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A few words about me

e Assistant professor, Physics Department, NKUA, Greece

» «

o Lecturer for courses “Introduction to Astrophysics”, “High-Energy Astrophysics”
(undergrad+MSc), Physics Labs

e Mainresearch interests

o Non-thermal radiative processes

o Particle acceleration processes

o Multi-messenger modeling of high-energy astrophysical sources
m Steadysources: AGN jets, coronae

m [ransient sources: GRBs



Lecture plan

e Lecture 1: Astrophysical Origins of Neutrinos

o Neutrinos from stellar cores (MeV scale)
o Neutrinos from high-energy compact sources (TeV - PeV scale)
o  Neutrinos from cosmic-ray propagation (EeV scale)

e Lecture 2: High-Energy Neutrinos from Compact Sources

o Theoretical background
o  Active galactic nuclei (AGN)
o Numerical codes for source modeling

e Lecture 3: Extragalactic Neutrinos in a Multi-messenger Context

o AGN multi-messenger models
o  Multi-messenger case studies: TXS 0506+056, NGC 1068
o  Open questions & prospects



Goals

e Build intuition about the origin of astrophysical neutrinos from MeV to EeV
energy scales

e Focuson physical conditions leading to neutrino production in compact
sources, such as AGN and GRBs, and familiarize with source modeling

e Understand how neutrinos tie in with cosmic rays and gamma-rays in a broader
astrophysical context



Lecture 1

Astrophysical Origins of Neutrinos



Here, There & Everywhere

1018 1 1 1 1 1 1 | 1 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1

Solar (nuclear)

—_

o
-
N

Solar (thermal)

E¢ [cm2s™]
2,

Geoneutrinos Lo

LT L LT L L A E U EUR U LT L L LR

(el B0 A o] T e O O VY o e Y Vo Y o 1 5 O o I 5

0 ) Y.
x 10 DSNB 7+~ ~
= N
g A/ ~._Atmospheric
[ 1076 i A N
= 2 \
S N Ice(()zu&ef)iata
c H N
£ 102F BBN (*H) g e
=2 ' N
(7] ; .
Z Cosmogenic q
10-18 1 1 1 1 1 1 ; | 1 1 1 1 1 | 1 1 | 1 1 1 1 1 | 1 1 X
102 1072 10° 10° 108 10° 102 10"° 1018
Energy E [eV]

Vitagliano, Tamborra, Raffelt (2020)




Neutrino cross section
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The Cross section of
neutrino-electron scattering for
solar neutrinos (~0.1 MeV) is
about 10?2 times smaller than
electron Thomson cross section
(photon-electron scattering) !!!

Extremely small cross sections
— detection challenging

How big should be a detector

of 0.1 MeV solar neutrinos?
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What is the energy source of stars ?

Deuterium

‘.

Tritium

Fusion

In 1938 Hans Bethe showed that nuclear
fusion of H to He can produce large amounts
of energy needed to explain the high
luminosity of the Sun (~ 2e+33 erg/s) for
billions of years!

Nobel Prize in Physics 1967 To Hans A. Bethe

“for his contributions to the theory of nuclear
reactions, especially his discoveries
concerning the energy production in stars”




For the calculations on p-p = d, see Bahcall & May 1969,
https://ui.adsabs.harvard.edu/abs/1969ApJ..155..501B/abstract

Rate of nuclear interactions

What are the main ingredients we need for calculating the rate of nuclear interactions
between speciesiand x ?

Number density of Number density of
nuclear species i nuclear species x

e EIFT4E .

[
0

Term related to the non-zero High- tail £ th
Temperature probability of overcoming the 'gh-energy tall o ©
. thermal distribution of nuclei

Coulomb  barrier due to

. (Maxwell-Boltzmann)
quantum tunneling

Units: s'cm™
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https://ui.adsabs.harvard.edu/abs/1969ApJ...155..501B/abstract

Rate of nuclear interactions

Energy production rate per unit mass: €, (erg slg)

Interaction rate per volume

Energy released per interaction

Mass density

Usually, the energy production rate is expressed as:
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Walter J. Maciel, Introduction to Stellar Structure, Springer 1




Solar neutrinos: how are they produced ?

log € (erg g' s71)

10
He
Burning
CNO Cycle
5t
ok Triple—~a
-5 1
6.0 8.0

Maciel, W.J. (2016)

pp-v

pp chain ’k

pep-v

CNO cycle *

1

|p+p—>2H+e++ve| |p+e‘+p—>2H+ve|

| 2C+p5>BN+y I

L y
99.6% 0.4%
2H+p >3%He +7

85% 2x10°% pep-y

|3He +3He — “He + 2p

SHe+p »> *He +e* +,

[13N —BC+et+1. | CNO-v
t
| BC+p >N +y |

pp-l  15%

3He+“He—>7Be+y|

7Be-y 9987% | 0.13%

)
|7Be+e‘—>7Li+veI |7Be+p—>88+y |

| UN+p — 150 +y |"'|17O+P_’14N+4He|
i

I15O—>15N+e*+1;‘| |17F—>17O+e++r‘~ |

|15N+p—>4He+120| | %0 +p > 1F+y |

| Li+p — 2%He | 8By |SB —8Be* + e + Vel

BN4+p—>T190+7 |

| 8Be* + p'—) 2*He |
pp-lll

pp-l

90.96%  0.04% |

The Borexino Collaboration (2018)

12




The solar neutrino spectrum
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Detectors with different targets probe different v
production channels

pp chain
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Radial dependence of v production

corona

Solar models: radial profiles of density and temperature 0.0000002
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Wood, S. R. (2018)
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Davis experiment (1970-1994)

N

1st experiment for solar neutrino detection
Designed by R. Davis (1965)

Mining site (~1.5 km depth), South Dakota, USA
Detection method: v,+ i’ZCl —e + i’7 r
Radiochemical experiment

e Tankwith 610 tons liquid C,Cl, — 2.2 10% atoms
of 3Cl

e Energythreshold: ~0.814 MeV

e Half time of 3’Ar ~ 35 days

e Measure number of 3’Ar every several months —
estimate v capture rate from °’Cl

Video link 15


https://vimeo.com/125707443

Results from Davis experiment (1970-1994)
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solar neutrino unit or SNU
(1 SNU = 10°2¢ interactions/atom/sec)

John Bahcall calculated theoretically the v
detection rate from Davis experiment based on
% the standard solar model and found ~7.9 SNU

The average SNU from Davis
experiment was ~ 3 times
lower than predicted!!
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The missing v problem

Super-Kamiokande (water) - Japan

4 experiments with different target material confirm the missing
neutrino flux problem
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The miSSing \ prObIem (nOt anymore) Sudbury Neutrino Observatory (SNO)

e Location: Canada

Total Rates: Standard Model vs. Experiment o Targgt.: heavy water experiment
Bahcall-Pinsonneault 2004 e Sensitive to all v flavors
e Firstresultsin 2001
8.5118
131+12
10288 101883 1.0238
0.90 £0.08
6745 6945
0.48+0.07
0.41£0.01
2.56+0.23
0.28 £0.02
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Neutrino oscillations 4"

