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The H.E.S.S. observatory 

§ Array of 5 Imaging Atmospheric 
Cherenkov telescopes

§ Located in the Khomas Highlands of Namibia at 1800m
§ In operation since 2002
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Imaging Atmospheric Cherenkov technique
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Imaging Atmospheric Cherenkov technique
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g-ray enters 
in the atmosphere

Electromagnetic 
cascade

10 nanosecond snapshot

0.1 km2 “light pool”, a few photons per m2

Cherenkov light

Image intensity → Energy of primary
Image orientation → Direction of primary                            
Image shape → Primary particle Id

§ CR background → Imaging technique
§ Several telescopes in stereoscopy  

for better performance
§ Pointed observations, systematic scans of 

limited regions of the sky 
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Very-high-energy gamma rays: 
a few 10 GeV to a few 100 TeV

Emmanuel Moulin – RICAP  2022

Radio waves Infrared        Vis UV                     X-Rays             Gamma Rays

§ are produced by non-thermal mechanisms
§ trace high energy particles
§ locate cosmic particle accelerators

Beam of protons 
or nuclei

Target gas

Beam of electrons 
or positrons

Low energy
Photon
(Interstellar 
Radiation field)

Eg ~ 0.1 EP

ISM gas 

VHE gamma-ray image
of supernova RX J1713.7-3946
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§ TeV particle acceleration everywhere in the 
cosmos

§ > 200 detected sources
§ Sky maps with 5’ resolution 
§ 3 orders of magnitude in gamma ray flux
§ Energy spectra over 3 decades in energy
§ Light curves on all scales from minutes to years

Very-high-energy gamma rays: 
a few 10 GeV to a few 100 TeV

Radio waves Infrared        Vis UV                     X-Rays             Gamma Rays

VHE gamma-ray image
of supernova RX J1713.7-3946

http://tevcat2.uchicago.edu/

0.2 °
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The H.E.S.S. observatory 
§ H.E.S.S. phase I: 

four 12m IACTs
- FoV 5°
- first light 2002

§ H.E.S.S. phase II: 
addition of a 28m IACT; 

- FoV 3.5°; first light 2012

Emmanuel Moulin – 34th Rencontres de Blois, May  2023
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The H.E.S.S. observatory 
§ H.E.S.S. phase I: 

four 12m IACTs
- FoV 5°
- first light 2002

§ H.E.S.S. phase II: 
addition of a 28m IACT; 

- FoV 3.5°; first light 2012

§ COVID restrictions starting Feb 2020:
- Observers not allowed to leave Namibia in March 2020.

→ Operations with local observers/telescope operators.
→ H.E.S.S. continued to take data throughout the entire pandemic

§ Full integration of moonlight/twilight observations 
as of January 2021
→ ~1500h incl. conservative moonlight/twilight

Emmanuel Moulin – 34th Rencontres de Blois, May  2023
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The H.E.S.S. observatory 
§ H.E.S.S. phase I: 

four 12m IACTs
- FoV 5°
- first light 2002

§ H.E.S.S. phase II: 
addition of a 28m IACT; 

- FoV 3.5°; first light 2012

§ Camera upgrade in 2015-2016 (H.E.S.S. I) and in 2020-2021 (H.E.S.S. II)
- Nectar-chip based HESS1U cameras and FlashCam-prototype
- Changes to operational procedures and monitoring

§ All telescopes, cameras, subsystems show high operational efficiency.
§ Average losses due to technical failures <2%/telescope 

and <5% full array
§ Low weather losses → >1200h darktime data
H.E.S.S. collaboration: ~250 members, at 38 institutes 

sin 13 countries
Emmanuel Moulin – 34th Rencontres de Blois, May  2023
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The H.E.S.S. instrument
§ Overall performances

Energy range Energy resolution Angular resolution 
up to 100 TeV ~10% (68% cont.) ~0.06° (68% cont.)

spectral analysis                  spatial morphology 

- 5° FoV with CT1-4: currently the widest in IACTs 
- Angular resolution is crucial for morphological studies: less source confusion, easier source 

association 

response for the survey we consider. Further refinements in
the description of the instrument response would require
dedicated simulations of the instrument and observations,
and could further improve our estimated sensitivity, but is
beyond the scope of the present work. We adopt a
homogeneous exposure over all the ROIs resulting in a
total of 500 hours of high-quality observations. Given the
limited field of view of IACTs, such an exposure requires a
dedicated observation strategy with the definition of a grid
of pointing positions. For a possible implementation of
such a strategy, see Ref. [17], however we will not pursue
the design of an optimized strategy here.
A similar procedure can be used to generate the expected

number of background and cosmic-ray events, NB
ij and

NCR
ij , respectively. For the background, we use Eq. (4), but

with the following substitution

dΦS
ij

dE
Aγ
eff →

dΦB
ij

dE
Aγ
eff ð5Þ

where dΦB
ij=dE is the background photon flux. A similar

procedure holds for the cosmic rays, up to the different

acceptances for the hadronic and leptonic cases. In detail,
we now substitute

dΦS
ij

dE
Aγ
eff →

dΦp;He
ij

dE
ACR
eff þ

dΦeþe−
ij

dE
Aγ
eff : ð6Þ

The hadronic cosmic-ray contribution experiences a
different effective area, which can be expressed in terms
of the photon acceptance as ACR

eff ¼ ϵCRAγ
eff where ϵ

CR is the
cosmic-ray rejection efficiency. While the majority of
hadronic cosmic rays can be efficiently rejected, a fraction
of them will be misidentified as photons, and here we
assume a representative value of ϵCR ¼ 10% over the full
energy range. This allows us to reach a photon efficiency of
higher than 95% [127]. As mentioned earlier, we assume
that the showers originating from electrons and positrons
cannot be discriminated from photons, and therefore
include their flux in dΦB

ij=dE.
Following Eq. (4), the differential count rate for the

emission in each bin is straightforwardly obtained by

dΓX
ij

dE
¼ 1

Tobs;i

dNX
ij

dE
; ð7Þ

FIG. 3. Left panel: DM and background gamma-ray fluxes expected in the region from 0.4 − 0.5° of the GC (our ROI 2). For DM, we
show the spectra for the self-annihilation of WIMPs of masses mDM ¼ 3 TeV and 10 TeV, respectively, in the WþW− annihilation
channel and with a velocity-weighted annihilation cross section hσvi ¼ 10−27 cm3 s−1. The hadronic (protonþ helium) (solid black
line) and electron (orange line) cosmic-ray fluxes are shown. The former is the largest background, and indeed in the plot we show the
spectra at 1% of the expected value, and it remains the dominant contribution. The diffuse fluxes from the H.E.S.S. Pevatron [18] (green
line), the base of the Fermi bubbles [137] (blue line) together with expectation from the MSP-bulge population [140] (gray lines)
assuming a power-law electron spectrum with an energy cut-off of 1 and 10 TeV, respectively, are shown. Finally, we show a model for
the Galactic diffuse emission (pink line), which is the sum of the π0, bremsstrahlung, and ICS components. Right panel: energy-
differential count rates as a function of energy for the same signal and backgrounds in the same region. As opposed to the left hand plot,
here the results have been convolved with the relevant instrumental effects. Residual background is shown as the sum of the rates for CR
hadrons and electrons. Note that the Pevatron emission is restricted to the inner 0.5° of the GC [18].

MONTANARI, MOULIN, and RODD PHYS. REV. D 107, 043028 (2023)

043028-10
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hemisphere!
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§ H.E.S.S. offers a unique 
visibility of the central part

of the Galactic plane and 
the Galactic Center

H.E.S.S.

MAGIC, VERITAS,
HAWC, LHASSO

Visibility from North and South Hemisphere

§ The survey goes on !
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Galactic Pevatrons
and candidates

Another Galactic sources  
or population of sources

→ PeVatrons

1 TeV 
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Galactic
origin
(SNRs)

Extragalactic 
origin

Knee

106 PeV 

Inferred from hard gamma-
ray spectra above ~50 TeV 
Eg ~ Ep/10

Connection with cosmic rays (+ directionality)

Why (TeV) gamma rays?

The Cosmic Ray spectrum

Galactic Extra-galactic
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The origin of CRs: Galactic sources

1 eV/cm3

Quite large energy density

Powerful sources

long standing issue: 
can SNRs accelerate 

protons up to the 
knee?

