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Lecture plan

-xperimental facts and basic theoretical concepts

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

Overview of candidate sources (Active Galactic Nuclel/Starburst
Galaxies/Gamma ray bursts/Pulsars/ Tidal Disruption Events) constraints
and prospects




Generic source properties/requirements

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

* Neutrino source number density



Active galactic nucleus

UHECR energy losses

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

A= 1/no .
10 Infrared/UV §
Relative energy loss per unit time: A
S 107 s
| dE < > AE lasticit :% ~
= \ Kon , K = — = 11NC1AaSlCl1 y T EGB EGRET
E di ! E 2 10 e
Energy loss length: o | ceniar ]
-1
1 dE >
)(1088 — C- F dt 1010—10 10~ E_Lgo[eV] 10° 10"
Photo-pair production (Bethe-Hertler process):
P+re—=p+ et +e” [K]f; = 2me/mp ~ 1073, alf;,thresh ~ 1.2-107%" cm?, neyvg ~ 411 cm ]
1
£
E >10%eV ! Ay ~ (g - 0,7) ~ 1 Mpc
P 6 x 10-4eV ' '

ee
V4 BH,loss /Ipy

[k ~ 1Gpc



UHECR energy losses

Photo-pion production

Photo-pion production: 10°
p+yomp = AT — nlp + zt/n" 10°
gycmb - '3' 107
E,2 107eV ’ o~ 411 cm™ 3
6-10~%eV S
— 10"
()
| :
~ ~ ~ & 1028 A2 10°
Ay cmB = 1/n6 ~ 6 Mpe, yjo5 = A/l ~ 50 Mpc 0O 10
102
10-3

cosmological max of star formation

" nearest blazar

nearest galaxy

galactic center




UHECR energy budget

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)



UHECR energy budget

[ ® Auger (ICRC 2017)

Auger Coll, ICRC 2077

..................................................................................................................................

Eonide = (5.08 4 0.06 +0.8) EeV |

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

17.5 18.0 185 | 19.0 519.5 20.0
Ig(E/eV)

Ey

At 5 EeV we measure,
Eg - Jy =107 eV* km™* sr~! yr!
which corresponds to (for an E-2 spectrum),
dz _, dr _,
Uisnecr & 7E0Jo In(E, ./ Erin) ~ TEOJO In(10)

~ 108 eV ecm™3 = 6x10°° erg Mpc™



UHECR energy budget

Auger Coll, ICRC 2077

[ ® Auger (ICRC 2017)

Eonide = (5.08 4 0.06 +0.8) EeV |

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

17.5 18.0 185 = 190 195 200

Our estimate of the energy production rate based on the observed spectrum:

Ig(E/eV)
EO

UUHECR

EUR

CCR ~

tloss,UI— HCR

Uy

HECR

X loss,UH

At 5 EeV we measure,

E>-J,= 10" eV* km™*

—1 yr—l

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

UUHECR ~

~ 1078

_ Uunrc
] Gpc/ C

A o
—E5JyIn(E
C

~ 2 x 10* erg Mpc™

Full derivation based on simulated intrinsic source spectra:

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

—1

year

—1

4r 2
max m1n) ~ E JO 111(10)
C

eV cm™> = 6% 10> erg Mpc™>

| 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

107> -
E IceCube HESE, v, 6yr  —+ FermiEGB KASCADE
10-6 ] — lceCube EHE 9yr == Auger2016 A Auger
o t.— Auger2017 A TA
- _7 "'-o-+ .
. 1077 Yot Waxman-Bahcall :
I 3 .I.
” _ | T = A,
-8 rapid evolution
A 10 + —
E : no redshift evolution A
@) . A
> 10 A
U 5
= 10-10] E*® (single flavour) | =
'e' v v EI/:O'OSECF L |
W 1011 = 15X 10_865Z GeV cm™2 s~ ! srt
10_12 | ! J J T T
104 103 10° 10’ 10° 101!