SW-LMZ 1
pMSWAMA cos4913(1 + c05291§1c052€12)

e Solar neutrinos, which are born in the Sun as -
o 1 + cos 29]2 COS 2912 4 o 4 ee E

electron neutrinos, Ve, have a non-zero Py = > 0s"0y3 + sin"0;;
probability to transform into neutrinos with a

different flavour (either v or v ) as they 9 - ] ' cos2fyy = J(C()ﬂ;fi{’;;)z‘jimu
propagate from the stellar core to Earth. N .
e  Quantum mechanical effect. 0.7 pp 3—
e First proposed by Pontecorvo (1957). ] "Be .
e 2 conditions must be met for oscillations to 06 - NaGiiin=] MA ™
occur: e S
o  Flavor and mass eigenstates must not o 05 88 —
coincide C .
o  The mass of at least one neutrino must 0.4 - 1 E
be non zero F The quoted errors include the|uncertainties on the .
e The probability of flavor conversion depends [ SSMsolar-neutrino flux prediction .
on the (1) neutrino energy and (2) density of 0.3 - _:
medium - | : ]
2 0= 1 10
Bl = l (vs | valL)) ‘2 _ Z Uz, Uy o imIL/2E) | Neutrino energy (MeV)
J The Borexino Collaboration (2018) 19




Photo from the Nobel Foundation Photo from the Nobel Foundation Photo from the Nobel Foundation
archive archive archive

Raymond Davis Jr. Masatoshi Koshiba Riccardo Giacconi
Prize share: 1/4 Prize share: 1/4 Prize share: 1/2

The Nobel Prize in Physics 2002 was divided, one half jointly to
Raymond Davis Jr. and Masatoshi Koshiba "for pioneering
contributions to astrophysics, in particular for the detection of cosmic
neutrinos" and the other half to Riccardo Giacconi "for pioneering
contributions to astrophysics, which have led to the discovery of
cosmic X-ray sources."

7

\

\-./

lllustration: © Johan Jarnestad/The Royal Swedish Academy of Sciences

The Nobel Prize in Physics 2015

Takaaki Kajita
Super-Kamiokande Collaboration
University of Tokyo, Kashiwa, Japan

and

Arthur B. McDonald
Sudbury Neutrino Observatory Collaboration
Queen’s University, Kingston, Canada

“for the discovery of neutrino oscillations, which shows that neutrinos have mass”

20



Experimental evidence of v_from CNO cycle
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The life cycle of stars

Sun-like Star . ; , '
_ed Massive Star Red

'\\ (moro than 8 1o 10 times the mass of our Sun) S uperg i ant
' \kProtostars - tong o, «

© |

Red Giant Star- Formmg

Nebula
N a8 .

Neutron Star Supernova

Planetary Nebula - .
White Dwarf Black Hole

Credit: NASA, Night Sky Network



Core-collapse SNe: the explosive death of massive stars

Red supergiant

Iron core

‘ M Accretion

Proto-NS \
'\/\/L I:' «
/

\
\
Shock stalled — Shock revival — N v /
/
explosion AN

failed explosion

4

R ~10%km ~ 1000 R .
------ Stalled Shock

Seminars by Shashank Shalgar &

Mariam Gogilashvili

23



Core collapse SNe: a closer look

R (km] A Initial Phase of Collapse

(t~0)

R ~ 3000

Fe

0.5 1.0

Fusion of Fe to heavier does not release energy

~ Mg M(r) [M.]

Si-burning shell

Ashes from the Si-burning shell increase the mass of the core — not

enough pressure to oppose to gravity — collapse

ve are produced through e-capture from Fe-peak nuclei, 3 decay of

nuclei, (+photodisintegration)

~ 100

heavy nuclei
Si-burning shell
° Density + Pressure of e- decreases — homologous collapse
° Increase of density to ~1e12 g/cm3 — neutrinos are trapped in the
inner core

Janka et al. (2007)

| Neutrino Trapping

(t ~0.1s, ,~1072 g/cm?)

.

b Mo (M
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Core collapse SNe: a closer look Jankaet al. (2007)

A 2
R [km] Bounce and Shock Formation R [km] Shock Propagation and v, Burst
R, (t~0.11s, Q= 290) R, o, (t~0.12s)
= IR S
radius o Iy,
shock / il R,
formation
\ position of
shock
40 formation
kM) (M b M(r) [M]
nuclear matter lei | nuciear matter nuclei \
(@=g,) e Si-burning shell Si-burning shell
e  Homologous collapse — nuclear densities reached in the core e  Shock wave uses energy to dissociate nuclei into n, p
e  Nuclear matter is less compressible — the material bounces and a e  e-capturerate by free n,pis higher — leading to neutrino burst —
shock wave propagating outward is formed carries away energy
° Shock loses so much energy that stalls — accretion shock o5



Core collapse SNe: a closer look

Shock Stagnation and v Heating,

j / / //Expl’c’)’sion (t~0.2s)

VenrVeurs

Vet Vet

| =— —
gain layer 1.5 M(n) [M]

cooling layer

° Formation of proto-NS

° Formation of cooling layer (due to neutrino pair production + diffusive
losses) and heating layer (neutrinos deposit their energy via charged -
current interactions with n,p)

° Heating — Expansion behind the shock — shock revival is possible

R [km] 4
10%

jre
o
IJ-‘-

Janka et al. (2007)

\ Neutrino Cooling and Neutrino—-

Driven Wind (t ~ 10s)

~ o .
r—process? 2

et

R, _
PNS 1.4 0 3 M(r) [M]
n, p a,n, Be,
'2C.seed
° Shock is revived and star explodes
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SN 1987A: the first extragalactic v source
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e Magellanic Cloud (~51 kpc

Credit: Anglo-Australian Observatory/David Malin
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Neutrino number flux

Moving to higher energies ...
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The cosmic-ray spectrum
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https://github.com/carmeloevoli/The_CR_Spectrum
https://cds.cern.ch/record/1345733

Atmospheric neutrinos

e Atmospheric neutrinos produced by cosmic-ray showers

e Steepspectrum ¢, xE =37
e Background for astrophysical neutrinos

inel
AN = Aair mp / Op—air

primary

rticl
R Depth in atmosphere
(g/cm?)

....... 1 doja
PulB B)= B &
(B Ej) za;“’ dE;

telescope
light particle for fluores-
antenna  detector detector cence light

Gaisser T.(2019) 30




Atmospheric neutrino spectra

— SIBYLL2.3c —-=-- SIBYLL2.1 —-= EPOS-LHC

vy + 0y

N

0.55)

®(cos8)/d(coso

1

1 1 1
-1.0 -0.5 0.0 0.5
Cosine of zenith angle

Fedynitch et al. (2018)

e ForcosOE <<¢g ,parent mesons decay before interacting —

0.55)

®(cosB)/d(cose

QGSJET-II-04 HKKMS 2015  —— Bartol 2004
T T T T T
Ve + Ve
o 5 GeV
10 F e
10 GeV
100 GeV
10°F 1000 GeV-

1 1 1
-0.5 0.0 0.5
Cosine of zenith angle

lepton spectrum reflects the primary spectrum + isotropic flux

e ForcosOE >>¢ ,interaction rate higher than decay rate —
lepton spectrum steeper than primary spectrum + anisotropic flux

Zenith

ds=-d=zicosf

Analytical approximate spectrum (without u decays)

dNV NO(EV) Aﬂ']j
dB, — 1= Zyy \1+Bilcos0By/er )
.AKV ADI/
T 0'6351 + Bk cos(?EV€<)L 21: Bo 1+ Bp,cosbE,/ep }
p wt K*F D+ D?
1. 115. 850. 3.9x107 9.9x107 (GeV)
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Zenith

Atmospheric neutrino spectra

d={

ds=-d=icosf

— SIBYLL2.3c —-= DPMJET-II-19.1 eeeee QGSJET-11-04 ——— Bartol 2004
-—-- EPOSLHC = SIBYLL2.1 HKKMS 2015 —— Sinegovskaya et al.