~3 PeV

Gamma-ray astronomy

p + p� p + p + �0 ⇥0 � � + �

CR ISM ⇥E�⇤ � ECR/10

Epeak =
m�0

2

� 70 MeV 100 GeV 100 TeV

knee?

same slope as CR spectrum

FERMI IACT
(space)      (ground)

A proton PeVatron in the galactic centre
Observational 

signature

p-p interactions ->

inverse Compton-> suppressed in the multi-TeV domain (Klein-Nishina effect)

Ep
max ⇡ 1 PeV �! E�

max ⇡ 100 TeV [credit: S. Gabici]

Most energetic processes in the Universe 
— > the origin of Galactic cosmic rays (protons) 

cosmic-ray fluxes
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§ Galactic centre region
- Diffuse emission
- Proton mostly responsible 

for the emission
- First Galactic Pevatron detected
- Central BH Sagittarius A* most 

likely the accelerator

Galactic Pevatrons
and candidates

Another Galactic sources  
or population of sources

→ PeVatrons

1 TeV 1 PeV

Galactic
origin
(SNRs) Extragalactic 

originKnee

106 PeV 

Inferred from hard gamma-
ray spectra above ~50 TeV

H.E.S.S. coll., Nature 531, 476 (2016)

Connection with cosmic rays (+ directionality)
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inverse Compton-> suppressed in the multi-TeV domain (Klein-Nishina effect)
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Most energetic processes in the Universe 
— > the origin of Galactic cosmic rays (protons) 

cosmic-ray fluxes
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LETTER RESEARCH

If the accelerator injects particles (here we consider protons through-
out) at a continuous rate, ( )!Q Ep , the radial distribution of cosmic rays 
in the central molecular zone, in the case of diffusive propagation, is 
described9 as ( )= ( )

π ( )

!
w E r t, , Q E

D E rCR 4
p  erfc(r/rdiff), where D(E) and rdiff are  

the diffusion coefficient and radius, respectively. For timescales t 
smaller than the proton–proton interaction time (tpp ≈   
5 ×  104(n/103)−1 yr, where n is the density of the hydrogen gas in cm−3), 
the diffusion radius is ≈ ( )r D E t4diff . Thus, at distances r <  rdiff, the 
proton flux should decrease as ∼ 1/r provided that the diffusion coef-
ficient does not vary much throughout the central molecular zone. The 
measurements clearly support the wCR(r) ∝  1/r dependence over the 
entire central molecular zone region (Fig. 2) and disfavour both 
wCR(r) ∝  1/r2 and wCR(r) ∝  constant profiles (the former is expected if 
cosmic rays are advected in a wind, and the latter in the case of a single 
burst-like event of cosmic-ray injection). The 1/r profile of the cos-
mic-ray density up to 200 pc indicates a quasi-continuous injection of 
protons into the central molecular zone from a centrally located accel-
erator on a timescale ∆ t exceeding the characteristic time of diffusive 
escape of particles from the central molecular zone, that is, ∆ t ≥  tdiff ≈  
R2/6D ≈  2 ×  103(D/1030)−1 yr, where D (in cm2 s−1) is normalized to 
the characteristic value of multi-TeV cosmic rays in the Galactic disk10. 
In this regime the average injection rate of particles is found to  
be (≥ )≈ × ( / )!Q D10 TeV 4 10 10p

37 30  erg s−1. The diffusion coefficient 
itself depends on the power spectrum of the turbulent magnetic field, 
which is unknown in the central molecular zone region. This intro-
duces an uncertainty in the estimates of the injection power of relativ-
istic protons. Yet, the diffusive nature of the propagation is constrained 
by the condition R2/6D ! R/c. For a radius of the central molecular 
zone region of 200 pc, this implies D ! 3 ×  1030 cm2 s−1, and, conse-
quently, . × −! "Q 1 2 10 erg sp

38 1.
The energy spectrum of the diffuse γ -ray emission (Fig. 3) has been 

extracted from an annulus centred at Sagittarius (Sgr) A*  (see Fig. 1). 
The best fit to the data is found for a spectrum following a power law 
extending with a photon index of ∼ 2.3 to energies up to tens of TeV, 
without a cut-off or a break. This is the first time, to our knowledge, 
that such a γ -ray spectrum, arising from hadronic interactions, has 
been detected. Since these γ -rays result from the decay of neutral pions 
produced by pp interactions, the derivation of such a hard power-law 

spectrum implies that the spectrum of the parent protons should extend 
to energies close to 1 PeV. The best fit of a γ -ray spectrum from neutral 
pion decay to the HESS data is found for a proton spectrum following 
a pure power law with an index of ∼ 2.4. We note that pp interactions 
of 1 PeV protons could also be studied by the observation of emitted 
neutrinos or X-rays from the synchrotron emission of secondary elec-
trons and positrons (see Methods and Extended Data Figs 3 and 4). 
However, the measured γ -ray flux puts the expected fluxes of neutri-
nos and X-rays below or at best close to the sensitivities of the current 
instruments. Assuming a cut-off in the parent proton spectrum, the 
corresponding secondary γ -ray spectrum deviates from the HESS data 
at 68%, 90% and 95% confidence levels for cut-offs at 2.9 PeV, 0.6 PeV 
and 0.4 PeV, respectively. This is the first robust detection of a VHE 
cosmic hadronic accelerator which operates as a source of PeV particles 
(a ‘PeVatron’).

Remarkably, the Galactic Centre PeVatron appears to be located 
in the same region as the central γ -ray source HESS J1745− 290  
(refs 11–14). Unfortunately, the current data cannot provide an answer 
as to whether there is an intrinsic link between these two objects. The 
point-like source HESS J1745− 290 itself remains unidentified. Besides 
Sgr A* (ref.  15), other potential counterparts are the pulsar wind nebula  
G 359.95− 0.04 (refs 16, 17) and a spike of annihilating dark matter18. 
Moreover, it has also been suggested that this source might have a 
diffuse origin, peaking towards the direction of the Galactic Centre 
because of the higher concentration there of both gas and relativistic 
particles15. In fact, this interpretation would imply an extension of the 
spectrum of the central source to energies beyond 10 TeV, which how-
ever is at odds with the detection of a clear cut-off in the spectrum of 
HESS J1745− 290 at about 10 TeV (refs 19, 20; Fig. 3). Yet the attractive 
idea of explaining the entire γ -ray emission from the Galactic Centre by 
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Figure 2 | Spatial distribution of the cosmic-ray density versus 
projected distance from Sgr A*.  The vertical and horizontal error bars 
show the 1σ statistical plus systematic errors and the bin size, respectively. 
Fits to the data of a 1/r (red line, χ2/d.o.f. =  11.8/9), a 1/r2 (blue line, χ2/
d.o.f. =  73.2/9) and a homogeneous (black line, χ2/d.o.f. =  61.2/9) cosmic-
ray density radial profile integrated along the line of sight are shown. The 
best fit of a 1/rα profile to the data is found for α =  1.10 ±  0.12 (1σ). The 
1/r radial profile is clearly preferred for the HESS data.
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Figure 3 | VHE γ-ray spectra of the diffuse emission and HESS  
J1745−290.  The y axis shows fluxes multiplied by a factor E2, where E is the 
energy on the x axis, in units of TeV cm−2 s−1. The vertical and horizontal 
error bars show the 1σ statistical error and the bin size, respectively. Arrows 
represent 2σ flux upper limits. The 1σ confidence bands of the best-fit 
spectra of the diffuse and HESS J1745−290 are shown in red and blue 
shaded areas, respectively. Spectral parameters are given in Methods. The 
red lines show the numerical computations assuming that γ -rays result from 
the decay of neutral pions produced by proton–proton interactions. The 
fluxes of the diffuse emission spectrum and models are multiplied by 10 to 
visually separate them from the HESS J1745−290 spectrum.
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J1745−290.  The y axis shows fluxes multiplied by a factor E2, where E is the 
energy on the x axis, in units of TeV cm−2 s−1. The vertical and horizontal 
error bars show the 1σ statistical error and the bin size, respectively. Arrows 
represent 2σ flux upper limits. The 1σ confidence bands of the best-fit 
spectra of the diffuse and HESS J1745−290 are shown in red and blue 
shaded areas, respectively. Spectral parameters are given in Methods. The 
red lines show the numerical computations assuming that γ -rays result from 
the decay of neutral pions produced by proton–proton interactions. The 
fluxes of the diffuse emission spectrum and models are multiplied by 10 to 
visually separate them from the HESS J1745−290 spectrum.
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§ HESSJ1702-420

Gamma rays up 
to 100 TeV from 
the component 
HESS J1702-420A

- No obvious counterpart
- Hadronic scenario: cut-off energy of the

protons is higher than 0.5 PeV (95% CL)
- A leptonic origin of the observed TeV emission

cannot be ruled out either

Galactic science: Pevatrons and candidates
H.E.S.S. coll., A&A, 653, A152 (2021)
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§ Westerlund1 stellar cluster
- TeV emission: 2°
- TeV spectrum >50 TeV
- Deeper observations reveal no
spectral change with location.
- Shell-like structure centred on
cluster. TeV+ISM comparison 
compatible with continuous 
CR injector.

