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OUTLINE

1. Pulsar physics and gamma-ray emission:
• Rotation-powered pulsar magnetosphere
• Particle acceleration scenarios and gamma-ray production mechanisms

2. State of the art pulsar results:
• Teasers for what ASTRI and CTAO can do…

3. Perspectives and conclusions
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PULSAR MAGNETOSPHERE
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Goldreich & Julian, 1969

Ideal magnetohydrodynamic 
plus axial symmetry:

 



PARTICLE ACCELERATION
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Cerutti et al., 2017

Modified from Hirotani, 2011



MAGNETOSPHERE CHARGES
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Mochol et al. 2017



PULSARS

•Hundreds of gamma-ray pulsars in 
the 100 MeV – 10 GeV band

• Only 5(=3+2) above 50 GeV

• Only 2 above 1 TeV

• Only 1 above 10 TeV

• No consensus on the emission 
details: several competing models

•Magnetosphere structure and 
dynamics still poorly understood

• What allows some pulsars to emit 
at VHE energies?
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, 2024 Power-law like tail reaching ( and 
surpassing) TeV energies.

Single smooth spectrum connecting 
to CR peak at GeV scale.

Large spectral variation across 
different phases.

Challenges all classic emission 
models; presently unexplainable.

CRAB PULSAR
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© MAGIC Collaboration
     TeVPA 2025
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© MAGIC Collaboration
     TeVPA 2025



• Long march towards and beyond 
the light cylinder

• Two classes of models:
• Linear parallel E field at the Y point 

(Harding et al., etc)
• Magnetic reconnection in striped wind

(Cerutti et al., etc)

• Model degeneracy impacted by 
phase-dependent spectra

• Need to account phase 
dependency in models

Harding et al., 2021
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COMPETING MODELS
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If 1ICS exists then 
wind acceleration is 
in trouble.

If 1ICS not there then 
ECS acceleration is in 
trouble.

Within ASTRI’s 
capabilities with 
commissioning data.

(Why hasn’t LHAASO 
said anything yet?)

Credits: Vercellone S. for the ASTRI Project, 2024, Universe, 10, 94, and references therein. Adapted from Lombardi et al., 2022, PoS(ICRC21), 884

Harding 1ICS
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© Much younger myself
     Years ago worksop 2021
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© Much younger myself
     Years ago worksop 2021
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© H.E.S.S Collaboration
     TeVPA 2025
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HUNTING FOR NEW PULSARS
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PSR J2021+3651: DRAGONFLY vs VELA
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“Maybe by the 
time this is 
detected we 
have 
warp-drive 
technology to 
probe it 
directly…”
  

  Reviewer Two
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“Did reviewer 
two actually 
account for the 
background 
reduction due 
to phase 
selection?”
  

  Author’s Comment



PART III
PERSPECTIVES
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SUMMARY
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● Pulsars with Cherenkov telescopes are extreme objects:
○ Extreme “natural particle accelerators”
○ Extreme feat to detect them

● We have seen three objects:

○ Crab pulsar: young, energetic, emission keeps on up to 1 TeV
○ Vela pulsar: - , additional component up to 20 TeV
○ Geminga: middle-age, weaker, seamlessly keeps up to 100 GeV

● Evolution of the theoretical framework



PERSPECTIVES

● Twenty years ago: only a handful of gamma-ray pulsars…
○ … Fermi-LAT arrives to town in 2008…
○ More than 300 objects now detected by Fermi-LAT.
○ Particle acceleration from the neutron star magnetosphere 

and wind, cutoff at few GeV.
○ Greatly advanced our astrophysics understanding of these 

exotic objects, but also enables fundamental Physics searches 
and links to gravitational wave (PTA)
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PERSPECTIVES

● Now: only a handful of extreme pulsars at energies 
above 10 GeV and one at the 10 TeV scale:
○ … CTAO and ASTRI are coming to town…
○ Inverse-Compton components at the very-high energies? 

Universal features or target dependent?
○ Multi-wavelength tomography of a pulsar magnetosphere?
○ Improved fundamental Physics limits: dark matter, exotic 

interactions
○ Evolution of pulsars in time? Population study?

23



24



WHAT?!?
YOU WANT MORE??
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PART I
PULSAR PHYSICS
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PULSAR FACTS

• More than 3000 known pulsars (300 
gamma-ray ones).

• Repeating, periodical signal 
(“pulsating star” → pulsar). Due to the 
rotation of the neutron star. 

• Periods between 1ms and several 
seconds.

• Most of these are observed as radio 
emitters (radio-beacons).

• Several others emit at higher energies: 
optical, X-rays.

