals are shown in the bottom panel of Fig. 1. A di↵use
emission peaks at the position of NGC 3603.

To study the morphology of the di↵use emission, we added
a Gaussian disc on top of the model used in the likelihood anal-
ysis. We then varied the position and size of the disc to find the
best-fit parameters. The best-fit result is a Gaussian disc centred
at (RA = 167�.78±0.1, Dec = �61�.28±0.1) with � = 1.1�±0.1,
with a TS value of 114, corresponding to a significance of more
than 10�. We also test whether this extended emission is com-
posed of several independent point sources. To do this we added

2 Available at http://fermi.gsfc.nasa.gov/ssc/data/
access/lat/BackgroundModels.html

five point source at the peaks in the residual maps. These point
sources are shown as red crosses in the bottom panel of Fig. 1.
These point sources are not significant except for the one which
coincides in position with NGC 3603. And the �log(likelihood)
function value is larger than that in the 2D Gaussian template
case, even with more free parameters. We also note that the mor-
phology of the residual reveal the hint for deviation from a sim-
ple Gaussian disc, but the limited statistics prevent us from pur-
suing this issue. Thus in the following analysis we use the best-fit
Gaussian disc as the spatial template. We list the model and the
�log(likelihood) value in Table 1.

The di↵use emission spatially coincides with the 2FHL cat-
alogue source 2FHL J1112.1-6101e, which is also shown in the
lower panel of Fig. 1. The spatial extension of 2FHL J1112.1-
6101e is about 0�.53 (Ackermann et al. 2016), which is signifi-
cantly lower than the di↵use emission discussed in this paper.
The di↵erence morphology may have several causes. Firstly, in
deriving the 2FHL sources the energy range above 50 GeV was
selected, rather than above 10 GeV in this work. In addition,
all the 3FGL catalogue sources are not included in the analy-
sis for 2FHL sources; the exclusion of these point sources may
cause a di↵erent best-fit normalisation of the di↵use background
levels in the likelihood analysis procedure. Furthermore, 2FHL
J1112.1-6101e should also contain contributions from 3FGL
1111.9-6038, which was subtracted from our analysis.

2.2. Spectral analysis

For spectral analysis we applied gtlike to the whole energy range
and modelled the spectrum of NGC 3603 as a power law func-
tion, the derived photon index of 2.28 ± 0.14(stat) ± 0.1(sys).
The total flux above 1 GeV is 2.1 ± 0.2 ⇥ 10�8 cm�2 s�1. The
systematic errors come from the uncertainties of e↵ective area
and point spread function of LAT (Ackermann et al. 2012a). The
derived spectrum is consistent with the results of 2FHL J1112.1-
6101e in Ackermann et al. (2016).

To obtain the spectral energy distribution (SED) of extended
emission towards NGC 3603, we divided the energy range
1�250 GeV into eight logarithmically spaced bands and ap-
plied gtlike to each of these bands. The results of this analy-
sis are shown in Fig. 2. All data points have test statistic (TS)
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Gauss σ = 1.1±0.1º

Because the stellar cluster lies in a complex region with
many nearby/overlapping sources in the 4FGL catalog, we test
how the results depend on the sources assumed for the ROI. In
model B, we remove the extended FGES J1109.4−6115e from
model A and refit the model to the data and estimate the
maximum log-likelihood value. In model C, we instead remove
unassociated sources within 3° from the center of the ROI but
keep FGES J1109.4−6115e and 4FGL J1115.1−6118. This
allows us to understand the impacts of other unassociated
sources compared in modeling this region. Finally, in model D,
we remove all of the unassociated sources including FGES
J1109.4−6115e from the 3° region of the center of the ROI.