E[GeV]




Waxman-Bahcall bound

107>
§ lIceCube HESE, v, 6yr -+ FermiEGB KASCADE
10—6_; - |ceCube EHE 9yr == Auger2016 A Auger
,— Auger2017 A TA
1 T Waxman-Bahcall
—7 -o-++
10 -
.I.
108 1' — e
A
A

E2d[GeVcm 2s 1sr 1]
-
<

Y o ﬁ”

: o . —
1010 E D (single flavour) | E =005E, —
_ -8 -2 -
10-11 = 1.5X 107", GeV cm™~ 8
10712 - ' ' ' |
10* 103 105 107 10° 10

E[GeV]




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

12



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

13



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

14



see also Lipari PRD78(2008)08301 |

° ° Ahlers & Halzen PRD90(2014)043005
Neutrino source number density O i 014
eronov & Semikoz 20186,

Ackermann, Ahlers et al. 2019,

Yuan et al 2019,

Capel, Mortlock, Finley 2020

Murase & Waxman 16, PRD 94 (2016) 103006

| | |
lceCube Line

.
‘e

Non-jetted AGN

.
3
3
*
3
3
3
3
.
3
*
L3
‘e
3

log(Number density [Mpc-3])

W . e - -
Q'e’bx\\ e =  OUES LOW IuminOSity
-8 %o Jetted AGN RS . -
o Blazars (BL Lacs)
o, A
9T SR U -
(,6@ “\ ........
y O | 0/&\\\ _
(/@ IR
11 "y, High luminosity Bl
Muon Neutrino Constraints % Igh luminosity blazars
19 | | | | | | | | 1o | (FSRQs)

36 37 38 39 40 41 42 43 44 45 46 47 48
log(Neutrino Luminosity[erg/s])
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see also Lipari PRD78(2008)08301 |

o o Ahlers & Halzen PRD?0(2014)043005
Neutrino source number density O i 014
eronov & Semikoz 20186,

Ackermann, Ahlers et al. 2019,

Yuan et al 2019,

Capel, Mortlock, Finley 2020

Murase & Waxman 16, PRD 94 (2016) 103006

8 ,
o Low luminosity AGN
Z,
> -9 Starburst galaxies a
g 6 - | 3 L
3 Non-jetted AGN \ n < —
C 7 dn \ 4nk;,,
0 g Jetted AGN N
=
=
Z 9r
510 |
11 Muon Neutrino Constraints High luminosity Blazars
192 | | | | | | | | | (FSRQs)

36 37 38 39 40 41 42 43 44 45 46 47 48

log(Neutrino Luminosity[erg/s]) )
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 16



see also Lipari PRD78(2008)08301 |

o o Ahlers & Halzen PRD?0(2014)043005
Neutrino source number density
Neronov & 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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|

Starburst galaxies

1
o
|

Non-jetted AGN

‘/] etted AGN

log(Number density [Mpc-3])
o © & <
4

[

—

—
|

Muon Neutrino Constraints High luminosity Blazars

19 | | ! | | | ! ! (FSRQs)
36 37 38 39 40 41 42 43 44 45 46 47 48

log(Neutrino Luminosity[erg/s])

|/



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

18



Lecture plan

-xperimental facts and basic theoretical concepts

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

Overview of candidate sources (Active Galactic Nuclel/Starburst
Galaxies/Gamma ray bursts/Pulsars/ Tidal Disruption Events) constraints
and prospects

19



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

An efficient way to produce the power
required, Is through accretion onto a
black-hole. As much as 10% of the rest
mass energy In-falling into a black hole is
converted into radiation

In solar masses per year, the requirement
S

. Lgigk Lk
M=——"-=1.5 Mg, yr~!
0.1¢2 1046 erg/s = " d

This should be “easy” to supply. A typical
oalaxy might have gas mass,

Mgas ~ 1Olo]wSun

21

eV, Lsun = 3.85 x 1033 erg/s



The engine

But to provide 0% erg/s, we need a
supermassive black hole due to the
Eddington [Imit!

47ZGMmpc M
Ly = = 10°%erg/s v
Sun

oT

l.e. we need,

L.
Q disk
M2 10" Msun ( 1046 erg/s)

22
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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 |

23

" 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

4



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

25




Relativistic beaming

Usual relativity (rulers and clocks)

/ |
Ax:A_x At =AY T I =

r V1 -2

Not so for photons!
(Terrel 1959)

20



Relativistic beaming

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

1
Doppler factor, 6 =

I'(1 — fcosb)
1 1
— . Usual special relativity term, : Usual Doppler effect.
I (1 — fcosB)
At = AY'/5  (shortening of timescales) 30 — =2
Ax = Ax’ o — =10
237 — =15
v=ov, E=06FE" (blueshift) 1
—_ 5 —
_ S4r s 20 (1 — BcosH)
Lobs =0"L §
(dashes denote rest-frame quantities) w? 15 -
8
. 8 10
Special cases:
5 -
O... = 0(0°) = =I(1+p)~2I
max =000 = = = TA+P) I
| u
Oin = 0(90°) = 1/T" — recover special relativity ° , , , , ,
2 0 10 20 30 40 50 60
0=1/I",cosO~1— Y ~ f, 6 =I" — opposite of special relativity! Viewing angle (6) [deg]

