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§ "Kifune" plot - the integral number of 
high energy sources detected as a 
function of year - in the style of a plot 
developped by Tadashi Kifune.

§ In high-energy astrophysics, new 
technology almost always leads to new 
discoveries.
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Figure from https://github.com/sfegan/kifune-plot

https://github.com/sfegan/kifune-plot
https://github.com/sfegan/kifune-plot
https://github.com/sfegan/kifune-plot
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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/)
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As you go from GeV to TeV to tens of TeV, the Galactic plane remains 
bright, but the sky becomes increasingly dominated by a smaller 

number of hard, extreme accelerators.

H.E.S.S. 1 TeV, 10 years



Fermi LAT, Energy > 1 GeV, 12 years of data (7,464,664 photons) 
5
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Engine Examples

Rotation-powered Pulsars, Pulsar Wind Nebulae (PWNe)

Accretion-powered Microquasars, X-ray binaries

Wind-Interaction-powered Gamma-ray binaries

Explosion-powered Novae, Supernovea remnats (SNRs), PeVatrons

Magnetic-powered Magnetars

Complex environments Galactic Centre



Pulsars

Pulsar Wind Nebulae
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(Earth’s magnetic field = 0.5 G)
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Jocelyn Bell Burnell
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MAGIC discovery of pulsed TeV emission

§ MAGIC detected pulsed emission from the Crab pulsar up to 1.5 TeV.

§ Pulsed signal remains clearly visible above 400 GeV
§ P1 detected up to ~0.6 TeV
§ P2 detected up to 1.5 TeV

Why was this surprising?

§ Fermi-LAT spectra suggested an exponential cutoff at a few GeV.

§ MAGIC found a power-law extension beyond the cutoff.

§ The pulsed emission therefore extends two orders of magnitude 
higher in energy than expected.

Implications

§ Curvature radiation alone cannot explain the TeV photons

§ Additional emission mechanism required → likely inverse 
Compton scattering

§ Possible emission region:
§ Outer magnetosphere
§ Near / beyond the light cylinder (striped wind or current sheet)

§ No single model currently explains all observations.
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698, A283, 2025
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698, A283, 2025
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698, A283, 2025
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§ Stage 1 (<10 kyr): Young PWN Pulsar 
wind is confined inside the supernova 
remnant (SNR). 
§ Most relativistic 𝑒±remain trapped and 

radiate inside the PWN. 

§ Stage 2 (10–100 kyr): Transitional 
phase Reverse shock disrupts the 
PWN. 
§ High-energy particles begin escaping 

into the SNR and surrounding ISM. 
§ Emission comes from both the PWN and 

escaping particles. 

§ Stage 3 (>100 kyr): Pulsar halo Pulsar 
has left (or outlived) the SNR. 
§ Escaping 𝑒±diffuse through the 

interstellar medium. 
§ Inverse Compton scattering produces an 

extended TeV halo.

FS = forward shock; CD = Contact Discontinuity; RS = reverse shock shock 

PWN → particles are confined. Halo → particles have escaped into the ISM

Liu 2022
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Yellow contours: 
radio (44 GHz) 
Purple contours: 
X-rays (1–2.4 keV) 
Red: 0.3–1 GeV 
Green: 1–100 GeV 
Blue: 1–10 TeV



Gamma-ray binaries
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§ Show periodic emission.

§ Gamma-ray emission above 1 MeV 
“dominates” the SED output.

§ Only 9 known systems (out of ∼300 X-ray 
binaries) -> progenitors of HMXBs? (Dubus 2013)

§ 8 HMGBs have been identified in the Milky 
Way 

§ 1 in the Large Magellanic Cloud

§ Non-thermal radio emission

§ Moderate X-ray emission

§ HE and VHE not necessarily correlated

§ GeV spectra can be fitted with a power law 
+ exponential cutoff, like for pulsar 
magnetospheres, but the emission is 
variable(!) and periodic.
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• 48 ms pulsar orbiting a B2e companion with inclined disk.

• Orbital period: 3.4 year, highly eccentric orbit.

• ~0.7 A.U separation at periastron (10 AU at apastron).
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• TeV: double-peaked lightcurve, with a sharp dip shortly after 
periastron.

• TeV emission corresponds to ~1% of the pulsar spin-down energy.

• GeV: bright flares, 30 – 70 days after periastron. Flares show rapid 
variability

§ Apparent GeV luminosity ≳ pulsar spin-down power 
(assuming isotropic emission).

§ ⇒ Relativistic Doppler boosting is a leading explanation

• à GeV and TeV produced by a different electron 
population or in a different emission region.
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Credit: Walt Feimer, NASA/Goddard Space Flight Center
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LS I +61 303

(Cao et al. 2026)

2.6s

3.9s

2.4s

GeV

X-ray
TeV
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LS I +61 303
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§ Massive stars with compact object -> 
likely non-accreting pulsars

§ Emission up to even 100 TeV without 
cutoff

§ Real population at least x10 current 
one (Dubus 2015)

§ Many unknown parameters
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Microquasars
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Fermi 03.-300GeV

Çoban et al. 2026

@GeV

GeV components in the SS433/W50 field:

 4FGL J1913.2+0512: significantly detected
 West Excess: ~4s consisten with Western lobe
 East Excess: hint of excess, only few photons.
 No emission from inner binary.