~ 1071 ~ 107! Ve + Ve

'?E 1072 4 '-“E 1072 -

3 3 Analytical approximate spectrum (without u decays)

o 1073 o 1073

L W

JHL SH 15 Ny | No(Ey) Axy

égl :églo lE, = 1—Znn |1+ BrlcosOFE,/e,

Sm = go . o

3 0.5 1 : : . . @ 0.5 1 , , oL Aky Apy
10° 100 102 10° 10  10° 10° 100 102 10° 10  10° + 0.635 Z Bp, }
Muon neutrino energy (GeV) Electron neutrino energy (GeV) 1+ By, cost Eflex i 1+ Bp, cosd E”/ED
Fedynitch et al. (2018)
e The angle-averaged spectrum steepens progressively due to: '
p mF K* D+ DY

o  Energy dependence of angular distribution (see previous slide)
o  Steepening of (primary) cosmic-ray spectrum at higher energies

1. 115. 850. 3.9x107 9.9x107 (GeV)
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High-energy neutrino production mechanisms

p-p collisions p-y collisions

P+pPp—>p+pPT m° Photo-pion production Photo-pair production
p+p—p+n+mt
p+p—=ptptat+a” p+y—p+a° p+y—=p+e +et
p+y—=n+nt
p+vy—=p+ar®+ bt +77)

Even though is not a

neutrino  production

0 mechanism is a key
U ol L s process for relativistic

+ = L + - pair enrichment in
T - M +I/l‘ and p —e +I/F‘ + Ve astrophysical sources

®- —% BTNy and g — e
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Events per 662 Days

BREAKTHROUGH

High-energy astrophysical neutrinos - N J
Experimental Highlights 1 ~-

Science

@ Background Atmospheric Neutrino Flux
[ Background Atmospheric Muon Flux
Background Stat, and Syst, Uncertainties pisaraanishs
—— Signal+Bkg. Best Fit Astrophysical £ * Spectrum
ees Data

4

X

A

Equatorial

W

|
%' 0 TS=2log (L/Lo) 12.4
27 e 28 events above atmospheric background with
7777 energies > 30 TeV
. ° A-rrlv.al d!rectlons consistent with isotropic
distribution

IceCube Collaboration, Science (2013)




High-energy astrophysical neutrinos -
Experimental Highlights 2

e 5 OPEBonOREEIBBR0Ds Y

4 R
\\\\\\.\.' \'... X

A original GCN Notice Fri 22 Sep 17 20:55:13 UT 10
on — :;';r;z;;:‘;g‘i"-e:f: '()C:;Zi?e degrees 9
B T ke o e High-energy neutrino (290 TeV) detected during a
_ e y-ray flare from active galaxy TXS 0506+056
2 58 E
- 5 8 . . . L. .
3 . & e First spatial & temporal 3o association with an
5.4° g .
3 5 astrophysical source
5.0° .
e T e Tz Tem 74 ’ IceCube Collaboration, Science 361 (2018) no. 6398, eaat1378

Right Ascension

=)
N[IHRINOSR
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High-energy astrophysical neutrinos -

Experimental Highlights 3
IceCube Collaboration, Science 378 (2022) , Issue 6619
- 1OglU (plocal)
1 3 5 7
I NGC 1068 Diffuse flux from v, (25)
5 TXS0506+056 —4— Diffuse flux from vev; (17)
* NGC 1068 109 4
2 4 - ——
i T — -

—_ ; X
z . 5 1o - \ T4 T
= 0 >
g e )
g = . e

-1 A >

§ (O R
-2 7 ' |_|J> ————————————————
-3 T T T T T T T T
» o 10 . 103 104 105 108 107
E, [G
r.a. [deg] v [GeV]

o N=79(+22,-20) with E > 3 TeV detected from the location of active galaxy NGC 1068

e Neutrino spectrum: dN/dE ~ E*-y,y=3.2 +/- 0.2

e “Hottest spot” on Northern Sky in time-integrated searches
36



High-energy astrophysical neutrinos - g
Experimental Highlights 4 s

15°

y Optical

Latitude [b]
o

g
1=}

Latitude [b]
logio(Counts)

&0
w

Predicted n® Northern Sky //’/ "\ Northern Sky

/
/ R - \\
/

Latitude [b]
N
Weight
[sr1]

\
c ,// Southern Sky Southern Sky \

oo
2]
-1

v Analysis Expectation

Latitude [b]

Weight [sr

O

[ THEEE BN NN

.0
% Galactic Coord. \\ N %—
E e -120° : -180° o
Galactic Longitude [/]
e Galactic plane observed in neutrinos at 4.50 IceCube Collaboration, Science 380 (2023) , Issue 1338

e Truly diffuse emission or unresolved point sources (PeVatrons?) 3



High-energy astrophysical neutrinos -
Experimental Highlights 5

KM3NeT Collaboration, Nature 638 (2025)

1,800
1,600 = = |s= Upper limits
e KM3-230213A
1,400 107 IceCube fits
= == NST (2022)

1,200 " 75 == HESE (2021)

< o 10 ~f=— Glashow (2021)
0 g 5 | SPL 68% NST (2022)

- E 1 SPL 8% HESE (2021)
800 F . & 10°
B ;3- Models
600 Cosmogenic band
1071% 4 Sources band
400 Muon energy
200 10PeV 71 1,000 PeV ot
[ 100PeV — — — KM3-230213A 10"

0 Neutrino energy (GeV)

P 0.15 4

§ e First observation of an ultra-high-energy neutrino

(>120 PeV)

§ 005

£ e Astrophysical source not uniquely identified

0

2,000 4,000 6,000 3 8
Number of triggered PMTs



KM3

—5
—6
7
—94

—10 4
=114
®
[ ]

High-energy astrophysical neutrinos -
Experimental Highlights 5

Neronov, Oikonomou, Semikoz (arXiv:250212986N)

NeT Collaboration, Nature 638 (2025)
50°_ —
........... i e — v
",;”:_:0 1{313_230213{3‘ —— IceCube sensitiv.nty. all-flavour v, 1 yr
120 9hi6h | 3h ul{!'i’:n 21h mﬁl 15h 12h 107 : ;e:’:::’;:':‘z:elr"::i‘:"ft:our v.10yr J‘JJV \
¥ 0 ==+ Fermi/LAT upper limit, all data N
E 1084 SV(jM u;per limit \/ y .
:'. 109]"" &= 10" ev Y \\ /,’ :. ::
e Y = :
W 10713 ¢ wise ° 8
_-: MWA ¢ i
: 13- and its uncertainty -11 4 ARCA+IceCube, 1 yr :
3121382‘7?? g(l]g/an 9902 ctontainn:enttf 10 ’ T :
3 Blazar selection methods 10-12 @ :
[] 1: X-ray, radio, infrared cross-match i
i [ 2 Radio VLBI 10718 10-1¢ 1010 10 102 102 108 101
-} 3: 5BZCAT E, GeV
B O 4: Fermi-LAT
o7 9% 95 o4 93 92 91 . . .
RA [ e Compatible with a2 yrtransientv
First observation of an ultra-high-energy neutrino source ?
> o e
(>120 PeV) e What would be the EM emission
Astrophysical source not uniquely identified of the associated source ? 39



Cosmogenic astrophysical neutrinos

10 ‘T

leeCube 7.5y HESE

2
R b
-7 -

e -
Nl it

k.
N,
\

14 15 16

Credit: Science China Press

Guaranteed signal: cosmic rays interacting with ambient radiation fields

Cosmogenic neutrino flux sensitive to the
o redshift evolution of cosmic-ray sources

o composition of cosmic-ray spectrum at the highest energies

17 18 19
luj:“ (E/eV)

Ehlert et al. (2023)
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Key queSthnS What makes up the diffuse

astrophysical flux ?