The log-likelihood values for these different cases are given
in Table 1. We also estimate the Akaike criterion (AIC) for
each model, defined as

= - kAIC 2 2 log ,

where k is the number of free parameters in the model and  is
the likelihood value of the model. It is evident from Table 1
that the model with the point source 4FGL J1115.1−6118, i.e.,
model A, provides the maximum log-likelihood value and the
minimum AIC, which makes model A the preferred one.
Figure 1 shows the counts map for the data and model, and the
residual map within a region of 15°×15° for model A, which
indicates that the region is satisfactorily modeled. We also
check the residual maps for the other models (B, C, and D) and
find unmodeled emission, further supporting the conclusion
that model A is the preferred one. Therefore, this establishes
the fact that 4FGL J1115.1−6118 is not significantly extended.
We additionally show the TS map for model A in a region of

Table 1
Results of Maximum-likelihood Fit for Different Models

Models D log a dof TSext
Best-fit Location Best-fit Extension Δ AICa 95% C.L. Upper Limit

R.A. (deg) Decl.(deg) (deg) on Extension (deg)

Model A 0 37 7.7 168.78±0.01 −61.29±0.02 -
+0.081 0.023

0.024 0 0.12
Model B −37 35 49.7 167.94±0.07 −61.30±0.06 -

+0.966 0.067
0.069 70 L

Model C −31 29 7.5 167.97±0.01 −60.68±0.01 -
+0.134 0.016

0.017 46 0.16
Model D −76 27 74.1 168.23±0.04 −61.11±0.03 -

+0.903 0.066
0.065 132 L

Notes. The values of TSext, R.A., decl., and extension are associated with the source of interest 4FGL J1115.1−6118. The details of the models are given in
Section 2.1.1.
a Calculated with respect to model A.

Figure 1. Sky maps for model A. (Left) Data counts, (middle) model counts, and (right) residual map. The source of interest i.e., 4FGL J1115.1−6118 is located at the
center of the ROI. The field of view (FOV) is 15°×15°.

Figure 2. The TS map of 4FGL J1115.1−6118 for energy 10 GeV–1 TeV. The
map is obtained for model A excluding the source of interest from the model.
The associated 4FGL catalog point sources present in this region are shown
with black “triangle” marks. The unassociated 4FGL point sources are marked
with red stars, whereas the unassociated extended FGES J1109.4−6115e is
shown with a yellow circle. The “star” within the magenta circle indicates the
location of 4FGL J1115.1−6118 according to the 4FGL catalog, whereas the
magenta circle indicates the 95% positional uncertainty radius of the point
source 4FGL J1115.1−6118 obtained from the results of the analysis presented
here. Other point sources obtained through a point source searching procedure
are shown with filled brown “plus” markers.
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A simple universal interpretation?

• Inferred 1/r particle distribution

• Nuclei injection over Myr plus 
diffusion

• Westerlund 1: diffusion 
coefficient reduced by two 
orders of magnitude w.r.t. 
interstellar average

20

Figure 1: Gamma-ray luminosities and the radial distributions of CR protons in extended regions around the star
clusters Cyg OB2 (Cygnus Cocoon) and Westerlund 1 (Wd 1 Cocoon), as well as in the Central Molecular Zone (CMZ)
of the Galactic Centre assuming that CMZ is powered by CRs accelerated in Arches, Quintuplet and Nuclear clusters.
The error bars contain both the statistical and systematic errors. (a) left panel: The differential γ-ray luminosities,
dL/dE = 4πd2Ef(E). The luminosities of all three sources have similar energy dependences close to E−1.2 as is
illustrated by the dashed line. The inserted figure shows the differential luminosities of CMZ and Wd 1 multiplied
by E1.2 for a clearer illustration of the spectra at highest energies. We show also the gamma-ray spectra expected
from interactions of parent proton population with a spectrum of E−2.3exp(−E/E0), with E0 = 0.2 PeV and 0.5
PeV, respectively. (b) right panel: The CR proton radial distributions in Cyg Cocoon, Wd 1 Cocoon and CMZ above
10 TeV. For the Cygnus Cocoon, the energy density of protons above 10 TeV is derived from the extrapolation of
the Fermi LAT gamma-ray data to higher energies. The flux reported by the ARGO collaboration at 1 TeV supports
the validity of this extrapolation. The γ-ray flux enhancement factor due to the contribution of CR nuclei is assumed
η = 1.5. For comparison, the energy densities of CR protons above 10 TeV based on the measurements by AMS are
also shown 26.

