
Lars Mohrmann   ▪   Max-Planck-Institut für Kernphysik

Exploring the Universe with high-energy 
gamma rays using H.E.S.S.

Heidelberg Joint Astronomical Colloquium   ▪︎   Heidelberg, January 13, 2026



Lars Mohrmann   ▪   Max-Planck-Institut für Kernphysik

Exploring the Universe with high-energy 
gamma rays using H.E.S.S.

Heidelberg Joint Astronomical Colloquium   ▪︎   Heidelberg, January 13, 2026

Outline 
■ Introduction 
■ Results 
‣ overview 
‣ young massive star clusters 
‣ microquasars 
‣ the Crab Nebula 

■ Brief outlook
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The electromagnetic spectrum
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Image references: 
Radio: NRAO/AUI and M. Bietenholz; NRAO/AUI and J.M. Uson, T.J. Cornwell 

Infrared: NASA/JPL-Caltech/R. Gehrz (University of Minnesota) 
Visible: NASA, ESA, J. Hester and A. Loll (Arizona State University) 

Ultraviolet: NASA/Swift/E. Hoversten, PSU 
X-ray: NASA/CXC/SAO/F.Seward et al. 

Gamma: NASA/DOE/Fermi LAT/R. Buehler 

The Crab Nebula across 
the electromagnetic 
spectrum:
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Infrared: NASA/JPL-Caltech/R. Gehrz (University of Minnesota) 
Visible: NASA, ESA, J. Hester and A. Loll (Arizona State University) 

Ultraviolet: NASA/Swift/E. Hoversten, PSU 
X-ray: NASA/CXC/SAO/F.Seward et al. 

Gamma: NASA/DOE/Fermi LAT/R. Buehler 

Will talk about this range 
TeV (=1012 eV) – PeV (=1015 eV)

The Crab Nebula across 
the electromagnetic 
spectrum:
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Why -ray astronomy?γ

■ High-energy -rays are produced non-thermallyγ

3
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Why -ray astronomy?γ

■ High-energy -rays are produced non-thermally 

■ Inverse Compton scattering 
‣ up-scattering of low-energy photons 

by high-energy electrons

γ
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Inverse Compton scattering
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Why -ray astronomy?γ

■ High-energy -rays are produced non-thermally 

■ Inverse Compton scattering 
‣ up-scattering of low-energy photons 

by high-energy electrons 

■ Hadronic production 

‣ -rays from interactions of 
high-energy atomic nuclei

γ

γ
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Why -ray astronomy?γ

■ High-energy -rays are produced non-thermally 

■ Inverse Compton scattering 
‣ up-scattering of low-energy photons 

by high-energy electrons 

■ Hadronic production 

‣ -rays from interactions of 
high-energy atomic nuclei 

■ Can use -rays to study 
acceleration of cosmic rays!

γ

γ

γ

3

Hadronic production

Inverse Compton scattering
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The origin of cosmic rays

■ The Universe accelerates particles to 
unimaginably high energies 

■ Finding their origin is a more than 
100 yr old mystery

4

Beatty&Westerhoff, Annu. Rev. Nucl. Part. Sci. 59, 319 (2009)
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The origin of cosmic rays

■ The Universe accelerates particles to 
unimaginably high energies 

■ Finding their origin is a more than 
100 yr old mystery 

■ Cosmic rays are deflected in cosmic magnetic fields! 

■ Need neutral messengers: 
‣ photons 

‣ neutrinos 

‣ gravitational waves

4

Beatty&Westerhoff, Annu. Rev. Nucl. Part. Sci. 59, 319 (2009)

Juan Antonio Aguilar & Jamie Yang, IceCube/WIPAC
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Detection of gamma rays from the ground

■ High-energy gamma rays are scarce 
‣ need large detection areas 

‣ impossible in space – need to observe gamma rays 
from the ground to do TeV astronomy

5

∼ 10 photons / m2 / year
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Detection of gamma rays from the ground

■ High-energy gamma rays are scarce 
‣ need large detection areas 

‣ impossible in space – need to observe gamma rays 
from the ground to do TeV astronomy 

■ Extensive air showers 
‣ particle cascade developing in the atmosphere 

‣ number of secondary particles proportional 
to primary particle energy 

‣ shower axis closely aligned with 
primary particle direction

6

arXiv:1510.05675

lo
g 1

0(
N

pa
rt

ic
le

s)

∼ 20 km

Mathieu de Naurois

Atmospheric depth [g/cm2]