Are the neutrino spectra from What can we learn about the
different astrophysical sources sources through neutrino

different and why ? observations?

What observables can we use
to search for neutrino point
sources?

Are the sources of high-energy
cosmic rays the same as those of
cosmic neutrinos ?

Check also: Meszaros et al. 2019, Nature Physics Review, Astro2020 Decadal Survey white papers



https://ui.adsabs.harvard.edu/abs/2019NatRP...1..585M/abstract
https://baas.aas.org/astro2020-science

Summary -1

e Astrophysical neutrinos observed from MeV energy scales (Sun, SN 1987A) to
TeV-PeV energy scales (Galactic plane, Active Galaxies) to EeV scales (?)

e Different production mechanisms in low-energy (MeV) scales and high-energy
(>TeV) scales (e.g. nuclear fusion, B decays versus p-p and p-y inelastic collisions)

e Many open questions about the origin of the diffuse astrophysical flux and its
connection to cosmic-ray sources
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Lecture 2

High-Energy Neutrinos from Compact”™
Sources



Particle confinement The Hillas plot

lou 1pc 1kpc 1Mpc
1 I 1 I

1015

neutron star

CERN

10°F

-

Confinement criterion for charged particles

Necessary but not sufficient condition for

hadronic accelerators hot spots

. 1075k
Source physics important for -
understanding the multi-messenger L IGM shocks
connection! (o BT, . — — S
10° 10'° 10'® 10%°

R [em]

Kotera & Olinto 2011, ARA&A
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Particle acceleration

Heating — Acceleration

(a) thermal (b) thermal (c) thermal (e) power-law
+ power-law + power-law
/ energy
_ 1 7(p) ) —k
1(p) = 4rm3 0K, (1/6) exp( g f(z) = az

Shocks/turbulence

DSA/Fermi [

Downstream

Upstream

Fermi I1

Electrostatic gaps

o
~ Pinitial

il ﬁ final

* pair creation
0,1,2 generation #
neutron star e —
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° What is a shock wave ?
o A discontinuity in fluid properties (p, T, n) moving at speed larger than speed of sound

(upstream)
S h O C kS ° What does a shock wave do ?
o It converts bulk kinetic energy of upstream medium to thermal (energy of random

motions) in the downstream

° What is a collisionless shock ?
o Very low density — particle - particle collisions are rare — particle - wave interactions

Tycho's SNR.
(SN 1572}

Orange: X-rays (Chandra 2007)
Blue: Radio (VLA 1985)

Credit: NASA/CXO

Blue: High-energy X-rays
Green: Medium energy X-rays o, B N

Red: !‘?W energy X-rays Credit: NASA/CXC/PSU/B.Posselt et al Infrared 46
Credit: (NASA/CXO) (BACKGROUND): NASA/JPL-Caltech




Shock acceleration

e Shocks dissipate bulk kinetic energy — internal
energy, non-thermal particle energy

e Fermiacceleration — particles gain energy via
multiple scatterings across a velocity gradient
(there is also shock-drift, ...)

|

ck Plane

e Shocks can efficiently accelerate particles with
power-law distributions, slope depending on
tacc/tesc

e Inefficient acceleration: ,

o High-oplasma B

: oc=—-—>>1
o Superluminal shocks 4rpc?

X

Drury 1983, ApJ; Bell 1987, MNRAS; Blandford & Eichler 1987, Phys. Rep.;
Mdbius & Kallenbach, 2005, 1SSI Scientific Reports Series Begelman & Kirk 1990; Bell 2004, MNRAS, Blasi 2013, A&ARv +++ 47




Relativistic shock acceleration

oc=10
Y =15
Low-o shocks:
* returning
particles
* filamentation
instabilities
| i .
: raﬂ;t;llilng i = SR
= 0.1 E /vJ ,w / ______
Sironi et al. 2013 ! sielation.____ y 0 _~__incoming flow
BT 0 N e
AR .i n X
» 0 0
. } 50 . 'l
High-o shocks: % | | P
* no returning _.._sMomentum space N et ] | s
particles 2 particles ] mﬁ,
* noturbulence S—— — -
i|_e7e2
1400 1600

0=15deg
Sironi & Spitkovsky
2011 48



Relativistic magnetic reconnection

e Dissipation of magnetic energy — internal energy,
o=10 L/r,=1063 ct/r;=119.5 non_thermal particle energy

e E-field acceleration — particles gain energy as the
move along non-ideal E-fields and ideal (motional)
E-fields

e Reconnection can efficiently accelerate particles with
power-law distributions, with slope dependingon o

Maxwellian ‘

100 ~ HETT N -
N 5000
e 10—2 -
&
=
©
=110™ -
N —— 107 10° 100 10° 10 \l Time - 7
1000 L1 \x L e
10° 10* ﬁ 10® 10°
‘Y
Sironi & Spitkovsky (2014) 49

Recent review: Sironi, Uzdensky, Giannios (2025), to appear in ARA&A, Vol. 63



https://docs.google.com/file/d/1h-9kuy-CP1uf5LxPl8N7zriaNm4yhwN8/preview
https://ui.adsabs.harvard.edu/abs/2025arXiv250602101S/abstract

A zoo of astrophysical accelerators

y-ray novae

AGN/Blazars

Accretion disk
Companion star

Microquasirs

Reviews: Ahlers & Halzen (2015), Murase (2015), Fiorillo (2025)



https://ui.adsabs.harvard.edu/abs/2024Univ...10..149F/abstract

To the blackboard ...

Energy thresholds
Reaction rates

Mean free paths - opacity
Secondary particle spectra
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Energy threshold*

- -

Knownvariables: P, =(e_+e,.p +p,). Am=m_+m - (ma+ mb)

e'? = (e'a+ e'b)2z (e'c+ e'd)z (1)

S I Y e S R
o

a

. . e 2 Am
Lorentzinvariant P-P = || (1),(2) =lee, — BB, 2mm,c?+ Am c2(ma+ m, + T) (3)

*The minimum energy that a pair of colliding particles must have to create new particles at rest in CM frame 52



Examples

p+p—p+p+z°

Collision of a cosmic-ray proton (y > 1) with a proton from the ISM (at rest)

m . m x Image: GALEX, JPL-Caltech, NASA; Drawing:

y > 1+ 24 ~ 1.298 Veryeasily satisfied! APS/Alan Stonebraker

Frequency (gigahertz)
60 100 200 300 400 500 600
% e T

Collision of a cosmic-ray proton (y > 1) with a photon from the CMB

Relative intensity

m
145 MeV
PECL=feost) zm 2|14~ | & 145 MeV 9=r, f1:y 2 ———x 10"
p CMB 0= 2 T — 0.7 ' 0.5
Wavelength (millimeters)
Photon energy in proton’s rest frame + ExerCise Credit:Roen Kelly, after NASA/COBE/FIRAS
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Cross sections

p-p collisions p-y pion production

A+ resonance (Vs 1, %4 11°0)