• By observing the emission: measuring 
of the rotation period.
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Crab pulsar, Cambridge University, via Wikipedia



PULSAR P-PDOT DIAGRAM

• Classified with a diagram similar to 
the HR one for stars.

• Plotting the period of the pulsar 
versus the period derivative.

• Pulsar start fast (P<<1s) and slow 
down as they age.

• The spin-down rate depends on 
their magnetic field, which decays 
with time.
• Different classes can be identified 

in the diagram.
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PULSAR MAGNETOSPHERE
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PULSAR MAGNETOSPHERE
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vacuum

(unstable)

plasma

charge

fields



PULSAR MAGNETOSPHERE

•  
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PULSAR MAGNETOSPHERE

33

Generator:
spinning

neutron star

Closed magnetosphere:
ideal plasma, no current, 

no power loss

Open magnetosphere 
and wind: resistive load, 

power loss

Pulsar spins down

If the pulsar’s magnetic field is tilted with respect to the rotation axis, the magnetic dipole radiation will be 
instantly absorbed by the plasma surrounding the star, and its energy passed on to the pulsar wind.



MAGNETOSPHERE CHARGES
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Brambilla et al. 2018



GAMMA-RAY EMISSION MECHANISMS

Synchrotron
 

Curvature
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Klein-Nishina!!



PART II
STATE OF THE ART

36



GAMMA-RAY ASTRONOMY

• Fermi-LAT (pair conversion) 
detection up to tens of GeV

• Extensive air showers at VHE:
• Secondary particles
• Cherenkov radiation

• Sensitivity gap: at 10 – 100 GeV

• Hosts interesting astrophysical 
phenomena:
• VHE Pulsars
• Distant Active Galactic Nuclei
• Gamma-Ray Bursts

14/9/2021
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IMAGING ATMOSPHERIC CHERENKOV 
TELESCOPES
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VERITAS (Arizona)

H.E.S.S. (Namibia)

MAGIC (La Palma)

Credit: G. Ceribella



IMAGING ATMOSPHERIC CHERENKOV 
TELESCOPES
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“Happy muon”
Credit: G. Ceribella



CTAO: CHERENKOV TELESCOPE ARRAY
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Next generation Cherenkov telescope observatory. Multiple telescope sizes to cover energies 
between 10 GeV and >100 TeV. Open observatory policy surpassing the capabilities of all 
previous and existing instruments.

© CTAO gGmbH
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© CTAO gGmbH

CTAO: CHERENKOV TELESCOPE ARRAY

LST-1 telescope (prototype) already operating/commissioning at the ORM. 
LST-2,3,4 in construction/assembly. Expected LST-4 first light: end 2025.



VHE PULSAR RESULTS

• Discovery of pulsed VHE 
emission of the Crab 
(>25GeV)  

� Excludes polar-cap model

• Fermi-LAT kicks in

• VERITAS: Crab pulsar 
above 100 GeV

• Phase-resolved spectrum 
up to 400GeV
� Peak width decreases with 

energy

2008

CRAB PULSAR (>25GeV)
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2009

2011

2012



VHE PULSAR RESULTS

• Crab bridge emission 
above 50GeV 

• Geminga searches with 
standard trigger above 
50GeV 

• TeV pulsed emission 
from the Crab! 

� Inverse Compton 
component

• Lorentz Invariance 
Violation studies with 
the Crab pulsar 

2014

2016

2016

2017

CRAB PULSAR SPECTRUM

GEMINGA PHASEOGRAM (>50GeV)
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CRAB PULSAR AND NEBULA

Young supernova remnant: 972 years

Powerful pulsar:  4·1031 W, or 105 · Sun
Strong surface magnetic field: 4 · 108 T

Vast Pulsar Wind Nebula:

• Used as standard candle in 
high-energy astrophysics

• Sporadically flares (day timescale) in 
the 100 MeV – 1 GeV band.

Pulsar detected by MAGIC above 1 TeV:

• Inverse-Compton component
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X-ray: NASA/CXC/SAO; Optical: NASA/STScI; Infrared: NASA-JPL-Caltech



GEMINGA PULSAR

Middle aged pulsar: 3·105 years
Less powerful than Crab: 10 · Sun
Very close by: 250 pc = 800 ly
Unusual pulsar: radio quiet, second 
brightest steady source in the GeV sky
Embedded in a vast TeV halo:
•Accelerated lepton escape & 

diffusion
• Contributor to positron spectrum at 

the Earth

45

X-ray: NASA/CXC/PSU/B. Posselt et al; Infrared: NASA/JPL-Caltech



GEMINGA PULSAR

First ground-based detection of 
Geminga, 15 GeV – 75 GeV

Third very-high-energy pulsar, 
first middle-aged one

Detection significance: 6.3σ
Reference article:
MAGIC Collaboration et al. (2020),  Detection of the 
Geminga pulsar with MAGIC hints at a power-law tail 
beyond 15 GeV
10.1051/0004-6361/202039131
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GEMINGA: MAGIC SPECTRUM

Single smooth power-law
with index Γ = 5.6 ± 0.5

47

Ceribella, 2021



GEMINGA: CURRENT SHEET
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Novel class of models supported 
by extensive numerical 
simulations.