Lars Mohrmann   ▪︎   Exploring the Universe with H.E.S.S.   ▪︎   Heidelberg Joint Astronomical Colloquium   ▪︎   January 13, 2026

Detection of gamma rays from the ground

■ High-energy gamma rays are scarce 
‣ need large detection areas 

‣ impossible in space – need to observe gamma rays 
from the ground to do TeV astronomy 

■ Extensive air showers 
‣ particle cascade developing in the atmosphere 

‣ number of secondary particles proportional 
to primary particle energy 

‣ shower axis closely aligned with 
primary particle direction 

■  Can observe high-energy gamma rays indirectly 
     from the ground by measuring the atmospheric 
     air showers they initiate

→
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Ground-level particle detector arrays

■ Detect secondary particles when 
they reach the ground 
‣ e.g. with water Cherenkov tanks 

■ Sensitivity in TeV regime requires 
high altitude (> 4000 m) 

■ Advantages 
‣ large instantaneous field of view 

‣ ~ 100% duty cycle 

■ Disadvantages 
‣ modest resolution 

(only “footprint” of shower measured) 

‣ need many detectors to cover large area

7
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Cherenkov radiation from air showers

Order-of-magnitude estimates for a 1 TeV gamma-ray shower: 

■ Shower maximum 
‣ altitude ~ 10km 

‣ ~ 103 charged particles 

■ Cherenkov radiation 
‣ opening angle ~ 1° 

‣ ~ 10 photons / m / particle 

■ Cherenkov light pool 
‣ radius ~ 100m 

‣ ~ 1000 photons / m2 

‣ total duration of signal < 10 ns

8

Mathieu de Naurois, LLR
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■ Detect Cherenkov light from secondary 
particles in air shower 

■ Requires large mirrors and fast cameras 

■ Advantages 
‣ high resolution (energy ~ 20%, direction ~ 0.1°) 

‣ high instantaneous sensitivity due to large 
effective collection area 

■ Disadvantages 
‣ restricted to dark, moonless nights 

  ~ 15% duty cycle 

‣ limited field of view (~ 5°  5°) 
  need to point the telescopes

→
×

→

Imaging Atmospheric Cherenkov Telescopes (IACTs)

Richard White, MPIK
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■ Khomas Highland, Namibia 

■ Sensitive to -rays with energies 
100 GeV – 100 TeV

γ

High Energy Stereoscopic System (H.E.S.S.)

■ 4 telescopes with 12-m mirrors (since 2004) 

■ 1 telescope with 28-m mirror (since 2012) 

Christian Föhr, MPIK
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■ Why does it help to have 
multiple telescopes? 
‣ “stereoscopy” enables triangulation 

‣ greatly improves accuracy of reconstruction 

‣ sketch illustrates a simple analytical 
reconstruction algorithm 

‣ more sophisticated, likelihood-based 
algorithms also in use

Stereoscopy and hybrid arrays

Konrad Bernlöhr
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■ Why does it help to have 
multiple telescopes? 
‣ “stereoscopy” enables triangulation 

‣ greatly improves accuracy of reconstruction 

‣ sketch illustrates a simple analytical 
reconstruction algorithm 

‣ more sophisticated, likelihood-based 
algorithms also in use 

■ Why does it help to have 
telescopes of different sizes? 
‣ size of telescope dish determines 

minimum detectable gamma-ray energy 
 main driver for low-energy sensitivity 

‣ instrumented area determines amount 
of detected air showers 

 main driver for high-energy sensitivity

→

→

Stereoscopy and hybrid arrays

Christian Föhr, MPIK
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H.E.S.S. in the landscape of gamma-ray observatories

13

H.E.S.S.
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H.E.S.S. in the landscape of gamma-ray observatories

13

H.E.S.S.

MAGIC

VERITAS



Lars Mohrmann   ▪︎   Exploring the Universe with H.E.S.S.   ▪︎   Heidelberg Joint Astronomical Colloquium   ▪︎   January 13, 2026

H.E.S.S. in the landscape of gamma-ray observatories

13

H.E.S.S.

MAGIC

VERITAS

HAWC

LHAASO



Lars Mohrmann   ▪︎   Exploring the Universe with H.E.S.S.   ▪︎   Heidelberg Joint Astronomical Colloquium   ▪︎   January 13, 2026

H.E.S.S. in the landscape of gamma-ray observatories
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H.E.S.S. in the landscape of gamma-ray observatories
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H.E.S.S.