The main conclusion following from the results presented in Methods section is that the CR

density declines as r−1 up to ≈50 pc from both stellar clusters. The results are shown in Fig.1b,
together with the earlier published radial distributions of CR protons in CMZ 25. We show the

differential γ-ray luminosities of extended sources associated with Cyg OB2, Westerlund 1 and
CMZ. The energy distributions of γ-rays are quite similar; dN/dE ∝ E−Γ type differential energy
spectra with power-law index Γ ≈ 2.2 extend to 10 TeV and beyond without an indication of a

break. The γ-rays are likely to originate from interactions of CRs with the ambient gas through
the production and decay of neutral π-mesons (see below). Because of the increase of the π0-

meson production cross-section with energy, the spectrum of secondary γ-rays is slightly harder
compared to the spectrum of parent protons, Γ ≈ αp − 0.1 27, thus the power-law index of the
proton distribution should be αp ≈ 2.3.

The apparent similarity of the radial (∝ r−1) and energy (∝ E−2.3) distributions of CR

4

Aharonian et al. (2019)
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Cygnus X: multiple interpretations

22

• The spatial properties do not 
clearly trace back the particle 
source to any known stellar 
clusters  or energetic objects

• Simple modelling → variety of 
viable scenarios compatible 
with Fermi LAT
• hadronic OR leptonic
• injection/diffusion scenarios 

relevant for stellar cluster 
OR supernova remnant

A&A 671, A47 (2023)

Fig. 16. Intensity and emissivity radial profiles in three different gamma-ray energy bands for the FCES G78.74+1.56 and FCES G80.00+0.50
emission components, compared to predictions for model setup H1. In the intensity plots, the intensity distribution corresponding to the best-fit
two-dimensional Gaussian model is displayed for comparison as a dotted line. In the emissivity plots, the local emissivity and its uncertainty in
each energy range are displayed for comparison as a dotted line and a shaded band. The data points correspond to a decomposition of the emission
into the ionised gas template, a central disk, two outer rings, and five intermediate rings split azimuthally into four segments. For the latter, we
displayed the corresponding angular range only for one segment in each ring and introduced a small horizontal shift of the others, for readability.
The full extent of the error bars corresponds to the quadratic sum of the statistical and systematic uncertainties, while the caps mark the contribution
of the statistical uncertainty only.

of 3 kyr (resp. 30 kyr), or to a lower acceleration efficiency in
an SN more energetic than in the canonical picture. The first
option, with relatively high efficiency, may be conflicting with
our assumption of a flat injection spectrum.

Figure 16 displays the predicted intensity and emissivity
profiles for both central and extended model components in
scenario H1, compared to the values inferred from the spectro-
morphological analysis in segments, in three different energy

A47, page 18 of 29

X. Astiasarain et al.: Multiple emission components in the Cygnus cocoon detected from Fermi-LAT observations

Fig. D.2: Same as Figure 16, for model setup H3 or H4.

A47, page 27 of 29

Continuous Myr injection
Injection luminosity 1037 erg/s
Diffusion suppressed by x100

Impulsive injection 10-30 kyr ago
Injection luminosity 1039 erg/s
Normal diffusion

Astiasarain, LT et al. (2023)

Bhadra et al. 2022: similar conclusions for Westerlund 1

Ruizhi Yang
Thibault Vieu
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Another ambiguous case: 30 Dor C

• TeV emission in the direction of 30 Dor C

• X-ray data: morphological and spectral features of a 
supernova remnant

23

A&A 573, A73 (2015)
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Fig. 1. Left: combined XMM-Newton EPIC image of 30 Dor C in false colour with red, green, and blue corresponding to 0.3–1 keV, 1–2 keV, and
2–7 keV. Also shown is the region to the north of 30 Dor C which highlights the highly variable background in the region. The image has been
exposure-corrected in each energy band and have the QPB subtracted and binned into 2 ⇥ 2 pixel bins before being adaptively smoothed using the
XMM-ESAS task adapt-2000. The position of Source 6, which is discussed as a possible compact object in Sect. 4.2.1, is also marked. Right:
same as left but with the spectral analysis regions indicated. See Sect. 3.3.1 for a description of the regions.

of these observations with respect to 30 Dor C, the reader is
directed to BU04. We reduced and analysed the Chandra ob-
servations using the CIAO v4.6.1 software package (Fruscione
et al. 2006) with CALDB v4.5.96. Each data set was reduced us-
ing the contributed script chandra_repro. Combined energy-
filtered and exposure-corrected images were produced using the
merge_obs script.

