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Neutrino Astronomy & Astrophysics

Summer school on neutrinos

Here, there & Everywhere

NBI, Copenhagen
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Foteini Oikonomou



About me

foteinl.olkonomou@ntnu.no
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e Main research Interests:

e Ultra-high energy cosmic rays (sources,
bhenomenology)

e Astrophysical sources of high-and ultra-high energy
neutrinos

e Active-galactic nuclel as cosmic accelerators
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Lecture plan

Overview of astrophysical neutrino sources, experimental facts and basic
theoretical concepts

Requirements for astrophysical accelerators of high-energy cosmic rays/
nigh-energy neutrinos (generic source properties)

Overview of candidate high-energy astrophysical sources (Active
Galactic Nuclel/Starburst Galaxies/Gamma ray bursts/Pulsars/ Tidal
Disruption Events). Constraints and prospects for source identification.
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High-energy messengers of the non-thermal Universe

radio/microwave infrared/optical gamma-rays neutrinos cosmic-rays
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500 days in Super

The Sun Kamiokande

The first astrophysical neutrino source
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detection of the neutrino The discovery of these oscillations shows that neutrinos have mass.



SR R R

(Super)-Kamiokande
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https://en.wikipedia.org/wiki/Cerenkov_detector

Supernovae

Massive star

Core collapses
Star explodes
proto-neutron star cools
via neutrino emission

H burning He burning

Supernova in 994D in NGC 4526
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Supernoval 987A

The second astrophysical neutrino source
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What happens at higher energies!’

NEUTRINO FLUX [(GeV sr )™ ecm™]
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12



What happens at higher energies!?
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What happens at higher energies!’

NEUTRINO FLUX [(GeV srs)™ cm™]
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Cosmic rays
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Righest-energy cosmic rays

Equivalent c.m. energy Vs, (GeV)
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Extragalactic origin

Size of the Milky Way ~ kpc [ 108 AU] e
halo

Galactic B-field ~ 3 UG

(Galactic disk

Larmor radius of cosmic rays

E 1 /1 E 3uG\ -
RLarmor — ~ — | S .
e-ZB kpc \ Z 10185 eV B o )

- o

|+ Observational evidence: No anisotropy from the Galaxy]
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Secondary messengers
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H igh - e n e rgy n e utri n O d ete Cti O n ANTARES (2.5 km under the Mediterranean Sea )

Huge volumes needed: water/in-ice Cherenkov detection

lceCube - South Pole

\ IceTop
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https://en.wikipedia.org/wiki/Mediterranean_Sea

Righ-energy neutrino detection

Water/in-ice Cherenkov detection
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Righ-energy neutrino detection

+several in preparation!

P-ONE - Canada (Pacific)

KM3NeT - France/ltaly

GVD - Lake Baikal
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Righ-energy neutrino detection
Backgrounds g

Active galactic nucleus

Ahlers, Helbing, Perez de los Heros, 2018, EP|C
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10_4_51 T R ————. T T T R |
: s Conv. atmospheric v, + 7, (best-fit)

1 10-5 . B Prompt atmospheric v, + 7, (flux limit)

Tf’“ Astrophysical v, 4+ v, (best-fit) .
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22November 2013 | $107

Discovery of astrophysical neutrinos il
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lceCube Coll. PoS(ICRC2017)98
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lceCube, Science 342, 1242856 (201 3)
lceCube, Phys. Rev. Lett. (2015)
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Flavour identification
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Track Cascade
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For astronomy we need high angular resolution

Example, IC-17 (cascade):

@) Portal Simbad VizieR Aladin X-Match Other Help

SIMBAD: Query by coordinates

other query Identifier | Coordinate | Criteria Reference Basic Script TAP Output Help
modes : query query query query query submission options
Enter coordinates:
Coordinates: 16 29 36 +14 30 00 | The following writings are allowed:
' ; 20 54 05.689 +37 01 17.38
10:12:45.3-45:17:50
15h17m=11d10m
15h17+89d15
275d11m15.6954s+17d59m59.876s
12.34567h-17.87654d
350.123456d-17.33333d <=> 350.123456 =-17.33333
define the input : system : FK5 $| epoch: 2000 | equinox: 2000 |
or choose :  -- a predefined frame -- % |
definearadius: 116 | deg %/
.submit query; _cIearJ @ PreviewJ ;09542
objects

23



For astronomy we need high angular resolution

Even with tracks neutrino astronomy is hard...