MAGIC

VERITAS

HAWC

LHAASO

CTAO North

CTAO South
SWGO

ALPACA
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Sensitivity and Resolution

■ Ground-level particle detector arrays are more sensitive 
than IACTs at high energies 

■ However, they provide a worse angular resolution 
 detailed morphological studies require IACTs 

■ So do short-time transient events 
(e.g. gamma-ray bursts, novae, AGN flares…)

→

14

CTA South 50 h

LHAASO 1 y

Central Molecular Zone

HAWC 1 y
Current IACTs 50 h

SWGO 1 y

Initial

Projected

1

o

o

CTA

Current IACTs

HAWC

LHAASO KM2A

SWGO 
(projected)

Jim Hinton

Differential sensitivity (point-like source)

Angular Resolution
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H.E.S.S. Science Coverage
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Discovery of a new radiation component 
from the Vela pulsar reaching 20 TeV

■ Energy spectrum of pulsars usually drops steeply above ~10 GeV 

■ Only exception so far: Crab pulsar, with power-law tail to ~1 TeV 

■ 2018: emission up to 100 GeV from Vela detected with H.E.S.S.-CT5 

■ 2023: discovery of new spectral component, reaching 20 TeV – 
in phase with the lower-energy peak! 

■ Result severely constrains theoretical models H.E.S.S. Collaboration 
Nature Astronomy 7, 1341 (2023)

AGN flares
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H.E.S.S. Science Coverage
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High-statistics measurement of the cosmic-ray electron spectrum
■ Electron-initiated air showers closely resemble 

gamma-ray initiated air showers 

■ Need very strong rejection of hadronic background 

■ Confirmation of spectral break at ~ 1 TeV 

■ Extension of spectrum to beyond 10 TeV 

■ No sign of an up-turn at high energies 
(would be expected from a nearby electron source)

H.E.S.S. Collaboration 
PRL 133, 221001 (2024)
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Detection of GRB afterglow emission up to 56 hours after the burst
■ GRB 180720B: first GRB detection with 

IACTs (after decades of searching) 

■ GRB 190829A: extremely nearby GRB 
(redshift z = 0.0785) 

■ Detection of afterglow emission in three 
consecutive nights 

■ Striking similarity in temporal and spectral 
behaviour of gamma-ray and X-ray signal 

■ Difficult to model with standard one-zone 
synchrotron self-Compton (SSC) model H.E.S.S. Collaboration 

Science 372, 1081 (2021)

AGN flares
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Young massive star clusters

■ What are they? 
‣ dense clusters of massive stars (O/B stars, Wolf-Rayet stars) 

‣ total mass:  

‣ compact clusters:  

‣ superimposed stellar winds + supernovae 
 can blow “superbubble” into the interstellar medium

≳ 104M⊙

r ≲ few pc

→

19

Credit: NASA, ESA, F. Paresce, R. O'Connell, 
and the Wide Field Camera 3 Science Oversight Committee

R136

Westerlund 1

Credit: ESO/VPHAS+ Survey/N. Wright
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Young massive star clusters

■ What are they? 
‣ dense clusters of massive stars (O/B stars, Wolf-Rayet stars) 

‣ total mass:  

‣ compact clusters:  

‣ superimposed stellar winds + supernovae 
 can blow “superbubble” into the interstellar medium 

■ Why are they interesting for us? 
 superbubble environments potentially are great for 

     cosmic-ray acceleration 
‣ wind/wind interactions inside cluster 

‣ turbulence in shocked medium 

‣ collective wind termination shock

≳ 104M⊙

r ≲ few pc

→

→

20

Morlino et al., MNRAS 504, 6096 (2021)
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“A deep spectromorphological study 
of the -ray emission surrounding the 

young massive stellar cluster Westerlund 1” 
 

Astronomy & Astrophysics 666, A124 (2022)

γ
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Westerlund 1
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Westerlund 1
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■ Westerlund 1 
‣ most massive young 

star cluster in Galaxy 

‣  

‣ half-mass radius  

‣ age  

‣ distance

M ∼ 105 M⊙

∼ 1 pc
∼ 3 − 5 Myr

∼ 4 kpc

Credit: ESO
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Westerlund 1

■ HESS J1646–458 
‣ largely extended 

-ray source 

‣ very likely associated 
with Westerlund 1

γ
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■ Westerlund 1 
‣ most massive young 

star cluster in Galaxy 

‣  

‣ half-mass radius  

‣ age  

‣ distance

M ∼ 105 M⊙

∼ 1 pc
∼ 3 − 5 Myr

∼ 4 kpc
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Westerlund 1

■ Source extent 
‣ diameter  ( ) 

‣ larger than cluster itself!
∼ 2∘ 140 pc
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Westerlund 1

■ Source extent 
‣ diameter  ( ) 

‣ larger than cluster itself! 