§ HESS J1826-130
- TeV flux to ~50 TeV
- Overlaps dense ISM
- CRs escaping J1825 or 
  PSR J1826-1256
§ Other examples: 
    HESS J1809-193, 
    HESS J1831-098

H.E.S.S. Collaboration et al.: An extreme particle accelerator in the Galactic plane: HESS J1826�130
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Fig. 1. Map of excess counts with energies E > 5 TeV for region around HESS J1826�130 smoothed with a Gaussian kernel of 0.07� to match
HESS PSF at the same energies. The 68% containment radius of the HESS PSF is shown with the white circle in the lower-left corner. The white
contours indicate the significance of the emission at the 5�, 10�, and 15� level. The color scale is in units of excess counts per smoothing Gaussian
width. The green circle shows the integration region used for deriving the source spectrum (Fig. 3), while the green cross indicates the value and 1�
uncertainty of the best-fit position of the source. The nearby SNRs: G18.45�0.42, G018.6�00.2, and G018.1�00.1 are represented with yellow
circles, while the white triangle indicates the position of the �-ray pulsar PSR J1826�1256. The blue star shows the peak position of the bright
nearby source HESS J1825�137 for energies above 0.25 TeV (we employed the position as reported in H.E.S.S. Collaboration et al. (2019a) since
the data set analyzed here accounts for a total exposure across all of HESS J1825�137, which is less than that used in its dedicated study). The blue
triangle indicates the position of PSR J1826�1334. The white dashed line indicates the orientation and position of the Galactic plane, while the cyan
dashed rectangle indicates the area for the extraction of the profiles shown in Fig. 2. Color version of Fig. 1 available in the electronic version.

of ⇠ 5� when accounting for the presence of the two HESS VHE
sources.

Within the surroundings of HESS J1826�130, there are also
three supernova remnants (SNRs): G18.1�0.1, G18.6�0.2, and
G18.45�0.42, which are detected in the radio band (Brogan
et al. 2006; Anderson et al. 2017). Detailed studies of the gas
dynamics and densities in the direction of the region north of
HESS J1825�137 were carried out by Voisin et al. (2016), follow-
ing the discovery of a molecular cloud north of PSR J1826�1334
by Lemiere et al. (2005). These studies revealed the presence
of dense molecular clouds with particle density values up to
nH2 ~ 7 ⇥ 102 cm�3. The bulk of molecular gas in the vicinity of
HESS J1826�130 is located at VLSR = 45–60 km/s, correspond-
ing to a kinematic distance of 4.0 kpc, and VLSR = 60–80 km/s,
corresponding to a kinematic distance of 4.6 kpc. The former gas
distance estimate is consistent with the dispersion measurement
of PSR J1826�1334. Voisin et al. (2016) concluded that due to
the general spatial match between the molecular gas and the TeV
emission, HESS J1826�130 might be explained by a hadronic
emission scenario, with the progenitor SNR of HESS J1825�137
being a suitable local CR source candidate. However, a leptonic
scenario connected to the Eel Nebula could not be ruled out.
Furthermore, the two SNRs, G18.1�0.1 and G18.6�0.2, were

considered unlikely to be directly related to the TeV excess due
to their o↵set positions and their small angular diameters.

3. HESS observations and data analysis results

The High Energy Stereoscopic System is an array of five imag-
ing atmospheric Cherenkov telescopes located in the Khomas
Highland of Namibia, 1800 m above sea level. HESS in phase
I comprised four 12 m diameter telescopes that have been fully
operational since 2004. A fifth telescope (CT5), with a larger
mirror diameter of 28 m and newly designed camera (Bolmont
et al. 2014), was added to the center of the array and has been
operational since September 2012. The HESS phase I array con-
figuration is sensitive to �-ray energies between 100 GeV and
several tens of TeV, while the energy threshold of the array was
lowered to 10’s of GeV with the addition of CT5. The VHE HESS
data presented in this paper were recorded with the HESS phase I
array configuration, which can measure extensive air showers
with an angular resolution better than 0.1� and an average en-
ergy resolution of 15% for an energy of 1 TeV (Aharonian et al.
2006c).

The VHE �-ray observations of the FoV around
HESS J1826�130 were carried out between 2004 and 2015.
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Table 3. Comparison of ECPL spectral models for the HESS J1826�130 integration region (Total), plus the north and south semi-circle regions. The
integral flux (in % Crab Nebula) is given for the same energy range (above 1 TeV).

Region Normalization Index Cut-o↵ energy Integral flux (>1 TeV)
(10�13 cm�2 s�1 TeV�1) (TeV) (% Crab Nebula)

Total 10.10 ± 0.69stat ± 2.02sys 1.78 ± 0.10stat ± 0.20sys 15.2+5.5
�3.2 4.9

North semi-circle 4.64 ± 0.49stat ± 0.93sys 1.69 ± 0.14stat ± 0.20sys 15.8+9.6
�4.3 2.4

South semi-circle 5.06 ± 0.49stat ± 1.01sys 1.88 ± 0.14stat ± 0.20sys 16.4+11.9
�4.7 2.3

for the north (south) semi-circle is significant. The spectra of the
upper halves of these control regions (solid semi-circles in Fig.
4) show insignificant (< 5.0�) emission, while the lower halves
of the control regions (dashed semi-circles in Fig. 4), which are
closer to HESS J1825�137, show significant (> 5.0�) VHE �-ray
emission.

One expects that the contamination in the north semi-circle
region should be less with respect to the south semi-circle region,
and the spectrum should reflect the intrinsic spectral properties
of HESS J1826�130. The spectral fit results, assuming an ECPL
model and obtained from the north and south semi-circle regions,
are given in Table 3 along with the total results. As expected, the
north semi-circle spectrum is slightly harder than those of the
total and south semi-circle regions. Although the contamination
from HESS J1825�137 could potentially a↵ect the spectrum of
HESS J1826�130, our studies demonstrate that the e↵ects on the
spectral parameters are at the level of our analysis systematic
uncertainties. The intrinsic spectrum of HESS J1826�130, cor-
rected for this contamination, is found to be well described by an
ECPL model where �0 = 9.2 ⇥ 10�13 cm�2 s�1 TeV�1, � = 1.7
and a cut-o↵ energy around Ec = 16 TeV.

A further investigation of the intrinsic spectrum of
HESS J1826�130 was performed using a 3D cube-analysis ap-
proach3. With such a template-based analysis method, uncontam-
inated spectra can be derived, since all sources located in the FoV
are simultaneously taken into account. The 3D analysis results
published in Ziegler (2018) are found to be compatible with the
results presented here.