@) Portal Simbad VizieR Aladin X-Match Other Help

coord 16 29 36 +14 30 00 (FK5, 2000, 2000), radius: 1 deg

other query Identifier Coordinate Criteria Reference Basic Script TAP Output Help

modes : query query query query query submission options
Query : coord 16 29 36 +14 30 00 (FKS, 2000, 2000), radiu
16 29 35.99875003149 +142959.] * 1 | deg  v/| submit query |

E»))})

Want to see more from a catalogue? You can use VizieR to search in the same area

Number of rows for instance: Gaia DR2, 2MASS, AIIWISE, SDSS, others

24



Sky distribution of the neutrinos
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~ 00000 neutrinos per year
~ |00 astrophysical
~ [0 neutrinos with energy E> 60 TeV (high probability of being astrophysical)
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Sky distribution of the neutrinos

Through-going tracks (>200 TeV) Cascades

Starting tracks
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South North
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Summary

e [wo known astrophysical neutrino sources: Sun & SN 1987A

e |ceCube has revealed an extra-Galactic (cosmic) neutrino flux but not the sources yet
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Lecture plan

Overview of astrophysical neutrino sources, experimental facts and basic
theoretical concepts

Requirements for astrophysical accelerators of high-energy cosmic rays/
nigh-energy neutrinos (generic source properties)

Overview of candidate high-energy astrophysical sources (Active
Galactic Nuclel/Starburst Galaxies/Gamma ray bursts/Pulsars/ Tidal
Disruption Events). Constraints and prospects for source identification.
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Generic source properties

e Hillas criterion for acceleration and plausible sources
* Waxman & Bahcall neutrino bound (possible connection to UHECRS)
* Neutrino source emissivity

* Neutrino source number density

30



‘

Cosmic-ray accelerators pZ

TeV = 1012 oV g
Minimum requirement: Confinement (Hillas 1984)

PeV = |0l> eV

E

Rsource > Marmor = 7Bec
Maximum energy,

Emax — ZeCBRSOUI'Ce

B R
E..x~1EeV Z —

1 uG 1 kpc

EeV = |018 eV, ZeV = |02l eV
31



Cosmic-ray accelerators that satisfy the confinement requirement
1 au 1 pc 1kpc 1 Mpc

1014_
1011_
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105_

2 ]
102 g

max,IC

~ 6 PeV
E, ~ Ep/20
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Magnetic Field Strength [G]

108 107 10 101 106 109 1022 10
Comoving size - [" [cm]
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Cosmic-ray accelerators that satisfy the confinement requirement (1017 eV)
1 au 1 pc 1kpc 1 Mpc

1014_
1011_

10°-

105_

Magnetic Field Strength [G]

107" E_ = ZecBR

Source

—7 | B R
10 Emax ~ 1017 CV Z source
1 uG 0.1 kpc

108 107 10 101 106 109 1022 10
Comoving size - [" [cm]
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Cosmic-ray accelerators that satisfy the confinement requirement (1017 eV)
1 au 1 pc 1kpc 1 Mpc

1014_
1011 i

10°-

Magnetic Field Strength [G]

E_ .. = ZecBR

Source

—7 | B R
10 Emax ~ 1017 CV Z source
1 uG 0.1 kpc

108 107 10 101 106 109 1022 10
Comoving size - [" [cm]
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Cosmic-ray accelerators that satisfy the confinement requirement (1017 eV)
1 au 1 pc 1kpc 1 Mpc

1014_

1011_

Magnetic Field Strength [G]

107" E_ = ZecBR

Source

7 B R
10 Emax ~ 1017 CV Z source
1 uG 0.1 kpc

108 107 10 101 106 109 1022 10
Comoving size - [" [cm]
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Cosmic-ray accelerators that satisfy the confinement requirement (1017 eV)
1 au 1 pc 1kpc 1 Mpc