■ Source morphology 

‣ -ray emission does not peak at cluster position 

‣ ring-like structure with Westerlund 1 near centre! 

‣ several bright spots along the ring
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Westerlund 1

■ Source extent 
‣ diameter  ( ) 

‣ larger than cluster itself! 

■ Source morphology 

‣ -ray emission does not peak at cluster position 

‣ ring-like structure with Westerlund 1 near centre! 

‣ several bright spots along the ring 

■ Energy dependence? 
‣ bright spots remain 

‣ ring-like structure persists!
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Westerlund 1

■ Source extent 
‣ diameter  ( ) 

‣ larger than cluster itself! 

■ Source morphology 

‣ -ray emission does not peak at cluster position 

‣ ring-like structure with Westerlund 1 near centre! 

‣ several bright spots along the ring 

■ Energy dependence? 
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Westerlund 1

■ Source extent 
‣ diameter  ( ) 

‣ larger than cluster itself! 

■ Source morphology 

‣ -ray emission does not peak at cluster position 

‣ ring-like structure with Westerlund 1 near centre! 

‣ several bright spots along the ring 

■ Energy dependence? 
‣ bright spots remain 

‣ ring-like structure persists! 

■ Confirmed by radial profiles

∼ 2∘ 140 pc
100 ×

γ
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Westerlund 1

■ Energy spectrum 
‣  extracted in 16 signal regions 

‣  individual spectra remarkably similar  

‣  add up region spectra  combined spectrum 

‣  extends to several ten TeV! 

‣  , 

→

Γ = 2.30 ± 0.04 Ec = (44+17
−11) TeV
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Westerlund 1

■ Correlation with gas tracers 
‣ hadronic production scenario requires target material 

‣ comparison with HI (  atomic hydrogen) and 
12CO (  molecular hydrogen) line emission 

‣ low gas density in regions with bright gamma-ray emission

→
→

27

16h40m44m48m52m

�44�300

�45�000

300

�46�000

300

�47�000

Right Ascension

D
ec

lin
at

io
n

H I v = [�60,�50] km/s
d ⇡ 3.9 kpc

16h52m 48m 44m 40m

�44�300

�45�000

300

�46�000

300

�47�000

Right Ascension

D
ec

lin
at

io
n

12CO v = [�60,�50] km/s
d ⇡ 3.9 kpc

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

T H
I�

v[
10

3
K

km
s�

1 ]

0

20

40

60

80

100

120

140

T C
O
�

v[
K

km
s�

1 ]



Lars Mohrmann   ▪︎   Exploring the Universe with H.E.S.S.   ▪︎   Heidelberg Joint Astronomical Colloquium   ▪︎   January 13, 2026

Westerlund 1

■ Correlation with gas tracers 
‣ hadronic production scenario requires target material 

‣ comparison with HI (  atomic hydrogen) and 
12CO (  molecular hydrogen) line emission 

‣ low gas density in regions with bright gamma-ray emission 

■ Acceleration site 
‣ expected radius of cluster wind termination shock:  

 matches observed radius of gamma-ray shell! 

‣ would be first demonstration of particle acceleration 
at a cluster wind termination shock

→
→

𝒪(30 pc)
→
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Morlino et al., MNRAS 504, 6096 (2021)
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Westerlund 1

■ Correlation with gas tracers 
‣ hadronic production scenario requires target material 

‣ comparison with HI (  atomic hydrogen) and 
12CO (  molecular hydrogen) line emission 

‣ low gas density in regions with bright gamma-ray emission 

■ Acceleration site 
‣ expected radius of cluster wind termination shock:  

 matches observed radius of gamma-ray shell! 

‣ would be first demonstration of particle acceleration 
at a cluster wind termination shock 

■ Emission mechanism 
‣ in this scenario, leptonic (IC) origin of emission preferred 

‣ however, expect also hadronic cosmic rays to be co-accelerated

→
→

𝒪(30 pc)
→

28
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Westerlund 1  –  summary

■ Westerlund 1 is a powerful cosmic-ray accelerator! 

■ Ring-like structure indicates acceleration beyond 
the bounds of the cluster, possibly at the 
cluster wind termination shock 

■ Low gas densities – 
most of detected emission likely leptonic
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Westerlund 1  –  summary

■ Westerlund 1 is a powerful cosmic-ray accelerator! 