LA VAR 0 )
80 _"""T""T”""' (A” m, /3Tl ’ /3 11 ) ¢ E.D. Bloom, et al. 4th Int. Symposium ... 1969
* DG data 500 #  D. O. Caldwell, et al. Phys. Rev. Lett. 25, 1970 -
70 —Fit-formula L D. O. Caldwell, et al. Phys. Rev. Lett. 40, 1978
- - - Kelner(2006) ;
60—-.-. Kamae(2006) - &F
50— 7] :' R e
wr — 00 . .'.: i
multi-pion
30 — - 50+ " ‘T\ 4
f RE3 z00 as resonances
20~ - A :
] \-, —— direct
1 S
10 Energy threshold ~--- multipion
. ' Energy threshold total
10" 10° 10" 10° 10° 10 10° 10° 10" 10° 193 R S 7 50100
Tp [GeV] & (GeV)

Kafexhiu et al. (2014) Morejon et al. (2019)




Rate of interactions

Volumetric rate = cross section * density? * speed

sc
n =

sc

dt dV

— 0 '
=0 co_-n -n
&rﬂ 2 T Number density of particle “1” in rest frame of particle “2”

Relative velocity of two particles Number density of particle “2” in its rest frame (proper density)

‘ n, n, . N
e = G(yrel)cﬁrely_zy_l Y el :>nsc = O-(yrel)cﬂrel(l_ ﬂl.ﬂZ)nan

*Applies also to interactions of massive particles with photons (replacing y with E/mec2 andB_, — 1)
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Rate of interactions ¢ |

Volumetric rate = cross section * density? * speed

Differential number density (AN / dV dp dQ)
“Effective” cross section

Energy loss rate of particle “1” due to interactions with particle “2”:

- -

dE 1
—Ttl = C/d91 /dplnl(Pl,Ql) /dngdpznz(pz’ QZ)[K(yrel)a(yrel)}ﬁrel(1_ by b))

1
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Secondary particle spectrum - 1

Production rate spectrum of secondary particles per unit volume:

2
x Fj(x,Ep)

5x1072 |

2x1072 |

1072 |

5x1073 }

2x1073

1073

E, = 1000 Tev

p-p collisions

z dN/dz , s~

T

n(py) = Cfd‘QI/dplnl(pl,Ql) /dngdpznz(pz’ Qz) ﬂrel(l_ ﬂ_;ﬂ_;)fdﬂ 0

10—15 | o
10—17

i

3 - 1020
. E, = 107" eV

Iy

z dN/dz , s~

T

i

_ -16 | '
e E B, = 1070 eV

T=27K

p-y collisions

: E
L [ /./.T'\
1o T T (R VP BTt -1 I RRPTEUUONT AP Y W S PO
e i . 107* 167 1072 107! 1 1074 1073 1072 107" 1
1073 1072 107" 1 z=E/E, z=E/E,
z=E,/E E E
i/ %p <E ~ P E P
Kelner et al. (2006) Kelner et al. (2008) v 10 < y> ~ 20 57




+ Exercise

Energy loss timescale / Mean free path

. . . . L Stecker 1968; Begelman et al. 1990
p-y interactions with isotropic radiation field:

1 dEp

| c 0 bd ' c 0 ny(e) Zype
(tpy)‘ =~ = E£ den (&) /(; df sinf k(e )o(e ) (1— ﬂpcose) = E / de 3 / de k(e Jo(e) e,
P

0 € e
Example \

p th

4 Wavelength [um]
r— — — —  __ Te+06 - ; i ' " CMB only - . 1cm 1000 100 10
cosmological max of star formation Malkan & Stecker - B 1900
3L D Aharonian et al. - o~
10 — 100000 | Franceschini et al. =
AR e G T e T e =3 =
8_ nearest blazar ~ 10000 | >
— ® 10
=> 5 2
R 101 = ~ 9
L 1000 C
Q) e = 1
6] s g
C 100k w [}
(U LN mmoms e s e e S o "=y ~ 100 =
Y7 nearest galaxy 003 01 03 1 3 10 30 100 300 1000
e Frequency [THz]
| 8
Q10 10 : : : : - : :
18 18.5 19 19.5 20 20.5 21 215 22
logg E [eV
102k — — 910 [ ]
galactic center
Credit: Ned Wright (UCLA) 58

Hooper et al. (2007)
D



Production efficiency ‘e & ¢ o
'\‘ @ /.
| S
fi( J/p) - t(r,) i=pp.py T
1+ ﬁ Example for py interactions in a jet
p.esc\'p
10721 — 6=10
. 10-5
e Compares the timescales for .
particle escape - interactions = 1078
e Calorimetric limit: f— 1 1071 14 15 16 17
logR(cm)
102 104 106 108
_ .



Secondary particle spectrum - 2

Interaction physics (branching ratio

Interaction physics +
+ typical energy)

Source properties

Acceleration physics

4 llisi A p-y collisions
E L(E) [erg/s] Protons e Protons
E L(E) [erg/s]
f -5 +2
-5 +2 p
, D
1
|
|
! |
: \ Neutrinos ; : Neutrinos
~0.05-E ~0.05-E E 0.01 GeV?

~

E

~0.05-E
p,max
4
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Lecture 3

Extragalactic Neutrinos in a Multi-Messenger
Context

61



Quasar 3C 273
Hubble WFPC2

F606W

Active galactic nuclei (AGN)

Artistic impression of an AGN

182,000 light-years
15 arcseconds

Quasar 3C 273
Hubble STIS coronagraph

core light blocked

Credit: DESY Credit: NASA, ESA, Bin Ren (Université Cote d’Azur/CNRS) 62




AGN dominate the GeV y-ray sky

Extragalactic y-ray background

Sky map EY > 100 MeV

4 ¢ Fermi-LAT
=+ Quasar outflows
10-6 - - Blazars
f Star-forming galaxies
I S e S : - - Radio galaxies
T e Total
E 107t
2 f
]
e
¢ |
1078
1071 100 10! 102 103
4th Fermi-LAT point-source catalog (4FGL) Ry (oaV
e 8yrsciencedata Wang & Loeb (2016) - see also: Ackermann et al.
° 5,064 sources (2015), Ajello et al. (2016)

o ~60%AGN (~56% of AGN are blazars) 63



Blazars dominate the TeV y - ray sky

Source Types

& SNR SNR/Molec. Cloud
Superbubble Shell Giant
Molecular Cloud
Composite SNR

@ Binary PSR Gamma BIN
Nova XRB

@ TeV Halo TeV Halo
Candidate PWN
PWN/TeV Halo

@ |BL Blazar FRI GRB HBL
AGN (unknown type)
LLAGN LBL FSRQ

& UNID DARK Other
@ Starburst

@ Gilobular Cluster WR
Microquasar BIN Cat.
Var. Massive Star Cluster
Star Forming Region BL
Lac (class unclear)




The AGN paradigm

Radio-Loud Broad Line
Quasar Radio Galaxy

Blazar

Narrow Line

/ Radio Galaxy

Jet

Narrow line

region \0‘36 ;
0.0
et
3 * Q\}
Broad line o** O
; Y
region o QP

Black
hole

Accretion

Not to scale! Radio-Quiet Quasar

Urry and Padovani (1995)

\ Seyfert 1

No jet a < 0.5 a > 0.5 Powerful jet
a ——————————

\ l ESRQ
Optically FRII

thick disc -

m
FR}- l Lac

Optically thin
hot flow

Laura Maraschiet al 2012 J. Phys.

s > ) Helical
28F " ~magnetic

Agudoetal. 2015 65




loguFv (relative)

