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This talk
• Over sixty years ago, Enrico Fermi proposed supernovae as sources of 

Galactic cosmic rays.


• TeV γ-ray observations show that high-energy phenomena are related to the 
history of high-mass stars: formation, explosion, remnants.


• Pulsars are the main type of GeV γ-ray emitters. They may be also the power 
engines of most Galactic TeV emitters. 


- Evolutionary scheme: PWN → TeV haloes.


• Understanding pulsar related TeV sources requires understanding of pulsar 
evolution and the evolution of its environment.
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The Fermi paradigm
• In 1949 Enrico Fermi used magnetic mirror to show 

that shocks can produce power-law spectra of high-
energy particles.


• Around 1954 Fermi and others argued that supernovae 
are particularly efficient (more than molecular clouds) 
and their rate is well above the energetic requirements.
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• Supernova remnants

• Pulsar wind nebulae

• Star formation regions

• Binaries incl. microquasars


High mass star formation and evolution
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Galactic anticenter
• A good sample of Galactic accelerators:


- Crab Nebula: a prototypical Pulsar Wind 
Nebula (PWN).


- Geminga & Monogem (PSR B0656+14): 
TeV halos


- HAWC J0540+233 (PSR B0540+23) y 
3HWC J0634+067 (PSR J0633+0632): 
also TeV halos?


• IC 443: classical supernova remnant.
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The pulsar wind pushes its environment 

and a TeV halo is formed. Emission is

due to very energetic leptons (ICS).

Sudoh, Linden & Beacom: “TeV halos are everywhere”

Phys Rew D, 100, 043016 - arxiv 1902.08203
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Geminga

PSR B0656+14
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E > 56 TeV

E > 100 TeV

E > 177 TeV
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Extreme sources

Abeysekara et al. 2020, PRL 124, 021102.
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Source p-Value Ec (95%) Ec (3σ)

eHWC J1825-134 1.000 244 TeV 158 TeV

eHWC J1907+063 0.990 218 TeV 162 TeV

eHWC J0534+220 
(Crab Nebula) 1.000 152 TeV 104 TeV

eHWC J2019+368 0.828 120 TeV 88 TeV
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Abeysekara et al. 2020, PRL 124, 021102.
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Pulsars
• Pulsars are the “inner remnant” of supernovae 

(discovered too late for Enrico Fermi).


• Pulsars were discovered in the radio band (1967) and 
were the first identified type of γ-ray sources, in the 
MeV range (Kniffen et al. 1974, Fichtel et al. 1975).


• Dominant type of Galactic source at 1 GeV (231+10 in 
4FGL):


- pulsed emission tends to break between 1 and 10 GeV.
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Thompson et al. (1975)
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• Pulsar properties are usually described through 
the magnetic dipole model:


- energetics: energy losses, magnetic field, 
acceleration, age and evolution
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Pulsar dipole model
• Pulsar properties are usually described through the magnetic dipole model.

• Rotational energy losses due to magnetic dipole emission


- Energy losses, dynamical age, stellar magnetic field
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Particle acceleration • Stellar rotation tends to generate an electric field,


• The maximum voltage drop (vacuum) 


• At the stellar surface,                    , so particles flow out 
of the star to cancel the electric field, creating the 
magnetosphere, bounded by the light cylinder.


• Acceleration models assume available a fraction of ΔΦ.


• Acceleration scenarios are based on acceleration at 
polar caps or outer gaps      


• Relativistic particles leave the magnetosphere through 
open field lines inducing a pulsar wind.      
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Hester et al. (2002)

Chandra HST 
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Imaging of M1 @ OAGH, Cananea

Čadež, Carramiñana & Vidrih 2004
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• The evolution of the 
environment plays a role in 
the diffusion of electrons.


• The evolution of the pulsar 
plays a role in supplying the 
electrons.

Evolution

Gaensler & Slane (2006)
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Pulsar evolution
• Estimates of energy released in e+e− depend on pulsar 

spin-down history.


• Magnetic dipole model predicts,


inconsistent with observed n < 3.


• Pulsar evolution is highly dependent on the model. 


• In Alvarez & Carramiñana (2004) we considered the 
effect of a monopolar term.


To be continued!
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