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3. Astrophysical Mechanisms of Particle Acceleration



…and heavier than Fe (wow!!!)

LHC



Multimessenger astrophysics

Several messengers can be used to study the 
properties of emitters (and btw particle 
physics)

– Charged cosmic rays. The most abundant, but 
they don’t point to the sources (astronomy 
with charged cosmic rays is almost impossible)

– Gamma rays. They are suppressed with 
respect to protons by a factor 1000-10000

– Neutrinos. Difficult to detect, small X-section
– Gravitational waves. Recent. 3
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A Galactic gas cloud
called Rho Ophiuchi: 

60 K

Dim star near the 
center of the Orion Nebula: 

600 K 

the Sun: 
6000 K 

Cluster of very bright stars, Omega Centauri, 
as observed from  the space: 

60,000 K

Th
er

m
al

 ra
di

at
io

n:
 B

la
ck

 B
od

y 
Sp

ec
tr

um

Accretion Disks can reach
temperatures  >> 105 K

But this is still 
~1 keV, in the 
X-Ray band!

Cosmic Microwave Background:
2.7 K



TeV sources tevcat.uchicago.edu

(>200)Padova 2017



How does acceleration happen? Zwicky’s conjecture:

1. Heavy enough stars collapse at the end of 
their lives into super-novae

2. Implosions produce explosions of cosmic rays
3. They leave behind neutron stars

(1934)

(Zwicky in1930)



Examples of known extreme environments

~ parsecs

Accretion Disk 3- 10 rs Black Hole Diameter = 2rs ~ 4 AU

GRB SuperNova Remnants
Pulsars

Active Galactic 
Nuclei



Possible sources of cosmic ray acceleration require

Hillas, 1984

Magnetic field & dimensions  
sufficient to contain the accelerating 
particles.

Strong fields with large-scale 
structure (astrophysical shocks)

Emax = Eff x Z x (B/1µG) (R/1 kpc)

ISM-SN:  (Lagage&Cesarsky, 1983)
Wind-SN: (Biermann, 1993)
AGN radio-lobes: (Rachen&Biermann,1993)
AGN Jets or cocoon: (Norman et al.,1995)
GRB: (Meszaros&Rees, 1992,1994)
Neutron stars: (Bednarek&Protheroe,2002)
Pulsar wind shock: (Berezhko, 1994)



What is the physical mechanism?
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Acceleration Mechanism

Fermi Mechanism



2nd order Fermi Mechanism



• First-order Fermi Mechanism 
(Diffusive Shock Acceleration)
– O(u/c) term gets lost in integral over 

angles in the 2nd order mechanism —we could 
retrieve this if we could arrange to have mostly 
head-on scatters

– Consider shock wave as sketched above
• high-energy particles will scatter so that their 

distribution is isotropic in the rest frame of the gas
• There is a preferred direction in the expansion
=> crossing shock in either direction produces head-
on collision on average
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Can we go to 1st order?
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Cas A (1680?); Tycho Supernova (SN 1572)

Shock front seen in high-energy electrons
“Stripes” may signal presence of high-energy protons
v ~ c/100 
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1st order Fermi 
mechanism (formal)
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In the upstream
rest frame 
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3C219

Active Galactic Nuclei (AGN)

Central engine accretion  disks, jets 
and hot spots



3C219

2. Active Galactic Nuclei (AGN)

Central engine accretion  disks, jets 
and hot spots



What‘s a GRB?

Gamma Ray Bursts

Have the right energetics, but are responsible for < 6% of CR (neutrino data)



Main applications in:

1) AGN Radio jets

2) Gamma-Ray Bursts  (fireball, internal shocks, afterglow)

More difficult to understand than non-relativistic shocks because:

• Particle speed never >> shock speed. Cannot use diffusion approximation à No 
simple test-particle power law derivable

• Acceleration, even in test-particle limit, depends critically on scattering 
properties (e.g., self-generated B-field), which are unknown

• No direct observations of relativistic shocks. . .

Relativistic shocks? à Monte Carlo simulations

Relativistic shocks:  Shock speed approaches c (V ~ c )





SOURCES OF GAMMA RAYS
RELATION WITH COSMIC RAY PHYSICS



Sources of gamma radiation (and CR?)

3o EGRET Catalog: 270 
sources (93 blazars, 170 
unidentified).



Gamma-rays production@sources
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Emission models

- Leptonic model (needs B field to generate synchrotron radiation)
- Also hadronic mechanism (needs matter as a target with density > 

ISM (1p/cm3), or radiation fields, but cross section is ~1%)

In both cases,

dNγ

dEγ
∝
dN p,e

dEp,e



The key processes: (1) Leptonic

• Synchrotron

• Inverse Compton 

Between IR and X

(several GeV)

since electrons are ultrarelativistic (Lorentz factor 104-5), the energy of the rescattered
photon can be boosted by a large factor.



SSC, the Synchrotron/IC relation



Flares



Extension to the continuum



Predictions from leptonic models
• Two-humped SED on top of E-2

• In case of flare, full correlation between the increase of the 
IC peak and the synchrotron peak

• “Orphan” VHE flares difficult to accommodate



SED of the Crab Nebula (SN 1054)



(2) Hadronic

• Proton-hadron

• Photoproduction

• The production rate of γ-rays is not in general the emission 
rate observed: photons can be absorbed
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Hadronic: a look to pA, more in-depth
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~300  for neutrinos



Hadronic: a look to pg, more in-depth
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Jets from accretion: relativistic boost 



Finally, don’t forget top-down mechanisms

• In the GeV-TeV region, g and n might come from the decay of heavier particles, or 
from blobs of energy coming from the annihilation of pairs of particles.

• Experimental data collected up to now do not support the existence of such
mechanisms which are anyway searched for actively, especially for photons which
are easier to detect, since they might shed light on new physics.

• The top-down mechanism implies also an excess of antimatter: dierently from the 
bottom-up mechanism, which privileges matter with respect to antimatter due to 
the abundance of the former in the Universe, decays of heavy particles should
have approximately the same matter and antimatter content. An excess of 
antimatter at high energy with respect to what expected by standard production 
(mostly photon conversions and final states from collisions of CRs with the ISM) is
also searched for as a “golden signature" for new particles. 

• Some even believe that at the highest energy cosmic rays are the decay products
of remnant particles or topological structures created in the early universe.

• Special care is dedicated to the search for products of the decays of particles in 
the 100-GeV mass range, since this is the order of magnitude of the mass we
expect (see the next lecture) for candidate dark matter particles.
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High-energy gamma-ray spectral index



SED of several blazars 
(AGN with jets pointing towards us)