■ Ring-like structure indicates acceleration beyond 
the bounds of the cluster, possibly at the 
cluster wind termination shock 

■ Low gas densities – 
most of detected emission likely leptonic 

■ …but was is causing this “bulge”?!
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“A cosmic-ray loaded nascent outflow 
driven by a massive star cluster” 

 
Nature Communications 16, 10820 (2025)
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Westerlund 1  (Fermi-LAT follow-up)

■ New Fermi-LAT analysis 
‣ 15 years of data 

‣ energy range: 3 GeV – 3 TeV

31

NASA
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Westerlund 1  (Fermi-LAT follow-up)

■ New Fermi-LAT analysis 
‣ 15 years of data 

‣ energy range: 3 GeV – 3 TeV
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Westerlund 1  (Fermi-LAT follow-up)

■ New Fermi-LAT analysis 
‣ 15 years of data 

‣ energy range: 3 GeV – 3 TeV 

■ Results 
‣ extended emission region (> 100 pc) 

‣ peak offset from TeV emission around Westerlund 1
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Westerlund 1  (Fermi-LAT follow-up)

■ New Fermi-LAT analysis 
‣ 15 years of data 

‣ energy range: 3 GeV – 3 TeV 

■ Results 
‣ extended emission region (> 100 pc) 

‣ peak offset from TeV emission around Westerlund 1 

■ Modelling 
‣ Fermi-LAT catalog: 2 extended + 6 point-like sources!
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Westerlund 1  (Fermi-LAT follow-up)

■ New Fermi-LAT analysis 
‣ 15 years of data 

‣ energy range: 3 GeV – 3 TeV 

■ Results 
‣ extended emission region (> 100 pc) 

‣ peak offset from TeV emission around Westerlund 1 

■ Modelling 
‣ Fermi-LAT catalog: 2 extended + 6 point-like sources! 

‣ our best-fit model: 
1 Gaussian component (“J1654–467”) + 
TeV template for emission near cluster 

‣ statistically strongly preferred
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Westerlund 1  (Fermi-LAT follow-up)

■ New Fermi-LAT analysis 
‣ 15 years of data 

‣ energy range: 3 GeV – 3 TeV 

■ Results 
‣ extended emission region (> 100 pc) 

‣ peak offset from TeV emission around Westerlund 1 

■ Modelling 
‣ Fermi-LAT catalog: 2 extended + 6 point-like sources! 

‣ our best-fit model: 
1 Gaussian component (“J1654–467”) + 
TeV template for emission near cluster 

‣ statistically strongly preferred
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Westerlund 1  (Fermi-LAT follow-up)

■ New Fermi-LAT analysis 
‣ 15 years of data 

‣ energy range: 3 GeV – 3 TeV 

■ Results 
‣ extended emission region (> 100 pc) 

‣ peak offset from TeV emission around Westerlund 1 

■ Modelling 
‣ Fermi-LAT catalog: 2 extended + 6 point-like sources! 

‣ our best-fit model: 
1 Gaussian component (“J1654–467”) + 
TeV template for emission near cluster 

‣ statistically strongly preferred 

■ J1654–467 
‣ smoothly connected with TeV emission 

‣ could this be cosmic rays escaping from Westerlund 1?
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Westerlund 1  (Fermi-LAT follow-up)

■ HI column density maps 
‣ velocity of gas near Westerlund 1 not well constrained  

 consider two adjacent intervals in velocity 

‣ clear under-density coincident 
with new source J1654–467! 

‣ difference to neighbouring lines 
of sight:  

■ A cavity created by an outflow 
from Westerlund 1?

→

(0.7 − 1.5) × 1020 cm−2
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Westerlund 1  (Fermi-LAT follow-up)

■ HI column density maps 
‣ velocity of gas near Westerlund 1 not well constrained  

 consider two adjacent intervals in velocity 

‣ clear under-density coincident 
with new source J1654–467! 

‣ difference to neighbouring lines 
of sight:  

■ A cavity created by an outflow 
from Westerlund 1? 

■ Properties of the cavity 
‣  extent  

‣   excavated 

‣  energy requirement 
  
  within energy budget!

