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So what are we actually looking 
for?

Gamma-rays produced in interactions of accelerated electrons, protons and 
nuclei

ÅInteractions close to acceleration sites or in the general interstellar (++) medium

ÅNon-thermal astrophysics

ÅCosmic ray origin and impact

Gamma-rays produced in hypothetical beyond standard model processes

Åe.g. Dark Matter annihilation, DM decay, axion (ALP) conversion
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Radiation: Electrons

Synchrotron emission

ÅRelativistic charged particle spiralling around in B-field

Inverse Compton scattering

ÅEnergy/momentum exchange with a photon

Bremsstrahlung

ÅClose encounter with electric field of nucleus

e
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g



Radiation: Electrons

Synchrotron emission
ÅFlux is proportional to energy density of magnetic field(́ B2)

ÅEnergy of synchrotron photons is proportional to B and goes with E2(until a òcrisisó at ultra-
high energies)

ÅdE/dt ´E2ðhigh energy particles radiate much more efficiently, òcooling timeó ḳ
E/(dE/dt) is ´1/E

Inverse Compton scattering
ÅFlux is proportional to energy density of radiation field

ÅEnergy of IC photons is proportional to target photon energy and goes with E2 (until a 
òcrisisó when 4EeET/me

2c4 ~ 1, then  Eǵ EðKlein-Nishinaregime)

ÅdE/dt ´E2ðòcooling timeó ḳE/(dE/dt) is ´1/E

Bremsstrahlung
ÅImportant when density is high (i.e. >200 cm-3), E/dE/dt = const

(cf 1 TeVIC emission on CMB)



Radiation: Electrons

Typical photon spectra

ÅAssuming dN/ dE~ E-2 electron spectrum with cut-off

6

Inverse Compton 
Scattering

Eg~ Ee
2

Synchrotron 

e
g

e

g

E2
d
N

/d
E

=
 ˄

f ˄

Photon Energy E



Radiation: Electrons

Typical photon spectra

ÅAssuming dN/ dE~ E-2 electron spectrum with cut-off
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Radiation: Electrons

Typical photon spectra

ÅAssuming dN/ dE~ E-2 electron spectrum with cut-off
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Radiation: Protons & Nuclei

Most important ðpion production in nuclear or photo-nuclear reactions

Åp-p (above), p-gamma (primarily excitation of the Delta++ resonance)
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Radiation: Protons & Nuclei

Most important ðpion production in nuclear or photo-nuclear reactions

Åp-p (above), p-gamma (primarily excitation of the Delta++ resonance)
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Radiation: Protons & Nuclei

Dominant proton losses by interactions with (background) protons and nuclei

Åflux proportional to target density as well as cosmic ray density

Synchrotron emission of protons suppressed by factor (me/ mp)
4 for equal energy 

protons and electrons 

p0 decay

Typical photon spectrum

Log(Eg)

Fg~ nH

TeVgammas:
Galactic Centre

Molecular 
Gas



Propagation: in Matter

Pair production mean free path Ą 9/7 X0 Ą 100 g/cm2 (in hydrogen)
ÅTypical interstellar medium density 1 H atom/cm3

Ą 100 g/cm2 is ~20 Mpc

12

In Iron

10 keV

1 TeV



Propagation: ɹ -ʴ interactions
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Energy 
Flux ( nFn)

Stars

Dust

ÅNon-thermal EM windows
ÅRadio (low energy electrons)
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Åg-ray
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Links to Cosmic Rays & Neutrinos?

Obvious: probing sites of cosmic ray acceleration and interaction

ÅPion decay leads to both neutrinos and gammas

ÅIC emission from CR electrons

BUT:

ÅEfficient sources of UHECRs do not have to produce lots of gammas and neutrinos Ą

particles need to avoid interaction to get to highest E and escape

ÅBUT *some* gamma and neutrino emission inevitable, just a question of sensitivity

ÅEfficient sources of neutrinos do not have to produce UHECRs and lots of gammas Ą

beam dump with no escape of particles or photons (g-g)

ÅEfficient gamma-ray sources donõt have to accelerate UHECRs

ÅBUT if p-p then the neutrinos are there, just a question of sensitivity
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So ςyes ςbut not easy ςlow hanging fruit likely to be different in each messenger



Sensitive Enough?

Sensitivity ~10-12 erg/cm2/s ðwhat can we compare this number to?

For Galactic source ðtypical distance 8 kpc
ÅL = F × 4pd2

Č 1033 erg/s

Spin-down luminosity of pulsars: up to 1038 erg/s
ÅGamma-ray efficiency? Can be very high for older systems (lower magnetic fields)

Supernova remnant luminosity: 1033-1034 erg/s
ÅWhy? Explosion energy 1051 erg × efficiency / (tpp/ f) , tpp ~3 × 107 years/n,  f ~ 1/6, 

typical n ~0.1-1 cm-3

EG source? At 1 Gpc need Lg= 1043 erg/s
Å= 1% of Eddington luminosity of 107 solar mass BH

ÅCan see EG objects if close, efficient or beamed

Č There should be things to see in the TeVsky!
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The VHE-UHE Sky
19

gammasky.netBackground: Fermi-LAT

Towards GCTowards Anti-Centre

320 sources in July 2025



HESS Galactic Plane Survey

H.E.S.S. phase-I observations of the plane of the Milky Way (A&A Special Issue April 2018)

HESS

2700 h data 2004-2013



Molecular Disc
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mm emission from molecules - 50 pc scale height
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Compact 
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Particle Acceleration is common

in nature and VHE g-ray emission 

can be used to probe a wide

range of astrophysical systems!
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B-20 uG (X-ray/Gammas)

tcool ~104 (B/10 ˃ G)-2 

(Ee/10 TeV)-1 years

Ą1000 year cooling time, 

over 25 parsecs

Ą V ~ 0.08c

(~1/4 initial velocity)
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Laura Olivera-Nieto 

PhD Thesis HESS Collaboration
Science 383, 402 (2024)
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Protons?

Supernova remnants the long-standing favourites for acceleration of the bulk of 
Galactic cosmic rays

Clear evidence for protons in interacting SNRs ςe.g. IC 443
ÅBut no evidence for protons>100 TeV

36

(and nuclei)
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Composite: Francesco Conte (MPIK)



Cosmic Ray Density

Ren, Remy et al 2025

ÅCareful analysis of gas+dust

Divide gamma-ray emission by 
CMZ gas Ą

ÅClear gradient in cosmic ray 
density

ÅPeak close to A*

ÅIs it the accelerator?



Massive Stellar Clusters

Most massive stars born in massive 
stellar clusters

ÅYoung massive stars drive powerful winds 
ðcollective effects?

ÅMany supernova explosions occur in 
clustersé

~5 clear associations of gamma-ray 
sources to clusters

WesterlundI: HESS coll.
+Häreret al 2023


