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The Fermi LAT 60-month image, constructed from front -converting gamma rays with 

energies greater than 1 GeV . Red dots=extragalactic, source count~thousands .

Gamma -ray sky seen by

Fermi-LAT satellite (>1GeV)



Very High Energy 

Gamma -Ray sky

http://tevcat.uchicago.edu/

Red dots : extragalactic

Source count ~100



Sky map of the arrival directions of UHECR events from the Pierre 

Auger Observatory and the Telescope Array and high -energy 

neutrinos from IceCube and ANTARES. Credit: The ANTARES, IceCube , 

Pierre Auger and Telescope Array collaborations. 

Skymap of Ultra High Energy 

Cosmic Rays and Neutrinos



Gamma -rays, HE 

neutrinos and UHECRs

have extragalactic origin

WHAT? HOW?



Normal galaxies

¸ Our galaxy is bright source of gamma-rays: cosmic rays interacting 

with molecular clouds. 

¸ What about other galaxies?



Local group



Milky Way at distance of 

Andromeda
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Astronomy 101: 

F(>100MeV)=1.17*10 -5 photons /cm2/s/ sr

Radius of the Milky Way R=30kpc

L=1.17* 10-5 *8.57*1045 *4*pi

Distance to Andromeda r=570kpc

F=1041/(3.1*10 48)~0.3*10 -7 photons /cm2/s



Local group



Dwarf galaxies

¸ Dwarf galaxies are small and faint galaxies orbiting as satellites to more 

massive galaxies (like MW). MW has many and they are close!

¸ LMC (distance 52 kpc) is source of gamma-rays: Already EGRET saw 

diffuse emission (1.9+-1.4)*10
-7

/cm2/s), Fermi-LAT extended, but 50% of the 

emission is coming from 30 Doradus, also detected at VHE by HESS 

telescopes. SMC also detected.

¸ The stars show large circular velocities and velocity dispersion that 

compared to their modest spatial extension indicates that the dynamics are 

dominated by dark matter

¸ Dwarf spheroidal galaxies are population of                                                  

very faint galaxies with high mass to luminosity                                         

ratio => high density of dark matter 

¸ The dwarf galaxies could produce gamma-rays                                            

via WIMP annihilation (not covered on this lecture)



Starburst galaxies

¸ In starburst galaxies: higher density of ISM, 

(high star formation rate=>) more SNR=> 

higher density of cosmic rays and cosmic ray 

accelerators

More is more :

Brighter gamma -ray sources

Can be detected from

creater distances !



Starburst galaxies - observations

¸ VHE gamma-rays have been observed from 

two starburst galaxies: M82 (d~5Mpc) by 

VERITAS and NGC 253 (d~5Mpc) by HESS

¸ Fermi-LAT sees in addition NGC4945, 

NGC2146, NGC1068, Arp 299 



Ultraluminous infrared galaxies

¸ IR luminosity ~1012Lsun

¸ Starbursting, nuclear activity, very dense 

environment

¸ Also very rare: the closest one (Arp220, 

d=72Mpc): no detection of VHE gamma-rays 

(yet).



Xi et al. 2021, ApJ , 2020, 901, 158



Virgo supercluster , 

d~60Mpc



Galaxies of own

supercluster ~handful of 

sources
WE NEED MORE, MAYBE THECLUSTERSTHEMSELVES?



Galaxy Clusters

¸ Largest structures in the present universe in which 

gravitational force due to the matter overdensity

overcomes the expansion of the universe

¸ Large collection of galaxies, gas and dark matter

¸ Rich clusters mass 10
15

M
sun

, mostly in form of dark matter, 

only 1% in galaxies, 5% in hot gas

¸ Non-thermal emission (radio, X-rays) = accelerated 

particles, i.e. relativistic electrons, magnetized ICM, 

magnetic field topologically complex



X-ray map of Coma Cluster

Hot gas + non -thermal emission



Clusters of Galaxies

14 July 2009 Keith Bechtol ðFermi LAT 9

Fermi upper limits in context
Compare Fermi upper limits to EGRET and theoretical predictions

Improved sensitivity over EGRET for each cluster

Limits are comparable to theoretical predictions of brightest clusters

Multiwavelength morphological 
comparison of the Coma 
cluster signal to the Fermi -LAT TS 
map obtained in our baseline 
model. Top left: Planck tSZ. Top 
right: ROSAT X-ray. Bottom left: 
SDSS galaxy density. Bottom 
right: WSRT 352 MHz radio 
signal. The field of view of all 
images is 5 × 5 deg 2 . The 
white contours give the Fermi -
LAT TS map (contours at 4, 9, 16, 
and 25) for the reference MINOT 
model (n CRp ᶿn 1/2 e ). For all 

panels, the black contours 
correspond to the maximum of 
the image divided by 2 i , with i
the index of the contours. The 
dashed gray circle provides the 
radius ȇ 500 and 3 × ȇ 500 . 
Several relevant features are 
also indicated in orange. For 
display purposes, the WSRT 
image has been apodized at 
large radii to reduce the larger 
noise fluctuations present on 
the edge of the field. As a 
complementary figure, Fig. 8 
provides an optical image of 
the central region .
Ramzi et al. 2021, A&A



Clusters themselves :

maybe few closeby é
WE NEED MORE, ANY IDEAS?