4. Discussion

The study of VHE �-ray sources displaying spectra extending
above several tens of TeV is required to understand the origin
of the highest energy CRs close to the knee in the CR spectrum.
These studies are particularly promising in cases in which dense
gas regions are coincident with the source of interest. In the
case of HESS J1826�130, the spatial coincidence of a dense
molecular hydrogen region found along the line of sight (see
Voisin et al. (2016)), suggests that the radiation could actually
be produced by protons with energies of several hundred TeV
colliding with this gas. Figure 5 displays the HESS excess map
obtained at energies above 20 TeV together with column density
profiles derived from Nobeyama 12CO(1–0) (Umemoto et al.
2017) and SGPS HI data (McClure-Gri�ths et al. 2005), for two
di↵erent gas velocity ranges, 45–60 km/s (corresponding to a
kinematic distance of 4.0 kpc) and 60–80 km/s (corresponding
to a kinematic distance of 4.6 kpc). The scaling X-factors, XHI =
1.8 ⇥ 1018 cm�2 (K km s�1)�1 and XCO = 2.0 ⇥ 1020 cm�2 (K km
s�1)�1, were taken from Dickey & Lockman (1990) and Strong,
3 We used ctools (Knödlseder, J. et al. 2016) and gammapy (Deil et al.
2017), which include 3D cube analysis approaches optimized for mea-
suring intrinsic spectra from contaminated sources.
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Fig. 4. VHE �-ray excess map of HESS J1826�130 for all events satu-
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distributed in a radially symmetric manner around the peak position
of HESS J1825�137, indicated with the blue cross, obtained from the
dataset and for energies above 0.4 TeV. The cyan contours indicate the
significance of the emission at the 15�, 20� and 25� levels.

A. W. et al. (2004), respectively. The Nobeyama 12CO(1–0) data
was smoothed to match the SGPS beam size of 2’. The CO and HI
distribution display two local maxima that do not coincide with
the E > 20 TeV peak, although they still provide target densities
at the level of ⇠ 5⇥ 102 cm�3 at the position of HESS J1826�130.

The best-fit parent proton population in this scenario would
have a spectral index of ⇠1.7 and a cut-o↵ energy around 200
TeV4. The relative hardness of the photon spectrum could be
due to the highest energy protons di↵using into dense clouds,
while lower energy protons might still be confined within the
accelerating source, or e�ciently excluded from the clouds if the
di↵usion coe�cient inside the clouds is suppressed (Gabici et al.
2009). A hadronic scenario in which runaway protons accelerated
by one of the coincident or nearby SNRs emit TeV photons when
interacting with the dense ambient gas found along the line of
sight could explain the hard spectrum of HESS J1826�130. We
note, however, that the filled centers of SNR G18.5-0.04 and SNR
G18.1-00.1 are possibly too old to be able to accelerate protons
up to hundreds of TeV. The �-ray luminosity, L�, of the source

4 We employed the NAIMA fitting software package for these compu-
tations (Zabalza 2015).
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Galactic Pevatrons and VHE gamma rays

§ a PeVatron 
o Only hadronic accelerators?
o “Leptonic PeVatrons”?

§ When is it no longer a candidate?
o Clear accelerator 
o Confirmed hadronic : coincident neutrinos

PeVatron - UHE gamma-ray source (Eγ ≳ 100 TeV)

Emmanuel Moulin . – Moriond VHEPU 2022

Galactic PeVatrons ?

Three brightest sources show 
no sign of cut-off - PeVatrons

[LHAASO, Nature, 2021]

Sources include long-suspected accelerators, such as the Crab nebula & SNR, with highest energy 
photons coming from the Cygnus Cocoon (massive stars with powerful winds )! 

Note: gamma rays beyond 100 TeV also observed by HAWC + Tibet AS +MD array!

Nature | Vol 594 | 3 June 2021 | 35

be realized in a scenario in which the accelerated particles have left 
their acceleration site (for example, a supernova remnant) and have 
entered nearby high-density clouds15. The energy spectrum of protons 
approaching the clouds depends not only on the initial (acceleration) 
spectrum but also on the propagation (energy-dependent) timescales 
of CRs and on the distances to the clouds. Therefore, one may indeed 
expect unusual energy distributions of CRs inside the clouds16. In this 
scenario, the middle-aged supernova remnant SNR G40.5-0.5, over-
lapping with the image of LHAASO J1908+0621, could play the role 
of the particle accelerator. It is too old to be a multi-teraelectronvolt 
γ-ray emitter itself, but CR protons and nuclei accelerated at the early 
epochs of this supernova remnant can initiate high-energy emis-
sion in the surrounding clouds. If confirmed, this would be the first 
strong evidence of acceleration of petaelectronvolt protons by an 
supernova remnant.

Although supernova remnants remain prime candidates as sup-
pliers of Galactic CRs, massive stars with powerful winds have been 
proposed as a viable alternative to supernova remnants17,18, primarily as 
contributors to the ‘knee’ region around 1 PeV. A preference for young 
massive star clusters as proton PeVatrons over supernova remnants 
has recently been argued in the context of the 1/r-type (where r is the 
distance from the cluster) spatial distributions of parent protons, 
derived from the observations of extended teraelectronvolt γ-ray 
sources associated with luminous stellar clusters, in particular with 
Cygnus OB219. The positional coincidence of LHAASO J2032+4102 
with the Cygnus Cocoon that surrounds Cygnus OB2, and with pho-
tons exceeding 1 PeV emitted from it, can be treated as evidence of 
the operation of massive stars as hadronic PeVatrons. The leptonic 
(inverse Compton) origin of radiation can be excluded because of the 
lack of brightening of the γ-ray image towards Cygnus OB2. A decisive 
test for the acceleration of protons, presumably via collisions of the 
stellar winds, and continuous injection into the circumstellar medium 
over million-year timescales, would be the derivation of hard injec-
tion spectra and a radial dependence of the density of UHE protons. 
Adequate photon statistics provided by LHAASO for spectrometric 

and morphological studies of this object, which is located in a rather 
complex region crowded by several competing sources, is foreseen 
for the coming 1–2 years.

Regardless of the nature of objects associated with the UHE sources, 
the photons detected by LHAASO far beyond 100 TeV prove the exist-
ence of Galactic PeVatrons. Moreover, it is likely that the Milky Way is 
full of these perfectly designed particle accelerators. The acceleration 
of protons to petaelectronvolt energies requires extreme physical 
conditions, representing a challenge for any Galactic source popula-
tion, including supernova remnants and young massive star clusters, 
as suspected major contributors to Galactic CRs. Pulsar wind nebu-
lae as potential (in fact, the only feasible) electron PeVatrons in our 
Galaxy require even more extreme theoretical speculations. The 12 
UHE sources reported here, detected at about 1 CU, reveal only the 
tip of the iceberg. In the coming years, observations with LHAASO will 
reduce the flux detection threshold by at least an order of magnitude. 
This will dramatically increase the number of UHE sources and, at the 
same time, provide high-quality energy spectra and the morphology of 
UHE sources in the flux range of 1 CU. Extension of the spectra without 
an indication of a cutoff beyond several petaelectronvolts would not 
only robustly identify the hadronic origin of the UHE γ radiation but, 
more importantly, would reveal the sites of super-PeVatrons, the CR 
factories in the Milky Way responsible for the locally observed flux of 
CRs well above the ‘knee’.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41586-021-03498-z.

1. Aloisio, R., Coccia, E. & Vissani, F. (eds) Multiple Messengers and Challenges in 
Astroparticle Physics (Springer, 2018).
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Fig. 1 | Spectral energy distributions and significance maps. a–c, Data are 
shown for LHAASO J2226+6057 (a), LHAASO J1908+0621 (b), and LHAASO 
J1825-1326 (c). Spectral fits with a log-parabola function (solid lines) in the form 
of [E/(10 TeV)]−a − blog[E/(10 TeV)] are compared with the power-law fits E−Γ for: a = 1.56, 
b = 0.88 and Γ = 3.01 (a); a = 2.27, b = 0.46 and Γ = 2.89 (b); and a = 0.92, b = 1.19 
and Γ = 3.36 (c). The dotted curves correspond to the log-parabola fits 
corrected for the interstellar γ−γ absorption (see Methods for the radiation 
fields and Extended Data Fig. 6 for the opacity curves). The comparison of the 
power-law (PL) model and the log-parabola (LOG) model with the Akaike 
Information Criterion20 (AIC) gives: AICLOG = 12.3 and AICPL = 24.4 for LHAASO 
J2226+6057; AICLOG = 15.1 and AICPL = 30.1 for LHAASO J1908+0621; and 

AICLOG = 11.6 and AICPL = 14.8 for LHAASO J1825-1326. The insets show the 
significance maps of the three sources, obtained for γ-rays above 25 TeV. The 
colour bars show the square root of test statistics (TS), which is equivalent to 
the significance. The significance ( TS) maps are smoothed with the 
Gaussian-type point spread function (PSF) of each source. The size of PSFs (68% 
contamination regions) are shown at the bottom right of each map. We note 
that the PSFs of the three sources are slightly different owing to different 
inclination angles. Namely, the 68% contamination angles are 0.49° for 
LHAASO J2226+6057, 0.45° for LHAASO J1908+0621 and 0.62° for LHAASO 
J1825-1326. Error bars represent one standard deviation.
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FIG. 1.
p
TS map of the Galactic plane for Ê > 56 TeV emission. A disk of radius 0.5� is assumed as the morphology. Black

triangles denote the high-energy sources. For comparison, black open circles show sources from the 2HWC catalog.