1014_

1011_

Magnetic Field Strength [G]

Source

. Milky Way

—7 i

10 Emax ~ 1017 CV Z source
1 uG 0.1 kpc

108 107 10 101 106 109 1022 10
Comoving size - [" [cm]
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Cosmic-ray accelerators that satisfy the confinement re
1 au 1 pc 1kpc 1 Mpc

7 eV)

Neutron stars

1014_
1011_

108_

Magnetic Field Strength [G]

Milky Way

10 107 100 10 101 109 102 10

Comoving size - [" [cm]
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Cosmic-ray accelerators that satisfy the confinement re 17 eV)
1 au 1 pc 1kpc 1 Mpc
! ' ' ' Neutron stars
1014_
1011_

| IBLHC

LL GRBs/

Magnetic Field Strength [G]

Milky Way

10—1Y . . . . . . .
10% 107 10t 108 1010 10 102 10%®

Comoving size - [" [cm]

FO for MIAPP UHECR Review, 2019, FrASS, 6, 23
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Cosmic-ray accelerators that satisfy the confinement re
1 au 1 pc 1kpc 1 Mpc

7 eV)

Neutron stars

14 |
10 GRBs

1011_

Magnetic Field Strength [G]

Starbursts

Milky Way
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FO for MIAPP UHECR Review, 2019, FrASS, 6, 23
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Cosmic-ray accelerators that satisfy the confinement re
1 au 1 pc 1kpc 1 Mpc

7 eV)

Neutron stars

14 |
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Cosmic-ray accelerators that satisfy the confinement re
1 au 1 pc 1kpc 1 Mpc

7 eV)

Neutron stars

14 |
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Cosmic-ray accelerators that satisfy the confinement re

Magnetic Field Strength [G]

1 au 1 pc 1kpc 1 Mpc
1014_
1011
108_
D
10 LHC
GRBs/TDEs
2 .
10 Wolf-Rayet stars
10~
AGN
\ Hotspots
—4 ) AGN
10 SNé _ Lobes
Milky Way
—7
10 Galaxy cluster
10-1Y ' ' ' ' ' ' '
10+ 10" 10" 10 101 109 10%% 10%
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Cosmic-ray accelerators that satisfy the confinement re

Magnetic Field Strength [G]

1 au 1 pc 1kpc 1 Mpc
1014_
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108_
D
10 LHC
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10~
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Hotspots
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Cosmic-ray accelerators that satisfy the confinement re

Hotspots

llau 1Pc 1I$pc 1Mpc
— 5 =1.0
1014_ 5
. ——- 5-=001
1011_
©)
': 108_
B0
3
5 105_
9]
< 2
(D)
(L 10 ]
O \\\
13 —1 ~
6 10 N AGN
=

NS
SNé S Lobes
Milky Way R

AGN

—7
10 Galaxy cluster So
N\
10—10 | | | | | . .‘\*—
10% 100 10t 101 1019 101 10%2 10%
Comoving size - [" [cm]

43

Neutron stars

Starbursts

* & " Narrow Line
s o / Region

Broad Line
Region

Accretion
Disk

Ol
A
o
S

Obscuring
Torus

AGN

7 eV)



Generic source properties

e Hillas criterion for acceleration and plausible sources
* Waxman & Bahcall neutrino bound (possible connection to UHECRS)

* Neutrino source number density

L4



Neutrino energy flux and multimessenger connections

10_55
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Highest energy cosmic rays and multimessenger connections

Equivalent c.m. energy Vs, (GeV)
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Neutrino energy flux and multimessenger connections
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Waxm an- Bah Cal I bO un d E.Waxman, J. Bahcall, PRD 1998
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|.UHECR energy loss length

Mean free path = |/ (number density of targets x
cross-section)