AGN corona

5 3clm O..'Slp,m 400'keV 40?ev Heating Mecha
L cm/mm MIR-NIR X-ray Gamma | 1. Magnetic Recon
e 2. Buoyancy-Instability
" Radio Sub-mm/FIR  Optical-UV accretion disk. 3 Self-Compton
o -
-2} = e :
i [ Ry LT i o oo
_ 100
-4 — Typical Spectral parameters: Typical physical parameters:
———— - Accretion disc [=15-25 Distance ~ 10 Rg
[ = Non-jetted AGN | -+ Hot corona i ELSARCE oy
L - —Jet (HSP) ceee= Bseé'f?‘étfégss" d Ecut=15 - 200 keV :ﬂe ;ﬁ;ﬁg& io"’ e
S e et(lSPY | e _10(40-4: n ~10% -
- e ———-Dustytorus 4 Lz -10kevy =1010-49 erg/s opah? ol ot 702 -1
-6 PR (S SR | PSR SR
10 15 20 25
logv (Hz) Recent review on X-ray coronae: Laha et al. (2025)
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Lightcurves

AGN blazar

,,d"@ 'f\“ "9{\’4 °

N N W5 N

5 B S o
M 0204 TeV
= 04-08TeV
= E>0.8TeV
© MAGIC

v VERITAS

Spectral energy distribution

MRK421 Ra=166.11392 deg Dec=38.20900 deg (NH=1.9E20 cmA-2)

Log vf(v) (erg cmA-2 sA-1)

-8 {
'
E) |
- |
’i“a F
10 . { =
R FEE g,
¢ A [ * o
- Lol S | .
cyw |
- .0 M |
12 e 2 | I | 3
¥ 1 |
L I ]
<13 5t | { |} 2.00e-7 =
; , \ =
H
14 Asie ° e £
5 3 F |z 1s0e7 |
d 3 5 3|3
1 b = B & |5
is 3 2 . £ i 3
2 3 g H i
H £ |3 100e7 |
=16 3
H
i | 5 500e8
-7 | ‘ 3
|
3 0 n 12 3 " 15 16 7 18 1 ) 21 2 3 ) 3 2 7 0.00e+0 L . . - L L L L L L L L L n
Log freque"cy v (HZ) 2009 2010 201 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Date (UTC)

Credit: SED Builder o ) 67
Fermi Lightcurve Repository



https://fermi.gsfc.nasa.gov/ssc/data/access/lat/LightCurveRepository/

Blazar subclasses

Narrowband spectral classification

‘ ‘ Image credit: F. Oikonomou
IR photons ‘
Dusty
- ‘ obscuring
|Broad structure
line ‘
‘W region (UV photons)

Slow moving outer layer? “sheath”

e~ 15-20

| G 1, -
jet » Inefficient

accretion
Accretion flow (ADAF)

disk ‘
- ‘ dust?

Broad emission lines in optical spectra
Radiatively efficient disks

Accretion at Eddington rates

High jet power & y-ray luminosity

Radiatively inefficient disks
Accretion at sub-Eddington rates
Low jet power & y-ray luminosity

Log (vLv)

Broadband Spectral classification

LSP

ISP

LAT:
range

5

Licoetal. (2017) A&A

Weak/absent broad emission lines in optical spectra

Log(v) [Hz]

68



AGN jets: a multi-scale physical problem

e Many potential sites for energy dissipation, with different jet plasma properties
e Various particle acceleration mechanisms, with impact on photon emission

Reconnection

DSA DSA

b Magnetically dominated jet Kinetically dominated jet Hich
g

Broad line region clouds Torus field (IR)

/ \ Reconnection region
AP——

Helical magnetic field

I I I I | Low uturb/u
0.0001 pc 0.01 pc 0.1 pc 10 pc
Distance from black hole 105 |
Shukla & Mannheim, 2020, Nat. Comm. Matthews et al. 2020, NewAR




Numerical modeling

70



Non-thermal radiative processes Credit: . 1. Stathopoulos

e-syn e-1CS VY pair production /.+ Ve
Y ’ ‘ T ‘ %b”b i @ e .+ o

Bethe-Heitler Photopion pp collisions
p-syn pair production production
B /@ /.@ e
Y . @ . / + v

. o éﬁs’\' sﬁs" UL, e e




Recipe for radiative transfer in jets

INFREN

Doppler factor &

Specify emissivity and absorption coefficients for all
relevant processes

Specify geometry (blob or slab)

Solve radiative transfer equationin jet rest frame

Apply Doppler boosting to calculate observed quantities

T T T T T T T

—(V/c)cost)™

2 lig

Viewing angle 6 [deg]

Kinetically dominated jet
Torus field (IR)

Magnetically dominated jet

Broad line region clouds

/ \ Reconnection region

Helical magnetic field

[ 1 ] 1 '

0.0001 pc 0.01 pc 0.1 pc 10 pc
Distance from black hole

Emission
pattem

Luminosity

Frequency

L 4 L=5 L'
v' v=6v'
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One-zone emission models

Log (vLv)

N
2

Leptonic synchro-Compton models Proton synchrotron models Lo

i

Licoet al. (2017) A&A

Hadronic cascade models
e-SYN %A e-SYN p-SYN

Bibliography
Neutral pion models Hybrid leptonic models* e  Leptonic: Maraschi+1992, Dermer,
Schlickeiser, Mastichiadis 1992,

Sikora + 1994, Mastichiadis & Kirk
1995, Tavecchio+1998, Boettcher &
Dermer 1998....
° Hadronic: Mannheim & Biermann
e-SYN '|CS 1992, Mannheim 1993, Aharonian
e-SYN € 2000, Muecke & Protheroe 2001,
Boettcher+2013,
Petropoulou+2015a,b ... 73




Radiation zone

P ~

Numerical approach

injection / n n  , ©5CaPE
i s LY e

| P ete !
=D P

v N,N J

\ Y v ,'

ON;(E, t)
ot

Evolutionintime  Energy losses Escape term Injection terms

e Partial differential equation for particle species i distribution

e Keydifference with CR propagation models: feedback between primary and secondary
particles can be important!

74



Numerical codes - 1

PROTONS
oy

+
ot G aic

NEUTRINOS

on, n,
~

ot

tv.esc

ELECTRONS
on, n,

ot

- -

te.esc

PHOTONS

~
L)
ot t

y,esc

+

NEUTRONS
on, n,

6t+

+

tn,esc

LPBH

photopion
LP

+

- Q photopion
v

IC
L,

S
L

+ L4 L)Y

7, K

synchrotron
& decay

ATHEVA code (1995 -)

Q photopion
P

QIC
e

+

Mastichiadis/Dimitrakoudis/Petropoulou

Q photopion
e

QetPP

o

g

QVIC

b photopion
n

4
- |Q photopion
n

I

Q photopion
Y

(Dimitrakoudis+2012)

+(Qy

ext

PROs

Feedback of secondaries on primaries
isincluded

Time-dependent

Modeling of optically thick sources
and non-linear electromagnetic
cascades

e  Proprietary CONs

e Fortran 77 (relying on old
libraries)

e Longexecution times, not

designed for fitting
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Numerical codes - 2

LeHaMoC (2024 -)

PROTONS

% & BH photopion psyn | — photopion

% +tp’m+Lp + L, +|L, +|Q,

NEUTRINOS t by . t _______

2’;v N _ [qubotpion] | |y, K oo™ SHORT-LIVED MESONS |

0 i (SRS e SRS i S

ELECTRONS

g’;e % tne 5 LeIC £ Lesyn + Leann r@a - + QeBH b QeIC + Qew + erhotopion +’@
e.esc
‘ I

PHOTONS Y

% s tﬂ & LYIC L LYssa 4 LYW - QYsyn 4 QYpsyn +@ + QyIC e annn ¥ Qthotopion +
y,esc