FIG. 2. The same as Figure 1, but for Ê > 100 TeV. The symbol convention is identical to Figure 1.

Source name RA (o) Dec (o) Extension > F (10�14
p
TS > nearest 2HWC Distance to

p
TS >

56 TeV (o) ph cm�2 s�1) 56 TeV source 2HWC source(�) 100 TeV

eHWC J0534+220 83.61 ± 0.02 22.00 ± 0.03 PS 1.2 ± 0.2 12.0 J0534+220 0.02 4.44

eHWC J1809-193 272.46 ± 0.13 -19.34 ± 0.14 0.34 ± 0.13 2.4+0.6
�0.5 6.97 J1809-190 0.30 4.82

eHWC J1825-134 276.40 ± 0.06 -13.37 ± 0.06 0.36 ± 0.05 4.6 ± 0.5 14.5 J1825-134 0.07 7.33

eHWC J1839-057 279.77 ± 0.12 -5.71 ± 0.10 0.34 ± 0.08 1.5 ± 0.3 7.03 J1837-065 0.96 3.06

eHWC J1842-035 280.72 ± 0.15 -3.51 ± 0.11 0.39 ± 0.09 1.5 ± 0.3 6.63 J1844-032 0.44 2.70

eHWC J1850+001 282.59 ± 0.21 0.14 ± 0.12 0.37 ± 0.16 1.1+0.3
�0.2 5.31 J1849+001 0.20 3.04

eHWC J1907+063 286.91 ± 0.10 6.32 ± 0.09 0.52 ± 0.09 2.8 ± 0.4 10.4 J1908+063 0.16 7.30

eHWC J2019+368 304.95 ± 0.07 36.78 ± 0.04 0.20 ± 0.05 1.6+0.3
�0.2 10.2 J2019+367 0.02 4.85

eHWC J2030+412 307.74 ± 0.09 41.23 ± 0.07 0.18 ± 0.06 0.9 ± 0.2 6.43 J2031+415 0.34 3.07

TABLE I. Sources exhibiting Ê > 56 TeV emission. A Gaussian morphology is assumed for a simultaneous fit to the source
location and extension (68% Gaussian containment) for Ê > 56 TeV. The integral flux F above 56 TeV is then fitted;

p
TS

is the square root of the test statistic for the integral flux fit. The nearest source from the 2HWC catalog and the angular
distance to it are also provided. In addition, the

p
TS of the same integral flux fit but above Ê >100TeV is provided. All

uncertainties are statistical only. The point spread function of HAWC for Ê > 56 TeV is ⇠0.2� at the Crab declination [19],
but is declination-dependent and increases to 0.35� and 0.45� for eHWC J1825-134 and eHWC J1809-193 respectively. The
overall pointing error is 0.1� [22].

Source
p
TS Extension (o) �0 (10�13 TeV cm2 s)�1 ↵ Ecut (TeV) PL di↵

eHWC J1825-134 41.1 0.53 ± 0.02 2.12 ± 0.15 2.12 ± 0.06 61 ± 12 7.4

Source
p
TS Extension (o) �0 (10�13 TeV cm2 s)�1 ↵ � PL di↵

eHWC J1907+063 37.8 0.67 ± 0.03 0.95 ± 0.05 2.46 ± 0.03 0.11 ± 0.02 6.0

eHWC J2019+368 32.2 0.30 ± 0.02 0.45 ± 0.03 2.08 ± 0.06 0.26 ± 0.05 8.2

TABLE II. Spectral fit values for the three sources that emit above 100 TeV. eHWC J1825-134 is fit to a power-law with an
exponential cuto↵ (Eq. 1); the other two sources are fit to a log-parabola (Eq. 2).

p
TS is the square root of test statistic for

the given likelihood spectral fit. Sources are modeled as a Gaussian; Extension is the Gaussian width over the entire energy
range. The uncertainties are statistical only. �0 is the flux normalization at the pivot energy (10 TeV). PL di↵ gives

p
�TS

between the given spectral model and a power-law.
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but is declination-dependent and increases to 0.35� and 0.45� for eHWC J1825-134 and eHWC J1809-193 respectively. The
overall pointing error is 0.1� [22].

Source
p
TS Extension (o) �0 (10�13 TeV cm2 s)�1 ↵ Ecut (TeV) PL di↵

eHWC J1825-134 41.1 0.53 ± 0.02 2.12 ± 0.15 2.12 ± 0.06 61 ± 12 7.4

Source
p
TS Extension (o) �0 (10�13 TeV cm2 s)�1 ↵ � PL di↵

eHWC J1907+063 37.8 0.67 ± 0.03 0.95 ± 0.05 2.46 ± 0.03 0.11 ± 0.02 6.0

eHWC J2019+368 32.2 0.30 ± 0.02 0.45 ± 0.03 2.08 ± 0.06 0.26 ± 0.05 8.2

TABLE II. Spectral fit values for the three sources that emit above 100 TeV. eHWC J1825-134 is fit to a power-law with an
exponential cuto↵ (Eq. 1); the other two sources are fit to a log-parabola (Eq. 2).

p
TS is the square root of test statistic for

the given likelihood spectral fit. Sources are modeled as a Gaussian; Extension is the Gaussian width over the entire energy
range. The uncertainties are statistical only. �0 is the flux normalization at the pivot energy (10 TeV). PL di↵ gives

p
�TS

between the given spectral model and a power-law.

E>56TeV

E>100 TeV

[HAWC, PRL, 2020]

extreme accelerators, p vs e origin not settled yet

3

FIG. 1. The arrival direction of each gamma-ray-like event
observed with (a) 100 < E < 158 TeV, (b) 158 < E <

398 TeV, and (c) 398 < E < 1000 TeV, respectively, in
the equatorial coordinate. The blue solid circles show ar-
rival directions of gamma-ray-like events observed by the Ti-
bet AS+MD array. The area of each circle is proportional to
the measured energy of each event. The red plus marks show
directions of the known Galactic TeV sources (including the
unidentified sources) listed in the TeV gamma-ray catalog [9].
The solid curve indicates the Galactic plane, while the shaded
areas indicate the sky regions outside the field of view of the
Tibet AS+MD array.

is 719 days from February 2014 to May 2017, and the
average effective detection time for the Galactic plane
observation is approximately 3700 hours at the zenith
angle less than 40◦. The data selection criteria are the
same in our previous work [12] except for the muon cut
condition. According to the CASA-MIA experiment, the
marginal excess along the Galactic plane in the sub-PeV
energies is 1.63σ and the fraction of excess to cosmic-
ray background events is estimated to be approximately
3 × 10−5 [18]. In order to search for signals with such a
small excess fraction, we adopt a tight muon cut in the
present analyses requiring for gamma-ray-like events to
satisfy ΣNµ < 2.1 × 10−4 (Σρ)1.2 or ΣNµ < 0.4, where
ΣNµ is the total number of muons detected in the un-
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FIG. 2. Gamma-ray excess counts as a function of Galac-
tic latitude with (a) 100 < E < 158 TeV, (b) 158 < E <

398 TeV, and (c) 398 < E < 1000 TeV. The excess count
is calculated from the observed event number after subtract-
ing the estimated background event number (see text). The
Galactic longitude of the arrival direction in each figure is inte-
grated across our FOV (approximately 22◦ < l < 225◦). The
solid circles show the experimental data, while the shaded his-
tograms display the model profile [8] rebinned in every (a)(b)
1◦ and (c) 5◦ of the Galactic latitude. The downward arrows
show upper limits of excess at 68% confidence level. The num-
ber of excess in the model, which is independent of energy, is
normalized to the observed number within |b| < 5◦.

derground muon detector array. This is just one order
of magnitude tighter than the criterion used in our pre-
vious work [12]. The cosmic-ray survival ratio with this
tight muon cut is experimentally estimated to be approx-
imately 10−6 above 400 TeV, while the gamma-ray sur-
vival ratio is estimated to be 30% by the MC simulation.
The comparison between the cosmic-ray data and the
MC simulation is described in Fig. S1 in Supplemental
Material [37].