Centre of Virgo Cluster: 

M87, accreting

supermassive black hole



M87: Relativistic jets launched by 

supermassive black hole

Credit: Chandra



Active Galactic Nuclei
¸ 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



Active Galactic Nuclei

¸ Central region: supermassive black hole, accretion disk, 

broad-line region clouds surrounded by toroidal dusty 

structure (dust torus)

¸ Note: only some ~10% supermassive black holes launch 

relativistic jets (10% of AGN radio loud, radio emission 

manifesting the existence of the jet)

¸ Relativistic jets: extreme particle accelerators: particle 

velocities close to that of speed of light



3C 273



Active Galactic Nuclei

¸ Central region: supermassive black hole, accretion disk, 

broad-line region clouds surrounded by toroidal dusty 

structure (dust torus)

¸ Some ~10% supermassive black holes launch relativistic 

jets (10% of AGN radio loud, radio emission manifesting 

the existence of the jet)

¸ Relativistic jets with magnetic fields: extreme particle 

accelerators: particle velocities close to that of speed of 

light

¸ Blazars: Jets pointing very close to our line of sight: 

Doppler boosting



Doppler boosting

¸ Magnifies the apparent flux                           

¸ Doppler factor 

Spectral index

Viewing angle (small <10 degrees )

v/c, usually very close to speed of light e.g . 0.99

Lorentz factor



Doppler boosting

Also makes variability times shorter

é.Emission from the relativistic jets pointing 

close to our line of sight: very bright and very 

variable!                                                                                      



Radiative mechanisms in AGN in nutshell



Radiative mechanisms in AGN in nutshell

Synchrotron radiation from the relativistic jet

Inverse Compton? radiation from the relativistic jet

Blackbody (greybody) radiation from the accretion disk

Blackbody (greybody) radiation from the parent galaxy (S1011 stars)

Blackbody (greybody) radiation from heated dust

[ Line radiation (emission/absorption)from gas ]



Second SED peak ; maybe

also hadronic ?



Variable emission

Plots from Aleksic et al. 2014
Radio

Optical

X-rays



Origin of variability
OR THEBITTHATWE THINKWE KNOW



Origin of variability in radio: Following the time evolution over several years 

allows one to see changes in the structure of the pc -scale jet and new 

òblobsó emerging from the core

http:// www.physics.purdue.edu / astro /MOJAVE/animated/1226+023.i.mpg



It is possible to 

connect the 

blobs with 

variability seen 

on the light 

curves: Before a 

new blob 

emerges, the 

core is seen to 

brighten and 

then a blob is 

seen in traveling 

down the jet. 

Animation by Türler et al. 1999



It is possible to connect the blobs with variability seen on the light 

curves: Before a new blob emerges, the core is seen to brighten 

and then a blob is seen in traveling down the jet. 



A physical explanation for this is shocks traveling down the jet. 

They cause the synchrotron spectrum of each individual blob 

to evolve in time.
Å Before the shock model, the emission

was modeled with pure adiabatic 

expansion ðVan Der Laan model

Å Electrons simply lose energy due

to expansion of the emission region

Å Because the spectral shape was seen to

evolve during flares, it became apparent

that adiabatic expansion cannot be the

cause of variability

Å The first shock models were introduced

in 1985 by Marscher & Gear and

Hughes, Aller & Aller.

Å Main difference to adiabatic model is the

inclusion of inverse Compton and 

synchrotron radiation losses, and energy

gain of the electrons in the shocks

Animation by Türler et al. 1999



Re-cap: What do we see in radio band? 

Final resulting power law spectrum is a sum 

of individual electron spectra

http:// astronomy.swin.edu.au /cosmos/S/ Synchrotron+Emission



Optically thin synchrotron spectrum between Ȃ1=10 

and Ȃ2=104

Böttcher : Relativistic Jets from AGN



Modifications

Low frequencies: self-absorptionÝ I(n) ´n5/2. Also possible is a low-energy

cutoff due to the lowest energy for accelerated electrons, Emin.

High frequencies: the acceleration process can only reach electron energies

up to some Emax (Lorentz factor gmax = Emax/m0c
2) Ý

exponential cut-off  at frequencies nh²4Bgmax
2

Energy losses: higher energy electrons lose energy faster Ý steepeningof the

spectrum from ato a+0.5. The steepening frequency moves

to lower frequencies with time. 

lo
g

 S
(v

)

log n

n2.5

nm

Sm

n-a

n-a-0.5

exp

Maximum at nm º8B1/5Q-4/5Sm
2/5 

[GHz, G, mas, Jy]

with Qthe angular diameter of the source in

milliarcseconds. In principle B can be estimated

from observations, in practice rather uncertain

because of the large exponents.



What is the òcoreó seen in the VLBA images?

At centimeter 

wavelengths, it is 

typically assumed to be 

the point

where the jet becomes 

optically thin

for the synchrotron 

emission at that

frequency.



