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Further reading

T.K. Gaisser; R. Engel & E. Resconi - Cosmic Rays and Particle Physics,
Cambridge University Press (2016)

C.Dermer & G. Menon - High-energy radiation from black holes: Gamma-rays,
Cosmic Rays, and Neutrinos,

Princeton University Press (2009)

G. Ghisellini - Radiative processes in High Energy Astrophysics,
Springer (2012)
https://arxiv.org/abs/ 1202.5949

R.Alves-Batista et al. - Open Questions in Cosmic Ray Research at Ultrahigh
Energies. Front. Astron.Space Sci. 6 (2019) 23 arXiv:1903.06/ 14



https://arxiv.org/abs/1903.06714

Ultra-high-energy cosmic rays
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Neutrinos
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Multimessenger diffuse fluxes
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Ultra-high-energy cosmic rays
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Hoss(E, = 107 eV) ~ 100 Mpc
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Secondary messengers

Q P + YCMB/source — P + €+ +e

P+ YcMmBisource 2> R H AT > n+put+y, >ntet +y,+u,+ 70,

“Greisen, Zatzepin, Kuzmin™ process B neutrinos!

., = : F =

}/S ource U 2 O proton
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€+ RN
1 ) ) > ~N
Ey = 1_0 proton RN
Averaged branching ratio, Relative gamma-ray/neutrino energy flux: I §




Generic source properties

e Hillas criterion for acceleration and plausible sources

e UHECR emissivity and number density

* Waxman & Bahcall neutrino bound (possible connection to UHECRS)
* Neutrino source emissivity

* Neutrino source number density and implications



Cosmic-ray accelerators that satisfy the confinement re
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Cosmic-ray accelerators that satisfy the confinement
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Generic source properties

e Hillas criterion for acceleration and plausible sources

e UHECR emissivity and number density

* Waxman & Bahcall neutrino bound (possible connection to UHECRS)
* Neutrino source emissivity

* Neutrino source number density and implications
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|.UHECR energy loss length

Mean free path = |/ (number density of targets x
cross-section)
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|.UHECR energy loss length

Photo-pion production (GZK process when target is the CMB)

Photo-pion production: 10°
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Estimate of number density of UHECR sources
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Plerre Auger Observatory:
50,000 UHECRSs above 8x 0!8 eV
40 UHECRSs above [020 eV
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Lower limit on the number density of UHECR sources

N,

SOUrce

< Ngg

The absence of clustering (multiplets) of UHECR arrival directions gives a
lower limit to the source number density:

The expected number of events from each source (assuming equal fluxes) is:
nyg = NCR/N

SOurces

The Poisson probability to see O events from a source is
0

PO) = e_”*n—* =e
0!
The Poisson probability to see 1 event from a source is
{2
P(1) = e_”*F = ¢ ""n.

The probability to see no multiplet in the whole dataset is
P(no multiplet) = (1 — P( > 2))"sources
= (P(0) + P(1))souces
= (e7"(1 + n.))Nsources
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Lower limit on the number density of UHECR sources

The probability to see no multiplet is
P(no multiplet) =(1-P(> 2))Nsources
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Lower limit on the number density of UHECR sources

Application to Auger arrival directions (43 events, E> 7x101° eV)
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Conclusion #1: UHECR sources are numerous nore recent resu

FO, Connolly , Thomas, Abdalla, Lahav, Waxman, JCAP05(2013)015



Generic source properties

e Hillas criterion for acceleration and plausible sources

e UHECR emissivity and number density

* Waxman & Bahcall neutrino bound (possible connection to UHECRS)
* Neutrino source emissivity

* Neutrino source number density and implications

29



UHECR energy density

(see Auger Coll 2025 PRL for the most recent update)

J(E) I1s the measured number of particles per unit
energy, per unit area, per unit time, per unit solid
angle

J(E) =

dEdAdrd€2

The number density of particles Is

dN dN dN 4dr
g n(E) = - = = —J(E)
~ Es = (39 +2+8) EeV dEd’>x dE dIdA dE cdr dA C
Ei/ _ 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 — dr EIE) dE
lg(E/eV) Ug = | £ n(E) s J(E)
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UHECR energy density

Auger Coll, ICRC 2017 (see also Auger Coll 2020 PRL) At 5 EeV we measure

Ej-Jy,=10"" eV km = sr™! yr!

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

S JRPSIE TSP Ureoens 2 221 In(E. JE.. ) ~ ~ZE2] In(10)
Ei’ | E1/2:(2éi1i4)EeV UHECR ™ B 0“0 max’ ~min B 0v0
CEIJ | ® Auger (ICRC 2017) 53 3
175 180 185 | 190 195 200 ~ 10 eV cm™> =~ 6% 10’ erg Mpc™
Ig(E/eV) |
kg
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UHECR emissivity

Auger Coll, ICRC 2017 (see also Auger Coll 2020 PRL) At 5 EeV we measure

il
s Eg . Jp=10°"2 eV* km™ sr! yr~
I i .
£ Fae = (5054006.:05) BV which corresponds to (for an E-2 spectrum),
('\l> E E
< 1037_ i 4
~ _ (3¢ . 2 2
E Eigiiiiie\; UUHECR ~ - E JO ln( max mln) ~ TE JO 111(10)
CBJ B Auger (ICRC 2017) E 53 3
175 180 185 190 195 200 ~ 10 eV cm™> =~ 6% 10’ erg Mpc™
'BtE/eV) | erg ~ | TeV/
- B .
Our estimate of the energy production rate based on the observed spectrum:
Unr Uynr U
EUHECR N CHECR = CHECR —HER v 2 x 10% erg Mpc™ year™!