Acceleration just beyond the 
light-cylinder, at the Y point.

Geminga emission explained as 
primary synchro-curvature, with 
no inverse-Compton component.

Depending on assumptions on the 
(unobservable) radio flux, based 
on optical emission.

From Harding et al., 2021



GEMINGA: LST-1 SPECTRUM
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LST-Collaboration, 2025 Power-law extension measured 
up to 60 GeV: 8σ in less time!

Confirms independently the 
MAGIC findings, but prefers a 
harder spectrum

Current sheet model (Harding 
2021) consistent within 
systematics

Curvature radiation? Extra 
Inverse-Compton contribution?

Single smooth power-law
with index Γ = 4.5 ± 0.4
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© H.E.S.S Collaboration
     TeVPA 2025
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© H.E.S.S Collaboration
     TeVPA 2025
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GAMMA-RAY EMISSION MECHANISMS

•  

53

Once a population of accelerated, 
ultra-relativistic particles is produced, 
these can radiate electromagnetic 
waves.



GAMMA-RAY EMISSION MECHANISMS
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Once a population of accelerated, 
ultra-relativistic particles is produced, 
these can radiate electromagnetic 
waves.



GAMMA-RAY EMISSION MECHANISMS

•  
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Once a population of accelerated, 
ultra-relativistic particles is produced, 
these can radiate electromagnetic 
waves.



GAMMA-RAY EMISSION MECHANISMS

If the electrons themselves have a 
distribution of energies, the 
resulting radiation spectrum will 
be the composition of each 
contribution.

The shape of the radiation 
spectrum is linked to the shape of 
the electron energy spectrum. By 
measuring the radiation spectrum 
we can infer the properties of the 
magnetospheric electrons.
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Credit: Swinburne University of Technology



EXTENSIVE AIR SHOWERS

High-energy gamma rays travel to 
the Earth and enter the atmosphere.
They interact with the nuclei of air 
via electron-positron pair 
production.
Electrons emit secondary gamma 
rays via Bremsstrahlung, and the 
process repeats in cascade.

→ Electromagnetic shower
The cascade process stops when the 
new generation of electrons fall 
below an energy of 80 MeV 
(ionization becomes dominant).
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CHERENKOV EFFECT
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•  

Please don’t let Elon Musk know this!!



CHERENKOV EFFECT

In practice, any macroscopical object moving at a relativistic speed 
inside a material medium would immediately interact with it, release 
an enormous amount of energy, and disastrously explode together with 
the scientist attempting the experiment and the city hosting them (this 
means: do not try this at home).

It is however possible (and safer) to consider such scenario for 
particles traversing a medium. In particular, super-luminar motion of 
charged particles, as charge is itself a source of electromagnetic 
energy, produces a “shock” of instantaneous dipole depolarization in 
the material it is travelling in, giving rise to the emission of light: 
Cherenkov radiation.
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CHERENKOV EFFECT
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CHERENKOV EFFECT

61

• Passing charges polarize the 
medium they are moving into.

• Normal sub-luminar motion: the 
polarization pattern is symmetric, 
and depolarization causes no 
emission.

• These particles are completely 
unaware of the charge! 
Electromagnetic interaction is 
mediated by photons, but the 
particle is moving faster than light!



CHERENKOV EFFECT

•  
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IMAGING ATMOSPHERIC CHEREKOV
TELESCOPES

• Cherenkov cone of 1.4 deg. Electron 
threshold energy of 21 MeV.

• Each electron in the shower emit 
Cherenkov radiation.

• Overlapping wave-fronts form a 
Cherenkov light pool on the ground. 
Typical duration of 3 ns.

• A telescope measures the photon 
density at the ground.
Cherenkov photons ∝ Number of 
electrons ∝ Primary gamma-ray 
energy
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100 GeV → 10 ph./m2 (approximately linear)



MAGIC

• Two IACTs at the Canary Island of 
La Palma at 2200 m above sea 
level.