[Tibet AS!, PRL, 2021]

!-like events 398 < E < 1000 TeV 

Galaxy is full of PeVatrons!

§ 12 sources at > 0.1 PeV detected by 
LHASSO so far

Tibet ASg
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Pulsar TeV halos - Geminga
§ New source class: Geminga and Monogem pulsars 
   are surrounded by a spatially extended region (~20 pc) 
   emitting multi-TeV gamma-rays 

§ Data implied the diffusion coefficient to be two orders of 
     magnitude lower than the one in the Galaxy. 

Emmanuel Moulin – 34th Rencontres de Blois, May  2023

~2° scale emission

HAWC
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§ New source class: Geminga and Monogem pulsars 
   are surrounded by a spatially extended region (~20 pc) 
   emitting multi-TeV gamma-rays 

§ Data implied the diffusion coefficient to be two orders of 
           magnitude lower than the one in the Galaxy. 

§ H.E.S.S. has detected similar morphology
§ Detecting large, extended 
    sources with IACTs is 
    challenging, but possible

§ True emission extent
    likely larger than 
    H.E.S.S. FoV

§ Largest H.E.S.S. source:
     ~5° diam; ~20pc

Pulsar TeV halos - Geminga

HAWC detection of
extended TeV emission

ICRC2021 ICRC2021

A&A proofs: manuscript no. Geminga_final

Fig. 2. Excess counts sky maps of the Geminga region above 0.5 TeV using the 2019 dataset with two di↵erent background estimation methods.
Left: On-O↵ background estimation method. Right: field-of-view background estimation method. The maps are over-sampled with a 0.08º corre-
lation radius, with contours at the level of 50 and 100 excess counts from maps over-sampled with a 0.5º correlation radius. The 68% containment
PSF is shown for comparison and has a value of 0.06º, valid for the innermost ✓ < 1� region around the pulsar in which the significance is evaluated
(indicated by a dashed circle). The Galactic plane is indicated by a green dashed line and the pulsar location with a green triangle, whilst an arrow
indicates the proper motion direction of the pulsar (arbitrary length). Background normalisation is performed using regions at ✓ > 3.2�, indicated
by a dotted circle.

to estimate the background. The limited field of view prevents
using a background ring radius large enough such that the back-
ground region does not contain emission from the source. The
measured flux is therefore a relative measurement and will un-
derestimate the true flux (see also Mitchell et al. 2019).

Two di↵erent background methods, Ring and On-O↵, are ap-
plied to evaluate the significance of �-ray emission within a 1�
radius region around the pulsar in this dataset, with a consistent
detection obtained using both approaches (see Table 2). When
using the On-O↵ background estimation, the entire field of view
of the observations is considered as the On region, with O↵ data
taken from observing runs matched for comparable conditions.
The parameters used to match the O↵ data to On data include
the zenith angle of the observations, the run duration, and the
combination of telescopes participating. The presence of all four
telescopes CT1-4 is required for this analysis in order to pro-
vide a smooth acceptance4 across the sky region. The O↵ runs
used to estimate the background are extragalactic observations
from 2004-2009 with no significant source detected in the field
of view.

3.2. Background estimation: 2019 dataset

Following this detection, observations of the Geminga region
were conducted in 2019 at large wobble o↵sets of 1.6� around
the pulsar, out to which the camera acceptance remains at & 60%
of the on-axis acceptance (Aharonian et al. 2006). Once again,
the emission from the region around Geminga is found to fill
the available field of view, proving a considerable challenge for
background estimation in the analysis. Therefore, two di↵erent
methods are used; the so-called On-O↵ and field-of-view back-
ground approaches (Weekes et al. 1989; Berge et al. 2007).

4the probability of accepting a �-ray candidate event reconstructed
at a certain position and energy

Table 3. Matching criteria of O↵ runs selected for the On-O↵ back-
ground analysis.

Dataset Mean �✓z Mean �t Livetime
O↵ List 1 0.23� ± 0.04 5.7 ± 0.7 s 17.9 h
O↵ List 2 0.97� ± 0.03 4.4 ± 0.4 s 20.8 h

Notes. The average discrepancy between On and O↵ runs in Zenith
angle ✓z and run duration t is indicated for each O↵ list. The resulting
livetime after run quality selection is also quoted, with the di↵erence in
livetime due to tighter quality cuts and matching criteria used for O↵
List 1. We note that the two sets of O↵ runs are fully independent.

In order to provide an estimate of the systematic uncertain-
ties of the On-O↵ background estimator and cross-check our re-
sults, we used two independent matched lists of O↵ runs, with
di↵erent tolerance levels in the matching criteria (see Table 3).
Both lists are comprised of observations from 2017 to 2019. Un-
less otherwise specified, analysis results from the On-O↵ back-
ground approach are always presented using the better matched
O↵ List 1, with O↵ List 2 contributing to the evaluation of the
systematic uncertainty only (see section 4.2 & Table 5).

The second background estimation approach used is the
field-of-view (FoV) method, which uses an acceptance model
to estimate the expected level of background counts throughout
the field of view (Berge et al. 2007). Regions of significant �-ray
emission are excluded and the predicted number of background
counts is normalised to the excess counts outside of these exclu-
sion regions.

For both background estimation approaches, the background
counts are normalised to the On counts in the region at radii
✓ > 3.2� away from the pulsar location (that is twice the o↵set
of the observation positions), as shown in Fig. 1. Excess counts
maps constructed using both background estimation approaches
are shown in Fig. 2, using a 0.08� correlation radius. The obser-

Article number, page 4 of 16

H.E.S.S. coll., accepted in A&A (2023)
A&A proofs: manuscript no. Geminga_final

Fig. 5. Radial profile without acceptance correction applied from un-
correlated maps, showing counts per unit area with radial distance from
the pulsar at energies > 0.5 TeV, error bars are statistical. The di↵erent
background methods show reasonable agreement.

ferent O↵ run lists) are shown, and normalised to the data at radii
> 3.2�, with a statistical uncertainty on the normalisation at the
1 % level. An excess of On data above background counts can
be seen for all three estimations of the background level, par-
ticularly towards the innermost radii. The levels of background
counts from the di↵erent methods are broadly consistent, with
the remaining mild discrepancies providing an indication of the
level of background systematics, estimated as  5%. Fig. 5 pro-
vides further confidence that the detected emission is significant
above the level of Galactic di↵use emission, which would peak
towards the Galactic plane (the Geminga pulsar being situated
towards the Galactic anti-centre at a galactic latitude of 4.27�).

The extension of the �-ray emission is of particular relevance
to studies of energetic particle transport in the region. There-
fore, we tested the extent of the region of significant emission,
firstly by varying the integration region radius (the radius around
the pulsar within which the significance of the �-ray emission
is computed). Once the significant �-ray emission is fully con-
tained, the significance curve will start to flatten with increasing
radius.

Fig. 6 shows the significance with radius for the two inde-
pendent background estimates. Notably, neither of the curves
flatten within a radius out to 3�, indicating that the significant
�-ray emission is not yet fully contained by the integration re-
gion. Secondly, the shape of the curves is consistent between the
FoV and On-O↵ background methods; this is reassuring confir-
mation in the extent of significant emission provided by these
fundamentally di↵erent approaches. Lastly, this analysis shows
that the emission within a radius < 0.25� around the pulsar is
not significant. This further confirms that although concentrated
towards the pulsar, the majority of the emission is spread out to
larger radii.