A= 1/no

Infrared/UV

CMB
Relative energy loss per unit time: A
S 107 |
>
1 dE AE Lasticit 2
£ dr T KGI/Z},C K = 7 — 11C1aSUCIly %10_6 i EGB EG-?-E.-I.-- |
N|.|.| -...-I
Energy loss length: j08 | e SRR AT
1
1 dE »
)(loss = C- 10 o 5 ) i 10
E dt 10 10 elg[eV] 10 10
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|.UHECR energy loss length

Mean free path = |/ (number density of targets x
cross-section)

A= 1/no

Relative energy loss per unit time:

| dE AE .
— < Kon >, Kk = —— = 1nelasticity
E dr / E

Energy loss length:

| dE

E drf
Photo-pair production (Bethe-Hertler process):

Aloss — € °

P+?’bg_>l7+€++€_ [k, = 2m,/m, ~

E
E >109eV !
P 6% 10~4eV

49
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|.UHECR energy loss length

Photo-pion production

Photo-pion production: 10%
p+Yemp = AT = nlp+atin’ 00
fremd_ ) T 107
E, 2 107eV ’ o~ 411 cm™ S
6 - 10_4 eV 2
— 10’
O
| :
~ A ~ . —28 2 100
102
103

50
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|.UHECR energy loss length

Photo-pion production

Photo-pion production:
P+Yemp = AT = nilp+ a7

gy,cmb

~1
6-104eV )_

e 1
E >7-107ev [ 2
b 0.1eV

, RS 107%% cm?

E, 2 10?eV (

-3

K~ m,/m,~0.2,0,

Ay omp = 1/ne ~ 6 Mpe, yo = A/k ~ 50 Mpc

Expansion of the Universe:
~ c¢/Hy ~ 4Gpc

A expansion,loss
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2. UHECR energy density

Scaled flux E2°J(E) (m2s'srieV'®)
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2. UHECR energy density

— ' Auger Collaboration LY

= E.ie = (5.08 +0.06 & 0.8) EeV
4
@\
=
— 10}
~ E, — (3942 + 8) EeV
L] ~ ® Auger (ICRC 2017)

17.5 18.0 18.5 19.0 19.5 20.0
Ig(E/eV)
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2. UHECR energy density

J(E) 1s the measured number of particles per unit
energy, per unit area, per unit time, per unit solid
angle

— ' Auger Collaboration 0N -7

J(E) =

dEdAdrd€2

The number density of particles Is

dN dN dN 47
Z n(E) = — — = — J(E)
~ Es = (39 +2+8) EeV dEd>x dE dIdA dE cdr dA C
E:/ _ Ei/p = (234 1+4) EeV -
. o Auger (ICRC 2017) and the energy density Is
17.5I - I18.OI - I18.5I - I19.OI - I19.5I - IZO.OI | B Y dF — 41 EIE) dE
lg(E/eV) Ug = | £ n(E) s J(E)
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3.UHECR emissivity

Auger Col, ICRC 2077 At 5 EeV we measure,
AN QY _-"7
il SN e
o8 - ot E3 ] = 1037.3 €V2 km—Z Sr—l yr—l
T 293i0_002 O O
7 il
7 N ,
= Eanite = (5.080.06 £0.8) EeV which corresponds to (for an E-2 spectrum),
g | . P P
L
¥ 37
= ofs2s U M 2 (B JE- ) ~ ZEE2T 1n(10)
~ E, = (39 +2+8) EeV N, — n , N n
Ei’ Fup = (2341 4) Bev UHECR B 0v0 max’ ~min B 00
CEIJ [ ® Auger (ICRC 2017) 53 3
175 180 185 | 190 195 200 ~ 10 eV cm™> =~ 6Xx 10’ erg Mpc™
Ig(E/eV) |
E
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3.UHECR emissivity

Auger Coll, ICRC 2077

B Auger (ICRC 2017)

Eonide = (5.08 4 0.06 +0.8) EeV |

Eq = (39 +2+8) EeV
Eijp = (23+1+4) EeV

lggE/eV)
- B .
Our estimate of the energy product
 Ugpper =~ Uy
ECR ™~ =

175 180 185 190 195 200

EUR

HECR

Full derivation based on simulated intrinsic source spectra:

tloss,UI— HCR X loss,UH

' ~ 44 -3 —
gAuger combined fit ™ 5% 10 e5r6g MPC year

At 5 EeV we measure,

E>-J,= 10" eV* km™*

—1 VI~

which corresponds to (for an E-2 spectrum),

UUHECR ~

~ 1078

_ Uunrc
] Gpc/ C

A o
—E5JyIn(E
C

max IIllIl

47 2
C

eV cm™> = 6% 10> erg Mpc™>

lon rate based on the observed spectrum:

~ 2 x 10* erg Mpc™

1

year

—1

| erg ~ | TeV!