3. Analysis

3.1. X-ray morphology

The well-known non-thermal shell is seen in unprecedented de-
tail (Fig. 1), with structure visible in regions of stronger emis-
sion. In the S-SE region there is an obvious circular emission
region, most notable in the 1�2 keV energy range. The mor-
phology and classification of this object is discussed in detail in
Sect. 3.2. In addition, the X-ray background is not uniform, with
a very obvious dichotomy between the eastern and western re-
gions of 30 Dor C. The eastern side is projected against large
scale hot ISM emission. This emission is much less apparent on
the western side, most likely because of the known molecular
clouds located in the foreground (Johansson et al. 1998, BU04).
Due to the background variation, we must, as much as possible,
take this into account when treating the background in the spec-
tral analysis of 30 Dor C.

3.2. MCSNR J0536-6913

An additional extended X-ray emitting object is evident as a cir-
cular shell in the 1�2 keV band, projected against the southern
30 Dor C shell (see region A1 in Fig. 1 right). Object classes that

6 Both available at http://cxc.harvard.edu/ciao/

can produce di↵use X-ray structures in extragalactic observa-
tions are galaxy clusters, SBs, and SNRs (see Maggi et al. 2014,
for a more detailed description of the X-ray properties of these
objects). We ruled out the possibility that this object is hot gas in
the intracluster medium of a background galaxy cluster since the
observed shell morphology of the object is not in keeping with
what is expected from the hot gas of a galaxy cluster, which is
centrally filled. It is also unlikely that this structure is an SB,
since these require a high mass stellar population to drive their
expansion, which is absent here. An SNR is a far more likely
explanation given the shell morphology. We therefore proceed
with the assumption that the object is an SNR and assess other
tracers of this object classification.

Typically, objects are classified as SNRs based on satisfy-
ing certain observational criteria. For example, the Magellanic
Cloud supernova remnant (MCSNR) database7 states that at
least two of the following three observational criteria must be
met: significant H↵, [S ii], and/or [O iii] line emission with an
[S ii]/H↵ flux ratio >0.4 (Mathewson & Clarke 1973; Fesen et al.
1985); extended non-thermal radio emission; and extended ther-
mal X-ray emission. A discussion of the significance of each
of these classification criteria is given in Filipovic et al. (1998).
The new candidate SNR satisfies only one of these three crite-
ria, since Mathewson et al. (1985) found that [S ii]/H↵ < 0.4
throughout 30 Dor C and our radio data show no clear indi-
cations of an SNR. These multi-wavelength properties are dis-
cussed in detail in Sect. 4.2.2. Even in the absence of optical and
radio emission tracers, we are confident classifying this object
as an SNR given the 1–2 keV shell morphology and X-ray spec-
tral signatures (see Sects. 3.3.3 and 4.2.2), and we hereafter refer
to this source as MCSNR J0536�6913 (see forthcoming text for
position determination).

7 http://www.mcsnr.org/about.aspx
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Figure 1. ω-ray flux maps of the target region of the analysis. The maps show the ω-ray flux F in units of 10→8 cm→2 s→1 sr→1,
integrated above an energy of 0.5 TeV, assuming a power-law spectrum with index →2.5. Smoothing with a top-hat kernel
of 0.07↑ radius has been applied. (a) Entire emission. (b) Residual emission after subtraction of the emission from N 157B
predicted by the best-fit ROI model. Dashed blue lines show flux contours at (2.5/7.5/12.5) ↑ 10→8 cm→2 s→1 sr→1 in panel a
and (1.5/3) ↑ 10→8 cm→2 s→1 sr→1 in panel b. Pixels with a negative excess after background subtraction are clipped at zero.
The light green contour lines denote Hε emission as inferred by SHASSA (Gaustad et al. 2001).

nation of the method we use to derive systematic uncer-
tainties on these values. In what follows, we highlight
the most relevant results.

3.1. Description of source models

N 157B — We do not investigate N 157B in detail in
this paper, but note that our analysis yields a nonzero
extension of εN157B

Gauss = (0.82±0.20stat±0.18sys)→ for this
source. We caution, however, that the extended source
model is preferred over a pointlike model by only →1.3ε
– these seemingly contradictory results are due to the
presence of the other two nearby sources, whose model
components can absorb part of the emission for the case
that N 157B is less extended than suggested by our best
fit. We therefore do not claim an extension and provide
an upper limit of εN157B

Gauss < 1.14→ (95% confidence level,
statistical uncertainties only). Whether extended or not,
as we demonstrate in Appendix B, the results obtained
for 30DorC and R136 do not depend strongly on the
model assumed for N 157B. The obtained spectrum for
N 157B, shown in Fig. 7(a) in Appendix B, is compatible
with our previously published result.