→

(0.7 − 1.5) × 1020 cm−2

∼ (70 pc)3

0.3 − 0.7 atoms cm−3

∼ 1050 (T/104 K) (n/1 cm−3) erg
→
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Westerlund 1  (Fermi-LAT follow-up)

■ Proposed scenario: “nascent outflow” 
‣ superbubble expands asymmetrically due to ISM 

density gradient, but has not fully broken out of 
the Galactic disk yet

34
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Westerlund 1  (Fermi-LAT follow-up)

■ Proposed scenario: “nascent outflow” 
‣ superbubble expands asymmetrically due to ISM 

density gradient, but has not fully broken out of 
the Galactic disk yet 

‣ cosmic rays accelerated at cluster wind termination shock 
(as in Härer et al. 2023)

34
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Westerlund 1  (Fermi-LAT follow-up)

■ Proposed scenario: “nascent outflow” 
‣ superbubble expands asymmetrically due to ISM 

density gradient, but has not fully broken out of 
the Galactic disk yet 

‣ cosmic rays accelerated at cluster wind termination shock 
(as in Härer et al. 2023) 

‣ high-energy electrons loose energy quickly 
 produce TeV emission close to star cluster→

34
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Westerlund 1  (Fermi-LAT follow-up)

■ Proposed scenario: “nascent outflow” 
‣ superbubble expands asymmetrically due to ISM 

density gradient, but has not fully broken out of 
the Galactic disk yet 

‣ cosmic rays accelerated at cluster wind termination shock 
(as in Härer et al. 2023) 

‣ high-energy electrons loose energy quickly 
 produce TeV emission close to star cluster 

‣ low-energy electrons are transported along outflow 
 produce GeV emission far from star cluster

→

→

34
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Westerlund 1  (Fermi-LAT follow-up)

■ Proposed scenario: “nascent outflow” 
‣ superbubble expands asymmetrically due to ISM 

density gradient, but has not fully broken out of 
the Galactic disk yet 

‣ cosmic rays accelerated at cluster wind termination shock 
(as in Härer et al. 2023) 

‣ high-energy electrons loose energy quickly 
 produce TeV emission close to star cluster 

‣ low-energy electrons are transported along outflow 
 produce GeV emission far from star cluster 

■ Simple IC model 

‣ electron acceleration efficiency:  

‣ electron energy density in outflow: 

→

→

ηe ≈ 0.7 %
Ue ∼ (1 − 10) eV cm−3

35
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Westerlund 1  (Fermi-LAT follow-up)

■ Proposed scenario: “nascent outflow” 
‣ superbubble expands asymmetrically due to ISM 

density gradient, but has not fully broken out of 
the Galactic disk yet 

‣ cosmic rays accelerated at cluster wind termination shock 
(as in Härer et al. 2023) 

‣ high-energy electrons loose energy quickly 
 produce TeV emission close to star cluster 

‣ low-energy electrons are transported along outflow 
 produce GeV emission far from star cluster 

■ Simple IC model 

‣ electron acceleration efficiency:  

‣ electron energy density in outflow:  

■ Implications 

‣ expect  and hence     the outflow is loaded with cosmic rays! 

‣ the outflow will eventually open a channel for cosmic ray transport into the halo!

→

→

ηe ≈ 0.7 %
Ue ∼ (1 − 10) eV cm−3

ηp > ηe Up > Ue →

36

341± 340± 339± 338±

1±

0±

°1±

°2±

°3±

Galactic Longitude (deg)

G
al

ac
ti
c

L
at

it
u
d
e

(d
eg

)

near

far

70 pc
H.E.S.S.

Fermi-LAT

TeV ring

J1654–467

2

4

6

8

10

S
ta

ti
st

ic
al

si
gn

ifi
ca

n
ce

(æ
)



Lars Mohrmann   ▪︎   Exploring the Universe with H.E.S.S.   ▪︎   Heidelberg Joint Astronomical Colloquium   ▪︎   January 13, 2026 47

“Acceleration and transport of 
relativistic electrons in the jets 

of the microquasar SS 433” 
 

Science 383, 402-406 (2024)
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The microquasar SS 433

48
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The microquasar SS 433
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Manatee Nebula
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The microquasar SS 433

■ Supernova remnant W50 
‣ ~20,000 years old 

‣ radio emission    synchrotron radiation from relativistic electrons→
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The microquasar SS 433

■ Supernova remnant W50 
‣ ~20,000 years old 

‣ radio emission    synchrotron radiation from relativistic electrons 

■ Microquasar SS 433 
‣ binary system: black hole + supergiant 

‣ black hole accretes matter, launches jets

→
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■ Supernova remnant W50 
‣ ~20,000 years old 

‣ radio emission    synchrotron radiation from relativistic electrons 

■ Microquasar SS 433 
‣ binary system: black hole + supergiant 

‣ black hole accretes matter, launches jets 

■ Non-thermal X-ray emission reveals presence of… 
‣… large-scale jets 

‣… highly energetic electrons (> 100 TeV)

→

49

200 pc

650 lyr

Credit: L. Olivera-Nieto



Lars Mohrmann   ▪︎   Exploring the Universe with H.E.S.S.   ▪︎   Heidelberg Joint Astronomical Colloquium   ▪︎   January 13, 2026

The microquasar SS 433

■ Supernova remnant W50 
‣ ~20,000 years old 

‣ radio emission    synchrotron radiation from relativistic electrons 

■ Microquasar SS 433 
‣ binary system: black hole + supergiant 

‣ black hole accretes matter, launches jets 

■ Non-thermal X-ray emission reveals presence of… 
‣… large-scale jets 

‣… highly energetic electrons (> 100 TeV) 

■ But we don’t know: 
‣ where are those electrons accelerated? 