Although the analysis is limited by systematic uncertainties,
we attempt to quantify the significance of a possible asymmetry
as follows. Firstly, an acceptance-corrected azimuthal profile of
the emission within a 3� radius around the pulsar is constructed.
The peak of the azimuth profile is found to be at 105� ± 3� mea-
sured anticlockwise from the north, and is used to divide the re-
gion into two halves. From each semicircular half, radial surface
brightness profiles of the emission, corrected for acceptance, are

Fig. 6. Significance with integration region radius around the pulsar for
FoV and On-O↵ background estimation analyses. Emission within 1
degree radius of the pulsar is detected with a significance of & 8� with
all analyses.

constructed in the two independent regions. Indications for a
higher level of emission in one region compared to the other are
seen at radii > 1� (for example Fig. 2), however this is found to
be neither statistically significant nor independently verified in
the cross-check analysis.

To quantify whether the emission is significantly o↵set from
the pulsar, despite the inability to measure the true extent, we
evaluated the barycentre and 68% containment radius of the ex-
cess counts, with acceptance correction applied. Indications for
an o↵set of the emission centroid from the pulsar are found
for all background methods, yet are nevertheless compatible
with the pulsar location when systematic errors are taken into
account. The emission centroid has an o↵set of 0.6�, at R.A.
99.1�±0.1�±0.5� and Dec 17.7�±0.1�±0.5� where errors are sta-
tistical and systematic (as estimated from the di↵erence between
the background methods). Evaluating the containment radius in
three energy bands (0.5 - 2 TeV, 2 - 8 TeV, and 8 - 40 TeV) no
evidence for significant energy-dependent morphology is found.
These containment radii in energy bands are summarised in Ta-
ble 4.

Table 4. Containment radii at 68%, ✓68 of the excess emission, eval-
uated in di↵erent energy bands for both On-O↵ and FoV background
methods.

Energy Band On-O↵ ✓68(�) FoV ✓68(�)
0.5 - 2 TeV 2.7 ± 0.2 2.2 ± 1.6
2 - 8 TeV 1.9 ± 0.8 1.8 ± 0.7

8 - 40 TeV 2.5 ± 1.2 2.5 ± 0.5
0.5 - 40 TeV 2.4 ± 0.1 1.8 ± 0.3

Notes. The energy range of 8 TeV - 40 TeV is chosen to match the en-
ergy range of the analysis by the HAWC collaboration (Abeysekara
et al. 2017a).

Although TeV-bright �-ray emission may be expected on an-
gular scales . 0.1� corresponding to the size of the X-ray PWN,
with this analysis we see no indications of a separate component
at these scales. Identifying such a separate emission component
is challenging given the evolved state of the system, the proper
motion of the pulsar (which is fast compared to the cooling time

Article number, page 6 of 16

Emmanuel Moulin – 34th Rencontres de Blois, May  2023

~2° scale emission

HAWC
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The Galactic Center 

§ A very large data set for H.E.S.S (+800 hours), obtained 
over many years with changing camera/telescope 
configurations

§ A crowded region at VHE: base of Fermi Bubbles, 
an hypothetical population of millisecond pulsars, …
with extended structures beyond single   
fov and/or source confusion

The Galactic Centre 
Excess seen by 
Fermi-LAT

X-Ray:NASA/CXC/UMass/D. Wang et al.; Radio:NRF/SARAO/MeerKAT
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The Galactic Center 
§ A very large data set for H.E.S.S (+800 hours), 

obtained over many years with changing 
camera/telescope configurations

§ …a crowded region : Fermi Bubbles, an hypothetical 
population of millisecond pulsars, …
with extended structures beyond single   
fov and/or source confusion

§ Challenges in treating systematics in large dataset, 
background estimation and rejection, 
separation of sources 

§ Also the region where the brightest gamma-ray signals 
of annihilating DM are expected

response for the survey we consider. Further refinements in
the description of the instrument response would require
dedicated simulations of the instrument and observations,
and could further improve our estimated sensitivity, but is
beyond the scope of the present work. We adopt a
homogeneous exposure over all the ROIs resulting in a
total of 500 hours of high-quality observations. Given the
limited field of view of IACTs, such an exposure requires a
dedicated observation strategy with the definition of a grid
of pointing positions. For a possible implementation of
such a strategy, see Ref. [17], however we will not pursue
the design of an optimized strategy here.
A similar procedure can be used to generate the expected

number of background and cosmic-ray events, NB
ij and

NCR
ij , respectively. For the background, we use Eq. (4), but

with the following substitution

dΦS
ij

dE
Aγ
eff →

dΦB
ij

dE
Aγ
eff ð5Þ

where dΦB
ij=dE is the background photon flux. A similar

procedure holds for the cosmic rays, up to the different

acceptances for the hadronic and leptonic cases. In detail,
we now substitute

dΦS
ij

dE
Aγ
eff →

dΦp;He
ij

dE
ACR
eff þ

dΦeþe−
ij

dE
Aγ
eff : ð6Þ

The hadronic cosmic-ray contribution experiences a
different effective area, which can be expressed in terms
of the photon acceptance as ACR

eff ¼ ϵCRAγ
eff where ϵ

CR is the
cosmic-ray rejection efficiency. While the majority of
hadronic cosmic rays can be efficiently rejected, a fraction
of them will be misidentified as photons, and here we
assume a representative value of ϵCR ¼ 10% over the full
energy range. This allows us to reach a photon efficiency of
higher than 95% [127]. As mentioned earlier, we assume
that the showers originating from electrons and positrons
cannot be discriminated from photons, and therefore
include their flux in dΦB

ij=dE.
Following Eq. (4), the differential count rate for the

emission in each bin is straightforwardly obtained by

dΓX
ij

dE
¼ 1

Tobs;i

dNX
ij

dE
; ð7Þ

FIG. 3. Left panel: DM and background gamma-ray fluxes expected in the region from 0.4 − 0.5° of the GC (our ROI 2). For DM, we
show the spectra for the self-annihilation of WIMPs of masses mDM ¼ 3 TeV and 10 TeV, respectively, in the WþW− annihilation
channel and with a velocity-weighted annihilation cross section hσvi ¼ 10−27 cm3 s−1. The hadronic (protonþ helium) (solid black
line) and electron (orange line) cosmic-ray fluxes are shown. The former is the largest background, and indeed in the plot we show the
spectra at 1% of the expected value, and it remains the dominant contribution. The diffuse fluxes from the H.E.S.S. Pevatron [18] (green
line), the base of the Fermi bubbles [137] (blue line) together with expectation from the MSP-bulge population [140] (gray lines)
assuming a power-law electron spectrum with an energy cut-off of 1 and 10 TeV, respectively, are shown. Finally, we show a model for
the Galactic diffuse emission (pink line), which is the sum of the π0, bremsstrahlung, and ICS components. Right panel: energy-
differential count rates as a function of energy for the same signal and backgrounds in the same region. As opposed to the left hand plot,
here the results have been convolved with the relevant instrumental effects. Residual background is shown as the sum of the rates for CR
hadrons and electrons. Note that the Pevatron emission is restricted to the inner 0.5° of the GC [18].

MONTANARI, MOULIN, and RODD PHYS. REV. D 107, 043028 (2023)

043028-10

Emmanuel Moulin – 34th Rencontres de Blois, May  2023

Montanari, Moulin, Rodd, PRD 107, 043028 (2023)

Weakly Interacting Dark Matter Particles

W+ W-

c
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The Galactic Center survey
§ H.E.S.S. is performing a survey of the 
inner few degrees of the Galactic 
Centre region since 2015

→ provide unprecedented sensitivity to dark 
     matter
→ deeper study of the diffuse emission
→ search for TeV outflows from the Galactic  
    Centre

§ The first ever conducted VHE gamma-ray 
survey of the Galactic Center (GC) region.

Set of pointing positions 

H.E.S.S. coll., Phys. Rev. Lett. 129, 111101 (2022)

150 pc

Emmanuel Moulin – 34th Rencontres de Blois, May  2023

§ Unique dataset to look TeV emission at the base of the Fermi bubbles
§ The survey is going on !
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Transient 
physics

Emmanuel Moulin – RICAP  2022

GeV / Fermi

TeV / H.E.S.S.