Periodicity consistent with jet precession of 162 days 
only in 4FGL J1913.2, but absent in last 6 years.
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§ Resolved TeV emission from both outer jets / lobes 
of SS 433; no significant TeV emission from the 
central binary.

§  Splitting the data by energy reveals energy-dependent 
morphology:
> 10TeV emission is concentrated at the base of the 
outer X-ray jets, while lower-energy TeV emission 
extends farther downstream. 

§ This strongly favors a leptonic scenario: TeV γ rays are 
produced by inverse-Compton scattering of 
relativistic electrons. 

§ The data imply particle acceleration at shocks ∼
25 − 30pc from the binary, where the precessing jets 
are re-collimated and abruptly decelerated. 

Takeaway: 
H.E.S.S. turns SS 433 into a resolved 
TeV jet-acceleration laboratory.
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§ LHAASO detects the east/west 
lobe emission below 100 TeV 
and an extended component in 
the central region above 100 
TeV. 

§ The > 100TeV morphology 
differs from the H.E.S.S.-like 
TeV lobe picture. 

§ A single leptonic IC 
component struggles at these 
energies because of Klein–
Nishina suppression. 

§ A plausible explanation is a 
hadronic component from 
PeV protons interacting with a 
nearby H I cloud

Takeaway: 
LHAASO suggests SS 433 may be 
a microquasar PeVatron 
candidate.
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Supernova remnants

Novae
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§ Galactic CR knee at 𝐸knee ∼ 1 − 3PeV 

§ If SNRs power Galactic CRs, they must reach 
PeV proton energies 

§ 𝛾-rays above ∼ 100TeV are a key signpost of 
PeV particle acceleration 

§ Requires efficient diffusive shock acceleration 
+ magnetic-field amplification
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§ Diffusive shock acceleration at SNR blast waves

§ Particles gain energy by repeated shock crossings (1st-order Fermi acceleration)

§ Two key gamma-ray signatures of hadronic acceleration in SNRs:
§ GeV: 𝜋0-decay “pion bump” 
§ UHE: 𝛾-rays above ∼ 100TeV 
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§ Young shell SNR (∼ 300 yr), detected from GeV to TeV 

§ GeV/TeV point-like emission: Fermi, HEGRA,VERITAS 
and MAGIC

§ Broadband emission cannot be explained by a single 
electron or proton population 

§ TeV emission is likely hadronic-dominated

§  MAGIC cutoff at ∼ 3.5TeV → Cas A is not a present-day 
PeVatron
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Tail spectrum can be modeled with 
a hard proton population extending 
to ~PeV energies.

[MAGIC 2023]

• “LHAASO makes G106 a PeVatron candidate”
→ photons above 100 TeV, up to 1.4 PeV 

• “MAGIC resolves the source”
→ emission in head + tail, but highest-energy TeV emission sits 
in the tail 

• “Tail emission looks hadronic”
→ difficult to explain with electrons alone; hadrons are favored 

• “HAWC links the UHE emission to molecular clouds”
→ supports escaping CR protons + cloud interaction



SNRs: where do we stand as Galactic CR 
accelerators?
§ SNR shocks remain prime candidates for 

Galactic CR acceleration up to the knee 
§ GeV evidence: 

§ π⁰-decay “pion bump” in interacting SNRs proves 
hadronic acceleration 

§ TeV evidence: 
§ shell-type SNRs show particle acceleration to multi-

TeV energies 

§ UHE evidence (>100 TeV): 
§ only a few SNR systems are strong PeVatron 

candidates 

§ But not all UHE emission is from the shell 
itself: 
§ escaping CRs interacting with nearby clouds may 

dominate 

§ Current picture: 
§ SNRs likely power a major fraction of Galactic CRs, 

but whether they alone reach the knee is still open 
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Examples

§ Cas A: young shell SNR, hadronic TeV emitter, 
not a present-day PeVatron 

§ G106.3+2.7 / Boomerang: one of the best 
current SNR PeVatron candidates, likely via 
escaping hadrons + molecular clouds 

Takeaway

§ Gamma rays show that SNRs accelerate 
hadrons efficiently, but the origin of 
Galactic PeV cosmic rays is still not fully 
settled.
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Novae

NASA's Goddard Space Flight Center Conceptual Image Lab
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Chomiuk+2021
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Abdo+2010
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Magnetars
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; Pulsar: ∼1012 G; Earth magnetic field ~0.5G

Slide from A. López
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Slide from A. López
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Slide from A. López
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Galactic Center
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LST-1 𝛾-rays

MeerKAT radio
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CMZ = Central Molecular Zone
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