27



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)
28



azars dominate the extra-Galactic gamma-ray sky
+90

. —

Source Types

6 Extended TeV Halo PWN

6 Binary XRB PSR Gamma
BIN

6 HBL IBL FRI FSRQ
Blazar LBL AGN
(unknown type)

o Shell SNR/Molec. Cloud L
. Composite SNR 80
Superbubble

'._' Starburst

e DARK UNID Other

o9 uQuasar Star Forming
Region Globular Cluster
Cat. Var. Massive Star
Cluster BIN BL Lac
(class unclear) WR

VRIS




Blazar spectral energy distribution

o Fermi (GeV)
5 10 ¥ optical e =
optica & @5SS/VERITASE
g’ x-ray AP . MAGIE
— & ) (TeVY
% )
> 107" =
O -
W f -

o
A
<«

4
| 1l

-13

10

PKS 2155-304

<4
L 111l

10°10710°10710%10°10%10" 1 10 10° 10° 10* 10° 10° 107 10°
E [MaV]



Blazar classes: BL Lac objects and FSRQs

~10
n
/).
. ~11
=
O
D _12
2L,
SN
5
-13
Qf
O
—_
—14

BL Lac Object

. i

e

s :

- . 0851 +202 _

. 2~0.306 -

-.‘ | L ] | | I | | | | I | | | | I | l—-
10 15

Log v [Hz]

-10
~11

i

£ 12

QDb

-

—

> —13

Y

QD

Q

—
~14
-15

Flat spectrum radio quasar

I | I B | | L I D | l LI B | I L B |

L L

I I | I | |

2141+175
z=0.213

e, .s.

p—
p———
—

| J 1 |

i .
11|l|1'11|||111\|

| | I — I | | I — I | | I — | l | I — | I | I I

[—
-

Log v [Hz]

2O
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Blazar classes: BL Lac objects and FSRQs

BL Lac Object Flat spectrum radio quasar

Dominant
Radio Jet

Dusty obscuring

structure O
O

O
Black hole o O

oMl © 0
O Oo Broad line
o O region Y
Accretion s Radio-loud
®
disk 0 X 0 oEELEIE

© o 4 Black hole ‘
o O

O

O O
Advection-dominatec
inner accretion flow

O

Weak narrow o

I . Narrow line
ne region

region




Emission from BL Lac objects
Log N(v)

Ymin

¥ max

\

Relativistic electrons in a compact,
Synchrotron v, =3 X 10°By35 relativistic region moving

Magnetic field strength B, doppler factor 0, electron
_orentz factory

Log vL(v)

Log v



Emjssion from BL Lac objects

Ymin

Ny

% 3\ © Synchrotron ? Synchrotron /\
photon nebula /\/\

Synchrotron Inverse Compton
4
v, =3 X 10°By}S Vo = Eygvs
Vs In this synchrotron + synchrotron self Compton (SSC)

model, we can in principle determine the magnetic field

strength, doppler factor, Ye, ni, N2, electron density, size of
emitting region from observed quantities (see back-up)




Log N(y)

Log vL(v)

Emission from Flat S

4 Ymin

Broad line region

Dust Torus

Synchrotron l \ Inverse Compton

VAN

Log v

35

~10
~11

n

£ 12

7))

-

—

> —13

Y

QD

O

—
~14
~15

I L B | I L I L L L l | I B

LI

21414175
z=0.213

10

pectrum Radio Quasars

Log v [Hz]
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Enter the protons

For characteristic values of B, R, and delta , we
end up with Emax In the URHECR ball park,

B / n B
CR,max 1 1/\035G

Log vF |erg cm™ s7!]