30DorC — For the first time, we find
HESS J0535↑691, associated with 30DorC, to be an
extended ω-ray source. The best-fit Gaussian width is
ε30DorC
Gauss = (1.91±0.40stat±0.20sys)→, which corresponds

to (27.8±5.8stat±2.9sys) pc at the distance to the LMC.
This model is preferred over one in which 30DorC is
described as a pointlike source by 3.3ε. The measured
extension is of the same order as the observed size of
the X-ray SB, as can be seen from Fig. 2. The best-fit
position deviates by 1.1→ from that previously obtained
in H.E.S.S. Collaboration (2015); this is most likely
due to the di!erent analysis method used there (a two-
dimensional, i.e. energy-integrated likelihood fit). We
note that the new position is in better agreement with
the center of the X-ray SB and the compact star clusters
located there. The energy spectrum follows a power law
with spectral index ”30DorC = ↑2.57± 0.09stat.
R136 — Lastly, HESS J0538↑691 is detected as a

new ω-ray source with a significance of 6.3ε. The sepa-
ration between the best-fit position and the location of
the YMC R136 is only → 20→→ (see Fig. 3). Because
there is no other plausible counterpart, we associate
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Figure 1. ω-ray flux maps of the target region of the analysis. The maps show the ω-ray flux F in units of 10→8 cm→2 s→1 sr→1,
integrated above an energy of 0.5 TeV, assuming a power-law spectrum with index →2.5. Smoothing with a top-hat kernel
of 0.07↑ radius has been applied. (a) Entire emission. (b) Residual emission after subtraction of the emission from N 157B
predicted by the best-fit ROI model. Dashed blue lines show flux contours at (2.5/7.5/12.5) ↑ 10→8 cm→2 s→1 sr→1 in panel a
and (1.5/3) ↑ 10→8 cm→2 s→1 sr→1 in panel b. Pixels with a negative excess after background subtraction are clipped at zero.
The light green contour lines denote Hε emission as inferred by SHASSA (Gaustad et al. 2001).

nation of the method we use to derive systematic uncer-
tainties on these values. In what follows, we highlight
the most relevant results.

3.1. Description of source models

N 157B — We do not investigate N 157B in detail in
this paper, but note that our analysis yields a nonzero
extension of εN157B

Gauss = (0.82±0.20stat±0.18sys)→ for this
source. We caution, however, that the extended source
model is preferred over a pointlike model by only →1.3ε
– these seemingly contradictory results are due to the
presence of the other two nearby sources, whose model
components can absorb part of the emission for the case
that N 157B is less extended than suggested by our best
fit. We therefore do not claim an extension and provide
an upper limit of εN157B

Gauss < 1.14→ (95% confidence level,
statistical uncertainties only). Whether extended or not,
as we demonstrate in Appendix B, the results obtained
for 30DorC and R136 do not depend strongly on the
model assumed for N 157B. The obtained spectrum for
N 157B, shown in Fig. 7(a) in Appendix B, is compatible
with our previously published result.

30DorC — For the first time, we find
HESS J0535↑691, associated with 30DorC, to be an
extended ω-ray source. The best-fit Gaussian width is
ε30DorC
Gauss = (1.91±0.40stat±0.20sys)→, which corresponds

to (27.8±5.8stat±2.9sys) pc at the distance to the LMC.
This model is preferred over one in which 30DorC is
described as a pointlike source by 3.3ε. The measured
extension is of the same order as the observed size of
the X-ray SB, as can be seen from Fig. 2. The best-fit
position deviates by 1.1→ from that previously obtained
in H.E.S.S. Collaboration (2015); this is most likely
due to the di!erent analysis method used there (a two-
dimensional, i.e. energy-integrated likelihood fit). We
note that the new position is in better agreement with
the center of the X-ray SB and the compact star clusters
located there. The energy spectrum follows a power law
with spectral index ”30DorC = ↑2.57± 0.09stat.
R136 — Lastly, HESS J0538↑691 is detected as a

new ω-ray source with a significance of 6.3ε. The sepa-
ration between the best-fit position and the location of
the YMC R136 is only → 20→→ (see Fig. 3). Because
there is no other plausible counterpart, we associate