NEUTRONSQ : ¢

on, + n, + | [, photopion| — Qphotopion [:::] PP collisions

ot B i iy o (Dimitrakoudis+2012)

Stathopoulos et al. 2024

PROs

Feedback of secondaries on
primaries is included

Time-dependent

Modeling of optically thick
sources and non-linear
electromagnetic cascades

Public code in Python

Short execution times (~1
sec for leptonic, ~20 sec for
hadronic)

MCMC fitting
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The Hadronic Code Comparison Project

A Comprehensive Hadronic Code Comparison for Active Galactic Nuclei

MarTeo CERRUTI®,' ANNIKA RupoLpi ©.%* Maria PETrROPOULOU © %% MARKUS BOTTCHER
StamaTios . StarHOPOULOS @ 1% FoTEINT OIKONOMOL .7 StAVROS DimiTRAKOUDIS @, %% ANTON DMYTRIIEV
SHAN Gao ©2 Susumu Inove @711 ApostoLos MasTichiapis @' Koura Murase ©,'* ' Anita Remver ©,1
Josuua RosinsoN @ % Xavier RobriGues @917 Warter WINTER © 2 AND ANDREAS ZECH

Cerruti et al., under review ApJS (arXiv:2411.14218)
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Codes

AM? ATHEvA B13 LeHa-Paris LeHaMoC

e  First comparison of codes used in
source modeling

e Determine & quantify systematics

e Helptoevaluate modeling results

The only time-dependent
leptohadronic public codes
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https://am3.readthedocs.io/en/latest/
https://github.com/mariapetro/LeHaMoC/
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TXS0506+056/1C 170922A

e |C170922A (~ 290 TeV) detected during a 6 month-long flare

e Blazar atz=0.3365 from weak emission lines
e Masquerading BL Lac with Esyn, pk <4 eV [IBL] — hidden broad line region
(Padovani et al. 2019, MNRAS; Georganopoulos & Marscher 1998; Giommi & Padovani 2013)

IceCube collaboration 2018, Science
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Modeling of the 2017 flare Petropoclos 2018, Comutl et 2015, Gan kol 2008
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e Leptonicy-rays — inverse Compton scat. radiation of accelerated electrons

e “Hidden” hadronic emission — Hybrid model

e Max. neutrino flux is set by the X-ray flux e alfe 6
e Max. ratio of neutrino-to-y ray flux Y ~ 0.03

e Max. proton energies below EeV — not an UHECR accelerator




How many v are expected from other epochs ?

Petropoulou, Murase, Santander et al. (2020) ApJ
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Diffuse neutrino emission from blazars

Oikonomou ICRC 21 (arXiv:2201.05623)

MAALL B a el e e e L e R e a i e e e L e e . 10—6
¢ IceCube 30 upper limit s Murase+14 Ly /L, =3 = Rodrigues+21 UHECR fit
? IceCube 1o upper limit 4 10774 =~ Padovani+15 F,/F, = 0.8 Muecke+03 LBL

= |ceCube neutrino data
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e Blazars (BL Lacs) explain 100% of EGB > 100 GeV and 10% of
diffuse v flux withY ~ 0.8

3 e Absence of event clustering — blazar contribution <10-20%
* 907 10 10-5 104 10‘3E [P28]1 0.1 1 10 100 1000 to diffuse v ﬂUX
e  Stacking limits (Fermi 3LAC) — blazar contribution <5-15% to
Padovani, Petropoulou et al. (2016) MNRAS diffuse v flux
e |ceCube 9yr extreme high-energy (EHE, > 5 PeV) limits —
<10-8GeVcm-2s-1sr-1— Y<0.1 82



Is Y universal in the blazar population?

Hypothesis: AGN blazars describe the diffuse v flux
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a
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Palladino et al. (2019) ApJ
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Findings:
e Unresolved BL Lacs describe the diffuse v flux
e Baryonicloading ¢ (=Lp/Ly) and ratio Y (=Lv/Ly) must evolve
with with Ly — Data driven approach 83




Is Y universal in the blazar population?
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Petropoulou et al. (2020) ApJ

Results from hybrid models (upper limits) and cascade
models (symbols) for different types of blazars:
PKS 1502+106 (FSRQ, hexagon), TXS 0505+056
(masquerading BL Lac; circles), true BL Lacs (squares),
and 3HSP J095507.9+35510 (extreme** BL Lac; other
symbols)

Modeling of individual blazars hints to a negative trend
of € (=Lp/Ly) and Y (=Lv/Ly) with Ly!

Ew

WORK IN PROGRESS

** Modeling of a large sample of extreme BL Lacs from the 3HSP

catalog is under way (Maria Rosaria Musone, Antonio Marinelli)
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A multi-wavelength view of NGC 1068
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What can we learn from the non-detection of TeV y-rays?

Check slide 52

E E GeV y-rays TeV y-rays
Energy threshold for yy — ete-: r. ’ > 0.25
GeV  keV
3L 2
Number density of photons: e -n o~ &y 4 -
%y 4R 3L
T B S — %
E . P 3 2L
@ E disk emission Murase et al. (2020) ApJ 3 3
10 [ e awy) 1 T
10 | B coronal emission E % [
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= 100 ! K °
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100 L
Murase (2022) ApJ
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NGC 1068 models: pick your flavor

Different hypotheses
CR acceleration:

o  Generic mechanism — power law

Stochastic acceleration in turbulence (Murase+2020, Murase 2022, Eichmann+2022, Fiorillo+2024b)

o

o  Diffuse shock acceleration (Inoue et al. 2019. 2020, Eichmann+2022

O  Magnetic reconnection (Kheirandish+2021 JFiorillo+2024a, Karavola+2025)
Common findings

Neutrino production site:

o inner disk and/or corona

o opaqueto TeV y-rays — constraints on coronal size
GeV y-rays: starburst
MeV y-rays: hadronic cascade

O

@)
@)
@)

+ Exercise

Different findings

Properties of corona:

Pair dominated plasma
Electron-proton plasma
Plasma magnetization

Size .




Corona powered by reconnection

\,.,&
;g-.’i",g'
{:. o 4 ‘:l‘l‘ué‘”
s |
?:'.
/56 view
{ of the
corona

Ripperdaet al. (2022)

For particle acceleration check : Werner & Uzdensky 2017,

Chernoglazov et al. 2023, Zhang et al. 2021, 2023

Poynting flux
' 4

Y

Comptonized Relativistic proton
X-ray luminosity luminosity
: T
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I X
Corona spectrum Proton
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y \
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Fiorillo et al., 20244, ApJL
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Results for NGC 1068

Bolometric X-ray luminosity, Lx [10* erg/s
- bttty x | 30g/]

—
oo © (=}

Reconnection layer size, L [r,]
-J

8
Luminosity in the 2 — 10 keV range, Ly [ 10] kev [10*® erg/s]

e Compactcorona: L~ (3-10)*Rg
e Pair dominated corona:n_/ np~106'7

Fiorillo et al., 2024, ApJL

~~ corona+cascade —-= 1" decay T Vet D,
-+ cascade -~~~ psyn —-— vty
o e p——rrll o Q)™
1043 py e-syn
T, 101
2
)
el Y
1039 %,
1037 /'_/'
'/’ .":/ "
100 103 109 109 1012 1015
E [eV]
e Highly magnetized corona: o, ~ 10% and o~
10°
e Non-thermal-to-thermal proton fraction: ~1

What about AGN corona with different X-ray luminosities and black hole masses?
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Extending to other AGN
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Stacking signal from ~ 700 AGN
(Swift/BAT-70M catalog; Ricci+2017, ApJ)
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Diffuse v emission from non-jetted AGN

Karavolaet al,, in prep.
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Diffuse emission from AGN

Data driven approach Physically driven approach
/’\
Astrophysical v NGC1068 v — S = NGC 1068 - BAT 100
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The multi-messenger picture

Energy production rates are comparable to a few ~10*3 erg Mpc3yr'! — Common sources?