)

_13 B | | |
: A
I Uy
. /u5/2
10
R’ I
1016 cm 25

15 20
Log v |[Hz]

)~Z~5><10196V



Neutrino production in bla

Accretion
disk

pry—n+a >n+uty, >n+et+u,+7,+y,
pty—p+an >pty+y

Averaged branching ratio,

= ﬂ+/—) . dN 3 1 _,dN

— ~ —E>—
R?Z' F( N JZ'O) 1 g dEV 2 27 dE ‘E_ZE

— Upper Iimit to the neutrino flux



Neutrino production in blazars (photo-pion interactions)

Neutrino production efficiency ~ cross-section x target number density

A-resonance

1071 1 10’

Luminosity [erg/s]

number density per log energy [cm-3]

.,
O S L L TS
R PT S ol A
O I L 1
e  TNag g
o

.
. %
. vy * -
. CAS
S T SR Y .
L LT T T T L L A AU Y H

0
LAY

K . %% :I

1 ] ] ] A | ] ] ] ] ] ]

\
WD .
111 //A‘|‘.-; '

|.

AN YA RN GTORNE |

log(e [eV])

E2®

& source size

0.1/TeV

N
obs. photon spectra /7@

PeV




Possible contribution of blazars to the diffuse neutrino flux

E° @ [GeV cm? s sr'1]

107 ¢

e
O|
o

' HZ97 (Blazar)
MPERS03 (LBL)
MPERS03 (HBL)

PPGR15 (BL LaC;
MID14 (Blazar w. €,,=3

= MID14 (Blazar w. £_=50)




Constraints on the contribution of blazars to the diffuse neutrino flux: Stacking

y — rays UHECRS
107>
] lceCube HESE, v, 6yr —+ FermiEGB KASCADE
106 { = lIceCube EHE 9yr A Auger

=
-
N

;ﬂ_— Auger 2017 A-“A TA
-

. . {Blazars 1’* /&

107°
] A
' A
; A

f\ ﬂLI

E2d[GeVcm2s 1sr 1]
-
<

10—10

10—11

10—12 | | |
10% 103 10° 10’ 107 101!



Ultra-high energy neutrinos

How to detect them?

<
L <P ¢
T 1080 \E o2
= o EX
3] % Solar —i)y OA
T & >
= 10°[
>
<)
S
< 107 G,
-
= by
O
~
S galactic
%J nuclei
1078
| |

| |
107 107! 10* 10° 10 0™
NEUTRINO ENERGY (eV)




Back-up



Ultra-high energy neutrinos

How to detect them!? Extensive-air showers

1) Regular proton shower

A
o }/f.

Deep Down-going v shower

4) Down-going v,
interacting in the
mountains

N

Pierre Auger Observatory ~ 3000 km?

Planned detectors with up to 200,000 km? effective
area (GRAND, GCOS...)

43

Muonic component of the shower

Electromagnetic
component of the shower

3) Up-going Earth-skiming v_shower

Extensive air shower




Ultra-high energy neutrinos

How to detect them? Askaryan radiation

Balloon +
antenna

payload ‘

refracted MHz-GHz
coherent radiation

ARIANNA
concept

Neutrino
interaction

24

sub-surface
antenna array

many
Neutr

radio,

more ongoing efforts (Greenland

no Observatory, lceCube Gen-l|
PUEO...)




Eddington luminosity reminder

Outward radiative force = Inward self-gravity

(a)
Infalling l / Lo ¥ GMm
plasma\ / F rad — ; r Grav — 7 -
\ \% Arr?c r

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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What we can infer from the blazar SED

Low peak very likely synchrotron all from sarr
region (correlated variability)

B2
Up=-——-(2)
87T

Often correlated variability in high peak,
-> [nverse Compton with synchrotron photor

LIC X Urad o (3)

— S _ (4
i = o Rogie Y
5
R = ctvar—l e

—-13

Log vF |erg cm™ s™!]
| |
o ~

I
[
o)

[—
o

46
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What we can infer from the blazar SED

Combining (1), (2) & (3) 13 |

Lo U oL

rad S

Lg Uz R25%B2

I
[—
e

I

Rearranging, we get,

1/2
B?6° = (1 4+ 2) L ( - > —(5)
Ctvar CLC

From the peak frequencies we have,

Log vF |erg cm™ s™!]
|
o
I

I
—_
o

I

4 2
Ve = gybreaky S

10

1/2
3, Log v [Hz]
Yoreak — \ = —

41/5



From the peak frequencies we have,

4

2
Ve 3 Voreak?'s

3 1/2

1%

Yoreak — (_C> o (6)
41/5

Vvo=—y2 Up~3.7-10% B 0
S 3 break” B break 1 + 7
Using (6) we get
v
B-6=(+2) (7)

2.8 1060,

We now have 2 equations (5,7) and 2 unknowns

—13

I
(-
AN

Log vF, [erg cm™2 s™!]
|
O

What we can infer from the blazar SED

[
)
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