tloss,U} HCR )(loss,UP *CR/C 1 GPC/C

Full derivation based on simulated intrinsic source spectra:
: - 44 -3 -1
8Auger combined fit ~ 5% 10 631;? MpC year



3.UHECR emissivity: Comparison to source classes

éunpcr 2 X 10* erg Mpc™ year™

ool | Nk | ey | ousien | Emisi
Milky Way like galaxies |0*2erg s | |0*2 erg s-!gal! Gyr 1047 erg Mpc-3 yr-!
Core collapse supernovae |10~ erg |02 gal-l yr! |04l erg s-lgal-| kyr |04 erg Mpc-3 yr-!
Neutron stars (magnetars) |0 erg s 0-3 gal-! yr| 0% erg s-lgal! kyr 0% erg Mpc-3 yr-!
Gamma-ray burst (on-axis) |10~ erg 0-7 gal-! yr! 038 erg s-'gal! | - 100s 042 erg Mpc3 yr-!
Jetted TDE (on-axis) | 01648 erg 5| |07 gal-l yr! 1037 erg s-lgal-| ~yr |04 erg Mpc-3 yr-!
TDE O*erg sl | 0> gal-l yr! 037 erg s-lgal! ~yr 043 erg Mpc-3 yr-!
Starburst galaxies 0% erg 5! | 0-2 0% erg s-'gal! ~Myr 0% erg Mpc yr!
Non-jetted AGN | 0% erg s | 0-2 |0%2 erg s-lgal-| ~Myr | 0% erg Mpc3 yr-!
Blazars | 047-4% erg 5| |0~ |0*2 erg s-!gal! ~Myr | 0% erg Mpc-3 yr-!

Conclusion #2: Emissivity for most sources OK.
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Generic source properties

e Hillas criterion for acceleration and plausible sources

e UHECR emissivity and number density

* Waxman & Bahcall neutrino bound (possible connection to UHECRS)
* Neutrino source emissivity

* Neutrino source number density and implications
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Waxm an- Bah Cal I bO un d E.Waxman, J. Bahcall, PRD 1998
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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

EZodNcr/dEq ~ Eg; (at the source)

: ~ 104 -3 -1
éunecr ~ 1077 erg Mpc™ year

® Proton loses fraction, €, of its energy

C
E1D [single flavour =— ¢ LIy €
g ) ‘Ey=0.05Ecr 4T o) H “UHE
we called it J before... \
=1.5X% 1()_865Z GeV cm™2 \ Hubble time

p+y—p+r°-BR50% | |
2 50 % ¢, ~ 0.6 (no evolution) — 10 (rapid evolution)

p+y—-n+x— B
rt > utty, >et+y, U, v

5@8 Of E_.



Waxman-Bahcall bound
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Waxman-Bahcall bound

107> -
§ IceCube HESE, v, 6yr -+ FermiEGB KASCADE
10~6{ — IceCube EHE 9yr == Auger2016 A Auger
— 1. — Auger2017 A TA
IB 1 0_7' *""*.._h* Waxman-Bahcall
i H.I. /% >
7
~ 1078 T ——
A
LE) —9 A
> 10 : A
O ]
2 10-10] E2D (single flavour) | =
o 107773 =y E,=0.05E,, —
W = 1.5x 107%£. GeV ecm™2 s7! sr!
10—11 Z
10712 .

Conclusion #3: IceCube neutrinos consistent with VWB (could be coincidence)



Generic source properties

e Hillas criterion for acceleration and plausible sources

e UHECR emissivity and number density

* Waxman & Bahcall neutrino bound (possible connection to UHECRS)
* Neutrino source emissivity

* Neutrino source number density and implications
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Neutrino source number density

The product of luminosity per source, L, and source density, n, corresponds
to the total emission per volume and Is constrained by the observed diffuse
flux of neutrinos

Emissivity/luminosity density ~ (L) - n

[he number density gives the volume within which one source must lie 1s

4ar; 1
V, = ~
3 n
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- ANTARES E~2 Sensit. === 90% Sensit. 3
107"y ——. ANTARES B3 Sensit. —— &g Disc. Pot. E-3

Neutrino source humber density «
=

50 Disc. Pot. E~2
90% Upper Limits £~

TQ 10_9% 90% Upper Limits £~
- [he nearest neutrino source must therefore be at distance E 1077 1 _
}ZE 10— LA vé;;"‘v_' v .;':.:"
=B _
dzn\ """ e.g.n=10"*Mpc™ S0, Yy =13 _.-zﬁw;—";
(r) ~ | —= — (1) | ALY
3 rp = 10 Mpc 107775 | 05 1.0

he flux expected from an individual source with neutrino luminosity Lis f ~

A7rr2

» Sources below the IceCube point-source flux sensitivity Fiin must therefore satisfy

1/2

47[Flim
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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
1/2 9
7 blazars 10
r> FSR
dnkF;,, (BRY)
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
A \ 4nk;,, clusters
|etted AGN | O-4
Agn\ 3 Normal 02
where we used Eq. (1) r; ~ N galaxies
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see also Lipari PRD/8(2008)08301 |
Ahlers & Halzen PRD?0(2014)043005

Neutrino source number density

Ackermann, Ahlers et al. 2019,
Yuan et al 2019,

Capel, Mortlock, Finley 2020.
March-Groth, Ahlers 2025

Murase & Waxman 16, PRD 94 (2016) 103006
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Conclusion #4: Neutrino sources are not rare and powerful