‣ why do the jets “re-appear” at ~25 pc from the centre?

→
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The microquasar SS 433

■ Supernova remnant W50 
‣ ~20,000 years old 

‣ radio emission    synchrotron radiation from relativistic electrons 

■ Microquasar SS 433 
‣ binary system: black hole + supergiant 

‣ black hole accretes matter, launches jets 

■ Non-thermal X-ray emission reveals presence of… 
‣… large-scale jets 

‣… highly energetic electrons (> 100 TeV) 

■ H.E.S.S. measurement 
‣ TeV gamma-ray emission from jets

→
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The microquasar SS 433

■ Supernova remnant W50 
‣ ~20,000 years old 

‣ radio emission    synchrotron emission from relativistic electrons 

■ Microquasar SS 433 
‣ binary system: black hole + supergiant 

‣ black hole accretes matter, launches jets 

■ Non-thermal X-ray emission reveals presence of… 
‣… large-scale jets 

‣… highly energetic electrons (> 100 TeV) 

■ H.E.S.S. measurement 
‣ TeV gamma-ray emission from jets

→
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The microquasar SS 433

■ Supernova remnant W50 
‣ ~20,000 years old 

‣ radio emission    synchrotron emission from relativistic electrons 

■ Microquasar SS 433 
‣ binary system: black hole + supergiant 

‣ black hole accretes matter, launches jets 

■ Non-thermal X-ray emission reveals presence of… 
‣… large-scale jets 

‣… highly energetic electrons (> 100 TeV) 

■ H.E.S.S. measurement 
‣ TeV gamma-ray emission from jets

→

51

0.8 – 2.5 TeV 2.5 – 10 TeV > 10 TeV

Credit: L. Olivera-Nieto



Lars Mohrmann   ▪︎   Exploring the Universe with H.E.S.S.   ▪︎   Heidelberg Joint Astronomical Colloquium   ▪︎   January 13, 2026

The microquasar SS 433

■ Supernova remnant W50 
‣ ~20,000 years old 

‣ radio emission    synchrotron radiation from relativistic electrons 

■ Microquasar SS 433 
‣ binary system: black hole + supergiant 

‣ black hole accretes matter, launches jets 

■ Non-thermal X-ray emission reveals presence of… 
‣… large-scale jets 

‣… highly energetic electrons (> 100 TeV) 

■ H.E.S.S. measurement 
‣ TeV gamma-ray emission from jets 

‣ energy-dependent morphology! 
 inverse-Compton emission from electrons 
 acceleration at base of large-scale jets 
 advection along the jet flow – with velocity 

→

→
→
→ v0 = (0.083 ± 0.026stat ± 0.010sys) c
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The microquasar SS 433
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“Constraining the nature of the most 
extreme Galactic particle accelerator: 

H.E.S.S. observations of the 
microquasar V4641 Sgr” 

 
Astronomy & Astrophysics, accepted (2025)
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V4641 Sgr

■ Off-plane ( ) microquasar 
‣ not deemed very remarkable until recently…

b = − 5∘
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V4641 Sgr

■ Off-plane ( ) microquasar 
‣ not deemed very remarkable until recently… 

■ Detection with HAWC 
‣ energy range 18–217 TeV 

‣ hard spectral index ( ) 

‣ no clear preference between 
single elongated component or 
two point-like sources

b = − 5∘

Γ ≈ − 2.2

55

HAWC Collaboration, Nature 634, 557-560 (2024)
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V4641 Sgr

56

LHAASO Collaboration, Natl. Sci. Rev. 12, nwaf496 (2025)

■ Off-plane ( ) microquasar 
‣ not deemed very remarkable until recently… 

■ Detection with HAWC 
‣ energy range 18–217 TeV 

‣ hard spectral index ( ) 

‣ no clear preference between 
single elongated component or 
two point-like sources 

■ Detection with LHAASO 
‣ energy range 40–800 TeV (!) 