• Diameter of 17m, reflective surface 
of 240 m2. Asymptotical collection 
area of 105 m2 at 1 TeV.
• Photo-multiplier tube cameras 

with sub-nanosecond sampling 
(1.64 GHz).

• Total moving parts weight 60 tons: 
“lightweight” telescope...

• Energy range between 20 GeV and 
100 TeV (Very High Energy).
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SHOWER IMAGES
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◼ Each pixel: one photo-multiplier tube measuring the deposited charge 
(integrated in 3ns) and the photon arrival time.

◼ Position in the camera: different incoming direction.
◼ Shape and intensity of shower image → properties of the primary particle.



IMAGE PARAMETRIZATION

Total light→ Energy
Image shape → Particle type
Timing → Event geometry

Stereoscopic system: Incoming 
direction, noise rejection

Reconstruction of the physical 
properties: energy + direction of 
arrival (momentum) and particle 
type (filtering cosmic-rays).

By collecting many events from the 
same object → statistical 
determination of the spectrum.

66



THE HIDDEN PART IV
GOLDREICH-JULIAN THEORY
These slides are not part of your lecture. I added them here for those who may 
want to have more insights into the basic, simple theory of the pulsar 
magnetosphere according to (Goldreich-Julian). They require some familiarity with 
concepts of calculus and electromagnetism.
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MAGNETOSPHERE ELECTRODYNAMICS

•  
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GENERALIZED OHM’S LAW

•  

69



GENERALIZED OHM’S LAW (II)

•  
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OHM’S LAW AND MOVING CONDUCTOR (I)

•  
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OHM’S LAW AND MOVING CONDUCTOR (II)

•  
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OHM’S LAW IN THE IDEAL PLASMA

•  
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EQUIPOTENTIAL MAGNETIC FIELD LINES

•  
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PARALLEL VELOCITY FREEDOM

•  
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POLOIDAL-TOROIDAL DECOMPOSITION

•  
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POLOIDAL-TOROIDAL DECOMPOSITION (II)

•  
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POLOIDAL-TOROIDAL DECOMPOSITION (III)

•  
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parallelpol pol poltor



POLOIDAL-TOROIDAL DECOMPOSITION (IV)

•  
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POLOIDAL-TOROIDAL DECOMPOSITION (V)

•  
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POLOIDAL-TOROIDAL DECOMPOSITION (VI)

•  
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POLOIDAL-TOROIDAL DECOMPOSITION (VII)

•  
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IDEAL MAGNETOHYDRODYNAMIC

•  
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IDEAL MAGNETOHYDRODYNAMIC (II)

•  
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Divergence of B is 

zero (Maxwell)

☺
Divergence of 

toroidal field is 

zero (Helmholtz)

☺
This is horrible!!

☹☹☹



IDEAL MAGNETOHYDRODYNAMIC (III)

•  
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COROTATION VELOCITY

•  

86

This is also known as 

Ferraro’s isorotation law.



SUMMARY (SO FAR)

•  
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THE LIGHT CYLINDER

•  
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THE LIGHT CYLINDER

•  
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PULSAR WIND

The toroidal magnetic field is dominant beyond the light cylinder. 
When viewed from one of the poles, the field lines look more and more 
like one of these drawings as they approach the cylinder:

֎ ֎
The pulsar is spinning counterclockwise for the symbol on the left 
(north pole view) and clockwise for the one on the right (south pole 
view). Magnetic field lines are “swept back” as they approach the light 
cylinder.
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PULSAR WIND

•  
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* Note: this argument neglects the case in which the pulsar magnetosphere has an internal twist, meaning it is 
axially-symmetric, but not reflection-symmetric along the equatorial plane. In such case, the field lines look like 
the same drawing (one of ֎ or ֎) both when viewed from the north or south pole. These twisted 
configurations are not dynamically stable, but are of interest in the case of magnetars.



PULSAR WIND

We have shown that beyond the light cylinder, magnetic field lines can 
not cross again the cylinder, and instead stream to infinity. These 
magnetic field lines are open (they merge in the turbulent intergalactic 
magnetic field and close there) and do not come back to the pulsar. 
The particles that stream along these lines ultimately leave the pulsar 
forever and become the pulsar wind.

With the above argument we have shown that even an aligned pulsar 
possesses a mechanism to slow down. Its gargantuan electromagnetic 
energy is ultimately converted in kinetic energy of the (leptonic) pulsar 
wind, that carries it away forever and disperses it in the surrounding 
space. This is the process powering pulsar wind nebulae (Crab).
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MAGNETOSPHERE STRUCTURE
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Poloidal field lines!