Waxman-Bahcall bound

e Neutrinos from photo-meson interactions of UHECR protons in sources (AGN/GRBSs)
e Optically-thin sources (protons can escape) - otherwise neutrino only sources not
JHECR sources

® ~ermi-type acceleration

EZ:rdN-p/dEqx ~ Eg; (at the source)

: ~ 104 -3 -1
éunecr ~ 107 erg Mpc™ year

e Proton loses fraction, €, of its energy to muon neutrinos

C
EAD (single flavour =— ¢ LIy €
g ) ‘EU=O.O5EC,, 4 o) H “UHE
we called it J before... \
= 1.5X% 1()_865Z GeV cm™2 s~} \ Hubble time

P+ Yenp = 1+t — BR50% &, ~ 0.6 (no evolution) — 10 (rapid evolution)

+ + +
oo u tv, e +v, U,V

50% Of E_+



Waxman-Bahcall bound
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Waxman-Bahcall bound
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Generic source properties

e Hillas criterion for acceleration and plausible sources
* Waxman & Bahcall neutrino bound (possible connection to UHECRS)

* Neutrino source number density
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Neutrino source number density

Number
Source class| density
The product of luminosity per source, L, and [Mpc-3]
source density, n, corresponds to the total powerful
emission per volume and Is constrained by the blazars |09
observed diffuse flux of neutrinos (FSRQ)
weaker
luminosity density ~ L - n blazars |0/
(BL Lac)
The number density gives the volume within Starburst 05
which one source must lie Is oalaxies
(|3a|a><y 05
A3 1 clusters
V= ~ — Jetted AGN| 10
3 n
Normal 02
galaxies
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Neutrino source number density

Number
Source class| density
The nearest neutrino source must therefore be at distance [Mpc-3]
powerful
—1/3 _4 _3 blazars | 07
drn e.g.n=10"Mpc
e~ (22) - ° g (FSRQ)
3 r =10 Mpc
weaker
blazars |0/
he flux expected from an individual source with neutrino luminosity Lis [ ~ (BL Lac)
drr? Starburst 03
oalaxies
Sources below the lceCube point-source flux sensrtivity Fiim must therefore satisty Galaxy | O-5
clusters
o Jetted AGN | O
e L Normal 02
AnF, oalaxies
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ANTARES E~2 Sensit. ===

Neutrino source number density /| - i =

= 93 A 90% Upper Limits E~2
: : - 1077 \\v 90% Upper Limits £~
The nearest neutrino source must therefore be at distance L | N B
1 o ()| I S | e
SI !
1/3 S0 TR T e T e
— — — + © ? W YWY wy -¥ A
drn e.g.n=10"*Mpc™> S8 preeEsIle ™ T
r~\ —&— — (1) S 0, B e ar S
3 F = 10 M C ] %' A A 'vd_.i&'-v’”
1AM
10—13 . .
~1.0 —0.5 0.0 0.5
sin(d)
he flux expected from an individual source with neutrino luminosity Lis [ ~ . \ S
Arr Starburst 05
oalaxies
Sources below the lceCube point-source flux sensrtivity Fri, must therefore satisty Galaxy | O-5
clusters
1 Jetted AGN | 04
L Normal
r > - 102
drky;,, galaxies
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Neutrino source number density