‣ softer spectral index ( ) 

‣ morphology poorly constrained

b = − 5∘

Γ ≈ − 2.2

Γ ≈ − 2.8
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V4641 Sgr

■ H.E.S.S. measurement 
‣ energy range 0.8–22 TeV 

‣ very hard spectral index ( ) 

‣ preference ( ) for two separate components 

‣ both components spatially resolved (i.e. not point-like)

Γ ≈ − 1.8
3.2σ
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V4641 Sgr

■ H.E.S.S. measurement 
‣ energy range 0.8–22 TeV 

‣ very hard spectral index ( ) 

‣ preference ( ) for two separate components 

‣ both components spatially resolved (i.e. not point-like) 

■ Broad-band spectral energy distribution 
‣ peaked at ~100 TeV 

‣ V4641 Sgr is an extremely powerful particle accelerator!

Γ ≈ − 1.8
3.2σ
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V4641 Sgr

■ Energy-dependent morphology? 
‣ no evidence from H.E.S.S. 

data alone

58
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V4641 Sgr

■ Energy-dependent morphology? 
‣ no evidence from H.E.S.S. 

data alone 

‣ indication of a trend when 
comparing to HAWC data 

‣ not conclusive at this point
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V4641 Sgr

■ Search for ambient gas 
‣ densities very low 

‣ molecular hydrogen (CO):  

‣ atomic hydrogen (HI): 

ngas < 0.2 cm−3

ngas ≈ 0.08 cm−3
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V4641 Sgr

■ Search for ambient gas 
‣ densities very low 

‣ molecular hydrogen (CO):  

‣ atomic hydrogen (HI):  

■ Leptonic model 

‣ suggests  and  

‣ requires mildly relativistic jet ( ) to 
explain morphology 

‣ low B field implies large (pc-scale) acceleration site 

ngas < 0.2 cm−3

ngas ≈ 0.08 cm−3

B < 3μG tinj ≲ 10 kyr
v ≳ 0.1c
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V4641 Sgr

■ Search for ambient gas 
‣ densities very low 

‣ molecular hydrogen (CO):  

‣ atomic hydrogen (HI):  

■ Leptonic model 

‣ suggests  and  

‣ requires mildly relativistic jet ( ) to 
explain morphology 

‣ low B field implies large (pc-scale) acceleration site  

■ Hadronic model 
‣ requires proton spectrum with 

 and  (rather extreme!) 

‣ furthermore, low gas densities imply 
 and 

ngas < 0.2 cm−3

ngas ≈ 0.08 cm−3

B < 3μG tinj ≲ 10 kyr
v ≳ 0.1c

Γ ≈ − 1.5 Ecut ≈ 2 PeV

up ≳ 0.5 keV cm−3 B > 100μG
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V4641 Sgr

■ Search for ambient gas 
‣ densities very low 

‣ molecular hydrogen (CO):  

‣ atomic hydrogen (HI):  

■ Leptonic model 

‣ suggests  and  

‣ requires mildly relativistic jet ( ) to 
explain morphology 

‣ low B field implies large (pc-scale) acceleration site  

■ Hadronic model 
‣ requires proton spectrum with 

 and  (rather extreme!) 

‣ furthermore, low gas densities imply 
 and  

■   Leptonic model preferred 
(but this does not preclude acceleration of protons!)

ngas < 0.2 cm−3

ngas ≈ 0.08 cm−3

B < 3μG tinj ≲ 10 kyr
v ≳ 0.1c

Γ ≈ − 1.5 Ecut ≈ 2 PeV

up ≳ 0.5 keV cm−3 B > 100μG

→
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Outlook

■ H.E.S.S. will continue operating 
until at least September 2028 
‣ exciting “legacy program” set in place 

‣ one strong focus: time-domain science 
(GRBs, novae, AGN flares, …) 

‣ but also promising campaigns on 
microquasars, star clusters, binaries… 

‣ continuation beyond 2028 currently unclear

72

Christian Föhr, MPIK
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Outlook

■ H.E.S.S. will continue operating 
until at least September 2028 
‣ exciting “legacy program” set in place 

‣ one strong focus: time-domain science 
(GRBs, novae, AGN flares, …) 

‣ but also promising campaigns on 
microquasars, star clusters, binaries… 

‣ continuation beyond 2028 currently unclear 

■ Public data archive 
‣ aiming to prepare a comprehensive archive 

for 20+ years of H.E.S.S. data 

‣ analysis with CTAO science tool package (Gammapy) 

‣ a huge effort for the Collaboration 
 need to start the effort now! 

‣ hopefully a very valuable legacy for the community
→
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