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Fermi LAT, Energy > 1 GeV, 12 years of data (7,464,664 photons) 
3

Red dots: extragalactic
Source count ~thousands
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http://tevcat2.uchicago.edu/

§ 323 sources of VHE gamma rays (June 2026)
§ Unidentified sources are the largest population (126)
§ Followed by blazars (88)
§ And by supernova remnants and pulsar wind nebulae (66)

http://tevcat2.uchicago.edu/)


Blazars

Radio Galaxies

FSRQs

BL Lacs
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§ Exceptionally bright compared to 
normal galaxies.

§ The luminosity originates from the 
very central region from matter 
accreting to supermassive black hole 
in the center of galaxies.

§ The luminosity of the nucleus 
outshines the thermal emission 
produced by the stars of the galaxy.
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AGN were first recognized because some galaxy 
nuclei showed unusual optical emission-line 
spectra: highly ionized gas + broad/narrow 
nuclear lines = evidence for a compact, powerful 
central source.
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§  AGN form the largest population of known 
sources in the Fermi Catalog and among TeV 
sources.

§  These sources have major emission across all 
wavebands along with major multi-messenger 
emission.

§ AGN feedback: jets and winds launched by an 
AGN interact with the gas in the host galaxy, thereby 
influencing the galaxy’s evolution. 

§ A promising class of ultra-high-energy cosmic ray 
(UHECR) accelerators (depending on distance).

§ Can be used to study diffuse emission.

§ If you are not looking at AGN as a source, its very 
likely you might look at it as a background (Fermi 
analysis).
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Type 1: direct view of 
BLR → broad Balmer 
lines 

Type 2: BLR obscured 
by dusty torus → only 
narrow lines 

Supports AGN 
unification: same 
engine, different line 
of sight
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§ SED constraints
§ Swift-XRT constrains the transition between 

the synchrotron and high-energy 
components 

§ H.E.S.S. / VERITAS upper limits indicate a 
cutoff around ~100 GeV 

§ Photon interpretation
§ The broadband SED can be reproduced 

with a leptonic inverse-Compton scenario 
§ An external soft-photon field improves the 

description of the gamma-ray component 

§ Neutrino connection
§ Lepto-hadronic scenarios remain viable in 

the context of IceCube-211208A 
§ Photon data alone do not uniquely 

determine the particle content
7/7/26Summer School 2026 21

• Possible association with IceCube-211208A (Eν=171 TeV; Dec 2021).
• Swift, NuSTAR, LAT and optical show historically high flux and daily variability.
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• Possible association with IceCube-211208A (Eν=171 TeV; Dec 2021).
• Swift, NuSTAR, LAT and optical show historically high flux and daily variability.

The MWL data constrain the flare well, b
ut do 

not uniquely distinguish leptonic from 

hadronic emission.
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Physical constraint: 
- the emitting region cannot be larger than the distance light can travel during 

the observed variability time, once relativistic boosting and redshift are taken 
into account. 

Minute-scale TeV variability implies a compact, relativistically boosted emission region



§ What the movie shows
§ Bright radio core = apparent base of 

the jet
§ VLBI resolves ejected knots moving 

away from the radio core 
§ Apparent superluminal motion ⇒ 

relativistic jet + small viewing angle

7/7/26Summer School 2026 24

AGN jets are dynamic, relativistic 
outflows; when aligned with us, they 

appear as blazars.

VLBI monitoring of the parsec-scale radio jet
https://www.cv.nrao.edu/MOJAVE/movies.html

https://www.cv.nrao.edu/MOJAVE/movies.html
https://www.cv.nrao.edu/MOJAVE/movies.html
https://www.cv.nrao.edu/MOJAVE/movies.html
https://www.cv.nrao.edu/MOJAVE/movies.html
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The gamma-ray 
flare and the 
ejection of a 
new radio knot 
happen at 
about the same 
time.
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γVHE+γEBL
→e++e-
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§ EBL = integrated starlight + dust-
reprocessed infrared light from galaxy 
evolution

§ Unique imprint of the history of the 
universe

§ Test of star formation and galaxy 
evolution models

§ Cosmological evolution models have to 
explain current EBL

§ TeV gamma rays are strongly affected 
by optical/IR EBL photons 

§ The higher the gamma-ray energy and 
the larger the redshift, the stronger the 
attenuation

§ Optical and infrared light can interact 
with > 100 GeV extragalactic photons.

§ Difficult to observe directly due to 
strong foreground sources.
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Fobs(E,z)=Fint(E)e−τ(E,z)
Fobs: observed spectrum 
𝐹int: intrinsic source spectrum 
𝜏 𝐸 𝑧 : optical depth due to the EBL 
𝐸: gamma-ray energy 
𝑧: source redshift

Gamma-ray attenuation by the EBL
• VHE gamma rays from distant blazars 

interact with EBL photons
𝛾VHE + 𝛾EBL → 𝑒+𝑒−

• This produces an energy- and redshift-
dependent suppression of the observed 
spectrum:

𝐹obs = 𝐹int 𝑒−𝜏 𝐸 𝑧
• By fitting the intrinsic blazar spectrum 

and measuring the attenuation, we 
constrain the EBL optical depth 
𝜏 𝐸 𝑧 and therefore the EBL intensity / 
gamma-ray horizon.

Blazars act as cosmic backlights: 
the EBL is measured from the attenuation 
imprinted on their GeV–TeV spectra.



§ EBL absorption defines a gamma-ray 
horizon:
the farther the source, the lower the 
maximum energy we can observe. 