1076 | : : : :
= isotropic y-ray hlgh-eljlergy - ultra-hlgh energy
s background neutrinos : ™ cosmic rays
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— . (Fermi) (IceCube) " (Auger)
‘ = L N il
(\i’) 10 HESE
1 2 (7yr)
E -~ R i I, o o e i
3 2 =<
- + /70
% 10 ] pr7(r)du/cgon :
&,
-9 1 y-rays from & cosmogenic™.,
10 7° decay v+ 7 @

10 100 10° 10* 10° 10® 107 10% 10° 10 101
energy E [GeV]

Halzen & Kheirandish, 2019, Frontiers



Key q ueStiOnS What is the driving particle

acceleration mechanism?

Where in the jet are the flares Where in the jet are neutrinos
produced? being produced?

Can data-driven approaches
reveal the conditions in the
emitting region(s) of AGN jets?

What is the
disk-corona-jet
connection?



Summary - 2+3

e Many astrophysical sources are plausible cosmic-ray accelerators and neutrino
emitters as they have sufficient energetics and interacting targets.

e The neutrino output of an astrophysical sources depends critically on two
quantities: the opacity to pp/py interactions and the rel. proton power.

e Both quantities may vary significantly across astrophysical sources and across
scales in the same source (multi-scale problem) making the problem extremely
complex.

e Usual numerical approach: PDE solvers for non-linear and non-stationary
physical problems

e Sources of diffuse neutrino flux and UHECRs remain unknown.
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Radio galaxies

Hercules A

Hotspot

Radio jets Host galaxy in

i i FRIl radio galaxy 3C98. .
(~500 kpc) optical light g FRI radio galaxy 3C31 00



O pa City ~ Efﬁ Ci en Cy Opacity = cross section * target density * length
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More photon content More gas content
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Outflows
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Comparing the opacity for py and yy processes
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Numerical scheme for solving PDEs

IMPLICIT
v z-1, 41z, j+1 z+1,j+1

O
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for time and energy difference

Y Points involved in time difference

Points involved in energy difference
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e Faster computational time
e No constraints on time step
for stationary solutions
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Proton-synchrotron (PS) models

Dimitrakoudis, MP. Mastichiadis 2014
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Liodakis & MP 2020, ApJL

Source declination
I )
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- —  8=0° [l -
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* Minimum jet power = (1-100)*Eddington luminosity
* Search for ~EeV neutrinos with future neutrino experiments (e.g. GRAND)
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Highlights

NGC 1068 Astro. v,
TXS 0506+056 —4— Astro. vev,
sl
= 10
. | ' ——
NJ:
| | —17-
8 IO Y
-
E.*j_
N»z{ 107 4

103 104 10°

IceCube Collaboration 2022, Science

Are neutrino spectra of
non-jetted and jetted AGN
different, and why?

Are all jetted AGN neutrino
emitters, or only those

sharing common properties
with TXS 0506+0567?

Can we explain the diffuse
flux with a combination of
jetted and non-jetted AGN?
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What sets the max v luminosity ?

gL, M=, EL, Check slide 52
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What sets the max v luminosity ?

[— 7,10 - 100GeV) > 1]
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e Optical depth for attenuation of 10 - 100 GeV y - rays must be low (TYY <1)

e PeV y-rays are attenuated in source by the synchrotron jet photons 07




Ly im 0.1

What sets the max v luminosity ? Bl 5 10 e s 5ol ot

logya(Frequency [Hz]) . 7,.,(10-100GeV)>1
10 12 14 16 1 3 25 28 30 32 w )

3 : ' B BH cascade, Ly £xle,, ~ srev > 3 X 10** erg/s
® X-SHOOTER 50 — 48
® uwvor e ‘ l_
1097 : f::’/NuStar _.2\ o
& macic e %) (@]
e O 49 —
= “3
10% - e E
£ ; = s =
\ +le-11 7
4 W - =
£ S (o) 4s, ©
a g = S
107 3 O 4 <
4 S 3
Fle-12 ed 3
(@) 42, O
O 46 2
10% 4 - \2
rle-13
. : : - : : ‘ 45 2 40.0
oS AR W ge B oan OE aw Log [photomeson efficiency]
teci - : gL BN s o 1 ~l[ﬂ]f e, L <3x10%" erg/s
e Synchrotron emission by Bethe-Heitler pairs vie, rie legn ~ 8P Upy &ty = g

must not overshoot X-rays SBH o et By o(e,/6 PeV)%(20/5) 108

syn




Where is the flaring region located ?

emitting

region? |

1018

Padovani et al. (2019)

Rem(cm)

\ 1017 ]

e Yy opacity constraints place the flaring region at the outer edge of the BLR
e Max.vluminosity is independent of the location along the jet

= Veritas Collaboration (2018)
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e Protonluminosity increases if the flaring region is located very far from BLR
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Why the p-SYN model does not work ?

Keivani et al. (2018) ApJ Gao et al. (2019) Nat. Ast.
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e  Proton-synchrotron models predict EeV neutrinos with low luminosities
e Lower Doppler factors — higher opacities — higher cascade emission — model overshoots X-ray data
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Hunting for extragalactic neutrinos...

Jetted AGN
GRBs, TDEs
Non-jetted AGN, Starbursts T ) ._

Steady* Transients

*accretion disk emission is variable

Steady but variable

(e.g. Eichler 1979, Mannheim, Stanev, and

Biermann 1992, Halzen & Zas 1997, Atoyan (e.g. Loeb and Waxman 2006, Stecker 2007, (e.g. Waxman & Bahcall 1999, Murase 2008,
& Dermer 2001, 2003, Murase et al. 2014; Tamborra et al. 2014, Bechtol et al. 2017, Perettiet Petropoulou et al. 2014, Bustamante et al. 2017,
Petropoulou et al. 2015, +++; see also review al. 2020; see also review Murase & Stecker 2023) Steinet al. 2021, +++ )

Murase & Stecker 2023) m



AGN coronae
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AGN coronae
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NGC 1068 models: pick your flavor

Different hypotheses

e CRacceleration:
o  Generic mechanism — power law
O  Stochastic acceleration in turbulence (Murase+2020, Murase 2022, Eichmann+2022, Fiorillo+2024b)
o  Diffuse shock acceleration (Inoue et al. 2019, 2020, Eichmann+2022)
O  Magnetic reconnection (Kheirandish+2021, Fiorillo+2024a, Karavola+2025)

Kheirandish, Murase, & Kimura
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Proposal No. 2: strong turbulence

1070

10—7_
1078¢

1079

All-flavor flux, E2d®, /dE, [GeV em™2 s7})

pp Otur = ()3, n= 0.3, F _: 0.3
R —_— 207‘!]3 ."‘[ — 10[ AL;_‘;

[ceCube, 2022

107 107 107
Neutrino energy, E, [GeV]

For particle acceleration, see: Comisso & Sironi 2019

Compact corona: L~ 20 Rg

Strong turbulence: 0B/B_~ 1
Electron-proton corona: n / n,> 1
Weakly magnetized corona: 0, ~ 0. < 1
Non-thermal-to-thermal fraction: ~10°®

Fiorillo et al., 2024b, in prep.
15