Number
Source class| density
The nearest neutrino source must therefore be at distance [Mpc-3]
powerful
—1/3 _4 _3 blazars | 07
drn e.g.n=10"Mpc
e~ (22) - ° g (FSRQ)
3 r =10 Mpc
weaker
blazars |0/
he flux expected from an individual source with neutrino luminosity Lis [ ~ (BL Lac)
drr? Starburst 03
oalaxies
Sources below the lceCube point-source flux sensrtivity Fiim must therefore satisty Galaxy | O-5
clusters
o Jetted AGN | O
e L Normal 02
AnF, oalaxies
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Neutrino source number density

Number
Source class| density
Sources below the IceCube point source sensitivity must therefore satisfy. [Mpc-3]
powerful
( 7 )1/ ’ blazars |07
r > (FSRQ)
4nkF;,
P lim weaker
blazars |0/
which translates to a luminosity dependent upper limit on the number density (BL Lac)
Starbgrst 05
-3/2 galaxies
3 L
n<-— Galaxy 08
4 \ 4nk;,, clusters
|etted AGN | O-4
Aan\ 13 Normal 02
where we used Eq. (1) r ~ 3 galaxies
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see also Lipari PRD78(2008)08301 |

° ° Ahlers & Halzen PRD90(2014)043005
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eronov & Semikoz 20186,

Ackermann, Ahlers et al. 2019,

Yuan et al 2019,

Capel, Mortlock, Finley 2020

Murase & Waxman 16, PRD 94 (2016) 103006
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see also Lipari PRD78(2008)08301 |
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see also Lipari PRD78(2008)08301 |
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see also Lipari PRD78(2008)08301 |
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Absence of point-source detections implies that the number density is low enough that no source exists at
distance low enough to produce a multiplet 65



see also Lipari PRD78(2008)08301 |
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Take home messages

* Neutrino sources must have sufficient energy budget (generally
ok)

e |ceCube flux at the level predicted by VWaxman & Bahcall
(common origin of UHECRSs and neutrinos or coincidence)

* Neutrino number density constraints distavour rare and luminous
source classes

6/



Lecture plan

Overview of astrophysical neutrino sources, experimental facts and basic
theoretical concepts

Requirements for astrophysical accelerators of high-energy cosmic rays/
nigh-energy neutrinos (generic source properties)

Overview of candidate high-energy astrophysical sources (Active
Galactic Nuclel/Starburst Galaxies/Gamma ray bursts/Pulsars/ Tidal
Disruption Events). Constraints and prospects for source identification.
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Active Galactic Nuclei

Most powerful " steady” sources in the Universe (L= 104/
erg/s) > 1000 bright Galaxies!

They host a super-massive black hole (SMBH) b T G .

< | 06-1 010 |\/SUD>. TActive as emission >> stars in the Artist's impression of non-jetted AGN shrouded in
- dust [NASA/JPL

galaxy - accretion on to SMBH st | JPL

5

AGN [O111]
Visible to large redshifts (z > 7.5) - peak z~2 (depends ol J
on type - =
/Pe) o L6} Normal galaxy £ : S

51.4 i
| % of galaxies active L z - Hell

ol S 21-[on] oy 2|

;‘é’ 0.8 E l[NcI[l] Hy | \

Z 06 g *.\j U
Broad emission lines reveal rapid bulk rotation g o : 1~W SN

0% 00 40 500 550 600 &0 700

wavelength A/nm 0

! 1 |
400 450 500 550
wavelength A/nm

[Spectra from: https://www.open.edu/openlearn/science-maths-technology/introduction-active-galaxies/content-section-2.2.2]



https://www.open.edu/openlearn/science-maths-technology/introduction-active-galaxies/content-section-2.2.2

The engine

46 |

For an AGN with disk luminosity i

— 435.0 -

and time variability N -

At = 10* s, causality dictates R ~ cAt = 0.01 pc =20 AU %D I

VWe need a supermassive black hole due T -

to the Eddington limit! = i
oYy

4ﬂGMmpc M 3 44.5

Lpgq = = 10°%erg/s -

) Mgyn i

.e. we neeq, al

12

L.
Q disk
M 2 10" Msun ( 1046 erg/s)
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AGN Unification

The majority of AGN classes can be
explained by three parameters:

Orientation
Presence of jet or not (10% have It)