§ Blazars and GRBs act as backlights:
comparing observed and intrinsic spectra 
measures the optical depth 𝜏 𝐸 𝑧 . 

§ Therefore gamma-ray spectra probe 
cosmic light production:
the EBL encodes the history of star 
formation, dust reprocessing, and 
galaxy evolution.

7/7/26Summer School 2026 31The Universe is transparent to GeV photons, but increasingly 
opaque to TeV photons at high redshift.
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§ Neutrino Alert: IC-170922A (Red dashed line); Blazar: TXS 0506+056

§ TXS 0506+056 was in an enhanced GeV gamma-ray state around the neutrino alert, as seen by Fermi-LAT.

§ LAT identified it as the most plausible active blazar counterpart and motivated VHE follow-up.
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TXS 0506+056 gave us both a neutrino+gamma-ray coincidence in 
2017 and a neutrino flare without a clear gamma-ray counterpart 
in 2014–15, which means the neutrino–gamma-ray connection in 

blazars is real but not straightforward.



§ IceCube + Fermi-LAT + MWL follow-up turned TXS 0506+056 into the first convincing 
extragalactic neutrino source association.

§ The source shows two behaviors:
§ 2017: neutrino + gamma-ray flare
§ 2014–15: neutrino flare without a strong GeV counterpart

§ This suggests hadronic activity in AGN jets, but likely in a complex environment rather than a 
simple one-zone picture.

§ AGN are therefore a prime target for multi-messenger astronomy, linking photons, 
neutrinos, and cosmic-ray acceleration.
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Neutrinos show that at least some blazar jets accelerate 
hadrons — but how that connects to the observed gamma 

rays is still an open question.
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§ GW170817 + GRB 170817A + kilonova provided the first direct proof that binary neutron-star 
mergers produce short GRBs. 

§ Prompt emission was seen in the keV–MeV band, but the GeV/TeV behavior was harder to 
constrain because of instrument coverage and viewing-angle effects. 

§ H.E.S.S. non-detection at VHE set the first TeV constraints on a GW counterpart and defined the 
roadmap for future GW-triggered gamma-ray follow-up.
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Gamma-ray bursts

Fast radio bursts
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2sec

short long
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à enabling arcminute localization and follow-up
--> first GRB redshift, proving a cosmological origin
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https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermilgrb.html

https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermilgrb.html
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Short GRB

Long GRB

Afterglow

Prompt emission
internal shocks / 
magnetic dissipation / 
photosphere?

Afterglow
External Shocks
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Prompt: phenomenologically fit, emission mechanism still debated
Afterglow: broadly consistent with external-shock synchrotron

self-absorption 
frequency

characteristic synchrotron 
frequency of injected 
electrons

Cooling
frequency
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• MAGIC detected 0.2–1 TeV γ-
rays from GRB 190114C, 
beginning ~57 s after trigger.

• The detection was extremely 
significant: >50σ in the first 20 
min. 
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• The TeV flux decayed smoothly as a 
power law, unlike the rapidly 
variable prompt phase.

• This showed that GRB afterglows 
can emit into the TeV band.

Key point: 
The TeV emission behaves like 
the afterglow, not the prompt 
burst, pointing to an origin in 
the external shock.



§ Broadband, time-resolved SED: 
simultaneous coverage from Swift/Fermi 
to MAGIC. 

§ Key implication: the TeV component is 
strong enough that it likely requires more 
than a simple synchrotron 
extrapolation.
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GRB 190114C was the first GRB with 
a clear, time-resolved TeV detection, 
opening the TeV GRB era.



§ Observed MAGIC spectrum is 
strongly attenuated by the EBL at 
TeV energies. 

§ After EBL correction, the intrinsic 
spectrum shows a second high-
energy hump. 

§ That component is well explained 
by afterglow SSC: synchrotron 
photons upscattered by the same 
relativistic electrons.
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§ Nearby, low-luminosity long 
GRB at 𝑧 ≈ 0.0785

§ Observed by H.E.S.S. from 4 to 
56 h after trigger 

§ Low redshift →reduced EBL 
absorption, so TeV afterglow 
could be measured
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H.E.S.S. 2021

§ TeV spectrum extends from 
0.18–3.3 TeV 

§ Intrinsic TeV slope ΓVHE ≈ 2.1

§ X-ray and TeV spectra + decay 
are remarkably similar 

§ Standard one-zone SSC is not 
an easy explanation



§ “Brightest of all time” (BOAT) GRB: ≤ 1 event 
every 1000 years [Williams et al. (2023)] 

§ Eiso ~ 2x1054 erg; z = 0.151

§ LHAASO detected an exceptionally bright 
early TeV afterglow, extending beyond 10 TeV 

§ The VHE light curve shows a slope change, 
consistent with a structured-jet afterglow 
rather than a simple single-component decay
§ The emission at later times likely origins from a 

separated region surrounding the inner 0.6 deg 
jet 

§ The hard TeV spectrum challenges simple 
one-zone electron SSC models and may 
require more complex afterglow physics.
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§ A new phase: the question is no longer whether GRBs emit at VHE, but when, how, and how often. 

§ A diverse sample:
GRB 180720B / 190114C are bright, energetic long GRBs;
GRB 190829A shows that nearby, low-luminosity bursts can also reach TeV energies. 

§ Emission mechanism still debated:
afterglow SSC is plausible in some cases, but simple one-zone models struggle for others. 

§ Open questions:
prompt or afterglow?
universal VHE component or selection effect?
one population or multiple channels to TeV emission?
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