Lars Mohrmann



L. Tibaldo of 26

Unbiasing the gamma-ray view of SFRs
• Current results mostly based on individual 

cherry-picked regions
• Challenges:

• Systematise associations to SFRs in 
gamma-ray catalogs

• Population studies of promising targets
• Which multiwavelength source lists to 

consider?
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WISE list of HII regions,  Anderson et al. 2014
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T. Cantat-Gaudin et al.: Painting a portrait of the Galactic disc with its stellar clusters

Fig. 8. Projection on the Galactic plane of the locations of clusters with derived parameters, colour-coded by age. Top panel: all ages. The shaded
area shows the spiral arm model of Reid et al. (2014). The dashed arm is the revised path of the Cygnus arm in Reid et al. (2019). Bottom row:
splits the sample into three age groups. The Sun is at (0,0) and the Galactic centre is to the right. The most distant objects were left out of the plot.

absence of red clump stars make it impossible to constrain their
age. The increase in available training data (from e.g. TESS) and
the flexibility of machine learning procedures, allowing for miss-

ing values and the empirical combination of measurements of a
di↵erent nature, will make it possible to constrain the ages of
such di�cult objects.

A1, page 9 of 17

Gaia DR2 catalog of stellar clusters, Cantat-Gaudin et al. 2020
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Young SFRs shining in gamma-rays?

• 138 unassociated Fermi-LAT sources coincident with WISE HII 
regions (~50 chance coincidences)

• Lower significance for more evolved Gaia clusters

• LAT catalogs are based on pointlike source detection: could 
miss extended sources

25

6

Figure 3. Left: significance of the correlation between the considered star-clusters catalogs and the di!erent
gamma-ray catalogs. The di!erent colors refer to the di!erent star-cluster samples and the di!erent matching
radii used in the matching, as indicated in the legend. Right: significance of the correlation between gamma-
ray source catalogs, and Gaia identified clusters of di!erent ages. In this case, the radius used for correlation
is the stellar core radius, RSC .

and the age of the clusters, we can also evaluate the probability that a supernova (SN) exploded in
the cluster, as explained more in detail in Appendix B.1, and test whether these events could enhance
the correlation.
For WISE SCs we make some sub-samples using, when available, the infrared luminosity of the

regions evaluated from the reported flux and distances. Moreover, as a check for the possible biases in
the choice of the matching radius, R→, we evaluated the significance of the association by restricting to
sub-samples based on their angular extensions. Indeed, in case of random coincidence the significance
would decrease with increasing radii, for geometrical reasons. The results are also shown in Figure 4.
We see that the significance of association of WISE SCs is ! → 12 for the whole catalog and always

↭ 4 for each investigated sub-sample. The significance increases with increasing RHII, clearing up
doubts on a possible bias due to the larger matching radius. Even when the radius is smaller than
the average Fermi -LAT positional error, → 0.06↑, and hence the matching could fail due to a poor
localization, the significance is higher than 4, suggesting a very high degree of connection between
these source classes. Even when halving the matching radius, the correlation is still significant
(! → 6). Alongside, the significance increases with increasing LIR, as expected for sources powered
by stars.
The association significance found for Gaia SCs is instead much lower, and always ↫ 3, regardless

of the chosen matching radius. The highest significance is found when matching with the termination
shock radius, however the results don’t allow us to draw a firm conclusion on this point. A slight
increase of the significance can be seen as a function of the wind luminosity, but again the numbers
don’t allow us to establish a correlation between the two populations.

2.2. Higher energies: H.E.S.S.,and LHAASO

At higher energies, the most comprehensive catalogs of sources have been obtained with the
H.E.S.S., HAWC and LHAASO experiments. The first collected, in the HGPS (Abdalla et al. 2018),
the sources observed within 60↑ < l < 250↑ and |b| < 3↑, while LHAASO and HAWC surveyed the

Peron et al. 2024

Giada Peron
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Final remarks

• Growing evidence that star-forming regions are gamma-ray 
emitters

• We still have work to do

• Robust characterisation of gamma-ray emission

• Discriminate between multiple interpretations 

• Develop a population view of star-forming regions in 
gamma rays

• Synergies with the theoretical and multi-wavelength/
messenger community are essential!
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