Radiative efficiency

Face on Side-view
Blazars , |
Jetted (BL Lac/ Radio-Galaxies
(radio-loud) FSRQ) (FRI/I
Non-jetted
(radio-quiet) Seyfert | Seyfert |

A

" Narrow Line
Region

Broad Line

Accretion
Disk

i

Obscuring
Torus

Radio
galaxy

(observer sees jet from the side)
Blazar

(the observer looks into the jet)




0% of AGN host jets

FRI

FRII

Hot Spot  Counter Jet  Core Hot Spot

Radio Galaxy 3C272.1 = M84 Radio galaxy Cygnus A Image credits: NRAO/AUILA. Bridle

VLA 6cm image
Copyright (c) NRAO/AUI 2006
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Blazars: Star-like appearance

Radio Optical

.

i

[Image from VLBA] | [Image from SDSS]

Y-rays

it
.

[Image from EGRET]

No spectacular jets...but wealth of information from timing/variability and spectral
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Relativistic beaming

Usual relativity (rulers and clocks)

/ |
Ax:A_x At =AY T I =

r V1 -2

Not so for photons!
(Terrel 1959)
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Relativistic beaming

T the emitting region 1s moving relativistically, observed features appear boosted:

1
Doppler tactor, 6 =
I'(1 — fcosB)
At = Ar'/6  (shortening of timescales) 30 — =2
— =5
Ax = Ax’ o — =10
23° — =15
v=ov, E=06FE" (blueshift) :
_ 5=

4711 L 20 N1— BcosB)

Lobs =0'L §
(dashes denote rest-frame quantities) u? 15 -
-
. 8 10
Special cases:
5 -
5 =5(0°) = =T(1+p) ~2l
I'(1-p) e ———— A
1 e — e ]
Oin = 0(90°) = 1/T" — recover special relativity | i i j ] ,
) 0 10 20 30 40 50 60

0=1/I",cosO~1— Y ~ f, 6 =I" — opposite of special relativity! Viewing angle (6) [deg]
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Fermi 5-yr blazars

Blazars dominate the extra-Galactic gamma-ray sky

AT
Gk g
° 4C +21.35
Markarian 421
®

o) (©)
2 © - PKS 1502+106
4C +55.17 ©) 4C +01.28

©
©) . ®© O
O PG 1553+113 ® O,
O @ Markarian 501 PKS 1510-08 PKS 1124-186

0 O $50716+71
O

o 0]

O -
0 | . PKS 0805-07

O

PKS 0727-11

O

4C +41.11

PKS 0537-441

, @

PKS 0454-234

O

PKS 2326-502

@)
P

>90% of extragalactic Fermi sources (see also TeVCal)
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azars dominate the extra-Galactic gamma-ray sky
+90

. —

Source Types

6 Extended TeV Halo PWN

6 Binary XRB PSR Gamma
BIN
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Blazar spectral energy distribution
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Blazar classes: BL Lac objects and FSRQs
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Blazar classes: BL Lac objects and FSRQs

BL Lac Object Flat spectrum radio quasar
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Emission from BL Lac objects
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* Relativistic electrons in a compact,
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Emjssion from BL Lac objects
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emitting region from observed quantities (see back-up)
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Summary

AGN host a compact and extremely bright emission region
The AGN "zoo" can be compactly described by the Unification model
Blazars are the most luminous persistent astrophysical sources in the Universe

Non-thermal spectra, can be easy to determine physical conditions Iin the sources
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Back-up
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Eddington luminosity reminder

Outward radiative force = Inward self-gravity

(a)
Infalling l / Lo ¥ GMm
plasma\ / F rad — ; r Grav — 7 -
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S @7\/!/! > | - |
Outgoing 3¢ [. s the radiation pressure since
radiation ’I\ \ f Arr?2 we have here, momentum per

/ f \ (b) Electron Ir=C  second which is a force and
- @ o > force per unit area.
FG Frad
Proton

Image from H. Bradt "Astrophysical processes” 2008
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Photo-pion production

Mucke et al 1999
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Photo-pion production

Mucke et al 1999
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