Gamma-ray light curves of RS Oph.
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Multi-messenger transients
§ 2017: a neutrino with energy ∼290 TeV (IC170922)  

detected in coincidence with the blazar TXS 
0506+056 during enhanced  gamma-ray activity 

   

Emmanuel Moulin – 34th Rencontres de Blois, May  2023
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Multi-messenger transients
§ 2017: a neutrino with energy ∼290 TeV (IC170922)  

detected in coincidence with the blazar TXS 
0506+056 during enhanced  gamma-ray activity 

§ Follow-up observations by a myriad of instruments:  
Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, 
H.E.S.S, INTEGRAL, Kanata, Kiso, Kapteyn, 
Liverpool telescope, Subaru, Swift/NuSTAR, 
VERITAS, VLA, ...

   

TXS 0506: multimessenger astronomy!
! On 2018, a neutrino with energy ∼290 TeV

was detected in coincidence with the BL 
Lac object TXS 0506+056 during 
enhanced gamma-ray activity

! A new messenger!

M. Doro - Gamma-ray Astronomy - ISAPP 2021 school 69

Regina & Andreii’s t
alks!

[credi: M. Doro]

Emmanuel Moulin – 34th Rencontres de Blois, May  2023
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Compact binary merger follow-up
§ LIGO GW170817: smoking gun – relation 

between GW events (BNS mergers) and short 
GRBs
§ First joint detection EM and GW
§ Associated with GRB 170817A
§ Possible other EM counterpart : AT2017gfo ?

   

Emmanuel Moulin – 34th Rencontres de Blois, May  2023
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Compact binary merger follow-up
§ LIGO GW170817: smoking gun – relation 
     between GW events (BNS mergers) and short
     GRBs

§ First joint detection EM and GW
§ Associated with GRB 170817A
§ Possible other EM counterpart : AT2017gfo ?

§ Short term follow-up: stringent upper limits on the VHE emission from a BNS merger 

   
Emmanuel Moulin – 34th Rencontres de Blois, May  2023
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The recurrent Nova RS Ophiuchi

§ Novae – outbursts from accreting binary systems of White Dwarf + massive donor
§ Detected in gamma rays, i.e., Fermi-LAT

§ 1st Galactic transient source: RS Ophiuchi – 2021 flare
§ Triggered by optical detection, VHE observations started with ~24h latency.

   

Rubén López-Coto - 23/03/22 - 56th Rencontres de Moriond

RS Ophiuchi

8

• Recurrent nova in a symbiotic binary 

• Outbursts every 15-20 years 

• Previous to last outburst in 2006 => 
no sensitive gamma-ray satellites 
available 

• Distance debated – applied value 
2.45 kpc, but values ~1.4 – 4.3 kpc 
(with various caveats) are reported in 
the literature 

• Latest outburst on 2021.08.08 UT 
~22:20 

Emmanuel Moulin – 34th Rencontres de Blois, May  2023
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The recurrent Nova RS Ophiuchi

§ Novae – outbursts from accreting binary systems of White Dwarf + massive donor
§ Detected in gamma rays, i.e., Fermi-LAT

§ 1st Galactic transient source: RS Ophiuchi – 2021 flare
§ Triggered by optical detection, VHE observations started with ~24h latency.

§ Detection at > 6 sigma on each night of first five nights
§ Hadronic acceleration scenario preferred   

Rubén López-Coto - 23/03/22 - 56th Rencontres de Moriond

RS Ophiuchi

8

• Recurrent nova in a symbiotic binary 

• Outbursts every 15-20 years 

• Previous to last outburst in 2006 => 
no sensitive gamma-ray satellites 
available 

• Distance debated – applied value 
2.45 kpc, but values ~1.4 – 4.3 kpc 
(with various caveats) are reported in 
the literature 

• Latest outburst on 2021.08.08 UT 
~22:20 

H.E.S.S. coll., Science 376 (2022) 6588

Emmanuel Moulin – 34th Rencontres de Blois, May  2023
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Dark matter / Fundamental Physics

Emmanuel Moulin – 34th Rencontres de Blois, May  2023

§ A large DM programme has be carried over the last 15 years on a variety of targets 
including the Galactic Center, nearby dwarf spheroidal/irregular galaxies and galaxy 
clusters, Galactic globular clusters, …

§ H.E.S.S. reaches the sensitivity to probe thermal 
    TeV WIMP models

See A. Montanari’s talk
in the DM session on Tue 

H.E.S.S. coll., Phys. Rev. Lett. 129, 111101 (2022)

Weakly Interacting Dark Matter Particles

W+ W-

c

c
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Dark matter / Fundamental Physics

Emmanuel Moulin – 34th Rencontres de Blois, May  2023

§ Primordial black holes
§ An hypothetical type of black holes that formed in the early universe
§ PBH may account for a significant fraction of the dark matter content

§ Following Hawking radiation mechanisms , PBH would evaporate producing 
standard model particles including gamma rays in the final state
§ assuming an initial mass of ~1015g, they should reach there final stage of 

evaporation today
→ search strategy: look for TeV photon burst over timescale of a few seconds to 

         few minutes

§ All H.E.S.S.-I observations between 2004 and 2013 : 4816 hours of observations
§ Background estimated from the data, by using the same photon list, but with randomized 

times of arrival

   

380000 yrs?
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Dark matter / Fundamental Physics

Emmanuel Moulin – 34th Rencontres de Blois, May  2023

§ Primordial black holes
§ An hypothetical type of black holes that formed in the early universe
§ PBH may account for a significant fraction of the dark matter content

§ No significant number of cluster of photons above 
     background is found for 10s, 30s, 60s, 120s time 
     scales
→ Limits on PBH evaporation rate

§ Assuming an initial mass distribution 
     described by a power law, contraints 
     on the  fraction ΩPBH can be derived 
         F. Halzen et al. Nature 353, 807 1991 

H.E.S.S. coll. JCAP 04 (2023) 040

380000 yrs?
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New challenges 
§ Many studies combine very large data sets (+600 hours), obtained over many

years (>10 yrs) with changing camera/telescope configurations, mapping extended
structures beyond single fov and/or source confusion

§ Challenges in treating systematics in large datasets, background estimation and –
rejection as well as separation of sources 
→ Extensive work improving calibration, background, and high-level analysis,

e.g., choice of gammapy as high-level tool

Emmanuel Moulin – 34th Rencontres de Blois, May  2023
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§ HESS 20th Anniversary Celebrations – Namibia, November 2022: 
- 1st telescope inauguration and start of stereoscopic observations in 2002

§ The H.E.S.S. observatory still improves its operational performance and 
enables fascinating research



36

Summary
VHE gamma astrophysics is a lively field : 
       HESS, MAGIC, VERITAS,  HAWC, LHASSO, …

§ Many Galactic Pevatrons 
     (candidates) being discovered

§ TeV halos : probing CR diffusion nearby sources

§ Galactic Novae: a new class of TeV emitters

§ Birth of multimessenger astronomy : 
     n/gamma coincident detection, 
     gravitational wave follow-ups

§ Surveys are going on: Galactic Center, LMC, …

§ Thermal TeV WIMP uncharted parameter space 
     being probed 

Emmanuel Moulin . – Moriond VHEPU 2022

New source class: Geminga and Monogem pulsars are surrounded by a spatially extended region (~25 pc) 
emitting multi - TeV gamma-rays: pulsar TeV  halos (HAWC)! (Note Geminga halo detected by Milagro 2007) 

Implied diffusion coefficient TWO ORDERS OF MAGNITUDE lower than the one in the Galaxy.HAWC Detects TeV Halos with 1.5y Data

9

The HAWC Collaboration, Science 358, 911 (2017)

Very extended gamma-ray emission (tens of pc) is detected, much larger than typical PWNe.

HAWC Detects TeV Halos with 1.5y Data

9

The HAWC Collaboration, Science 358, 911 (2017)

Very extended gamma-ray emission (tens of pc) is detected, much larger than typical PWNe.

HAWC Measures the Diffusion Profiles

10

The HAWC Collaboration, Science 358, 911 (2017)

Diffusion coefficient, directly measured by HAWC, is two order of magnitude lower 
than that indirectly derived from cosmic ray primary/secondary ratio.

TeVCat, Galactic sources

TeV Halos HAWC Collaboration (Science; 1711.06223)

▸Why TeV Halos? 

▸These sources are much smaller 
than diffusion through the ISM

➡ γ rays between 5−40 TeV, e+e- (IC) of ~TeV energies
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Thanks for your attention 

Emmanuel Moulin – 34th Rencontres de Blois, May  2023