What is the òcoreó seen in the VLBA images?

At centimeter 

wavelengths, it is 

typically assumed to be 

the point

where the jet becomes 

optically thin

for the synchrotron 

emission at that

frequency.

At millimeter wavelengths, 

where the jet is already 

optically thin,

the core could be a 

recollimation

shock

Fromm et al. 2017



What we see in radio 

bands is not all there isé

Variability in timescale of minutes at VHE 

gamma -rays cannot be explained with

shock -in-jet model

Magnetic reconnection ?



What we think we know

about variability

u It is there in all bands

u In radio band it probably has something to do
with the emission features we see in the jet

u Emission features are likely to be shocks, but there
are also standing shocks (recollimation shocks?), 
interacting shocks: particle acceleration

u Sometimes the variability is all bands have some
similar patterns ðcommon origin ?

u The fastest variability in gamma -rays: extreme
particle acceleration on very compact emission 
region (emission region much smaller than
diameter of the jet)



BACK TO SPECTRAL 

ENERGY DISTRIBUTIONS



What similarities / differences do you see in the SEDs below?



What similarities / differences do you see in the SEDs below?

Big blue bump sometimes

visible
Accretion disk

LSP BL Lac LSP FSRQ

ISP BL Lac HSP BL Lac

LSP = Low synchrotron peaked, ISP = intermediate synchrotron peaked, HSP = high é
Ȍpeak < 1014Hz                      1014 < Ȍpeak < 1015Hz                                    Ȍpeak > 10

Host galaxy

Peak frequency

of the SED

All have prominent

gamma -ray emission

Compton

dominance



Why are they different

BL Lacs FSRQs



Böttcher : Relativistic Jets from AGN

Additional source of 

Seed photons for 

Inverse Compton

scattering

Radiation =Cooling

FSRQs



But it also absorbs

gamma+gamma ->

Electron+positron



Which are more

numerous sources of 

gamma -rays?
FSRQSOR BLLACS?



It depends é

FSRQs: most

luminous

2
9

52

8

6

sub-classes

LBL IBL HBL FSRQ unclassified

Includes EHBLs

Classifications
of some

sources

BL Lacs: higher

synchrotron peak

=> higher IC peak

VHE

ü HSPsmost numerous objects

ü Lower energies (Fermi) 

~about equal



What about neutrinos ?

What are the best

sources?
FSRQSOR BLLACS?



Reminder on what we need : 

protons and photons



Böttcher : Relativistic Jets from AGN

Additional photons

for Bethe -Heitler or

photopion

production

Radiation =Cooling

Absorption of 

gamma -rays (see

e.g . Reimer et al. 

2019

FSRQs



What about neutrinos ?

What are the best

sources?
FSRQSOR BLLACS?



We really have no clue é

TXS0506+056 is 

maybe ISP?

Statistical 

correlations with

neutrino arrival

directions : 

Padovani et al. 

Favours HSPs

There are also indications that

radio brightness would have

connection with neutrinos

(Plavin et al. 2020) or that bright

long -lasting radio flares would

be connected to neutrinos

(Plavin et al. 2020,2021, Hovatta 

et al. 2021), FSRQs+LSPs

favored ? 



Lecture 2: Extragalactic

sources of gamma -rays, 

neutrinos and cosmic rays



Where were we ?

u Close -by sources : Normal galaxies , dwarf galaxies

u Within our supercluster : Not -so-normal galaxies (i.e. those

with more ISM and CR)

u Dense clusters like Perseus and Coma

u Relativistic jets launched by supermassive black holes: 

what do we know from electromagnetic radiation

u Blazars: relativistic jets pointing very close to our line of 

sight : variable emission from radio to VHE gamma -rays

u Blazars: differences in spectral energy distributions

~10



Where were we ?

u Close -by sources : Normal galaxies , dwarf galaxies

u Within our supercluster : Not -so-normal galaxies (i.e. those

with more ISM and CR)

u Dense clusters like Perseus and Coma

u Relativistic jets launched by supermassive black holes: 

what do we know from electromagnetic radiation

u Blazars: relativistic jets pointing very close to our line of 

sight : variable emission from radio to VHE gamma -rays

u Blazars: differences in spectral energy distributions

~10



A bit more on the SED 

classes
u Fossati et al. 1998: Blazar

Sequence

u More luminous sources have 
a synchrotron component 
peaking at lower frequencies

u They also seem to have 
higher Compton dominance 
(external radiation field)

u This could be related to the 
energy losses and magnetic 
energy density in the 
sources, so that
in low -peaking sources the 
radiation field dominates 
and high -energy electrons 
lose energy faster, thus 
radiating at lower 
frequencies



Blazar sequence é becomes blazar envelope

Å Updated analysis including lower 

luminosity objects shows that instead

of a simple trend, there seem to

be an envelope, with two tracks

Å An explanation for the change in

the peak luminosity / frequency

is the change in viewing angle

Å Track A, source with a constant
jet speed

Å Track B, source with a velocity

gradient in the jet (such as

decelerating jets)

One should be careful when

interpreting data of incomplete

samples with biases! Meyer et al. 2011


