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Cosmic Rays
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All-particle cosmic-ray spectrum

Direct measurements Indirect measurements
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Cosmic Rays
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Cross section (mb)

Cosmic Rays
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Cosmic Rays

Equivalent center-of-mass energy (eV) Vs, (eV)
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Inelastic cross-section measurements and model predictions for pp interactions as a function of energy.
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Cosmic Rays

Equivalent center-of-mass energy (eV) Vs, (eV)
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Photonuclear cross sections from hydrogen to iron
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Photonuclear cross sections from hydrogen to iron
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Cosmic Rays

Lorentz factor I
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Figure 8: Energy loss length for protons (left panel, as a function of energy) and heavier nuclei (right
panel, as a function of the Lorentz factor), computed for redshift z = 0 (from [62]). The separate
contributions from pair production (e*e™~) and from photo-disintegration (y-dis), as well as the dominant
photon background responsible for these lasts, are indicated.

S. Mollerach and E. Roulet, arXiv:1710.11155
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Fraction of events fromr< D
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Figure 9: Fraction of the flux observed above a threshold energy E\;, originating from sources within a
distance D. Sources are assumed uniformly distributed and with power law spectra (v = 2.2 and 2.7
are shown). The curve labeled as 0.9 would correspond the the GZK horizon defined as the distance
within which 90% of the flux observed above a given threshold was produced (adapted from |63]). Left
panel is for proton sources and right panel for Fe sources.

S. Mollerach and E. Roulet, arXiv:1710.11155
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Opacity of Universe to gamma rays
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Cosmic Rays
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Figure 1. Plot of the absorption of 7-rays on CMB photons. Panel (a): for a source at distance

L = 4 kpc, 8.3 kpc and 20 kpc. Panel (b): 2D density plot of exp[—T,YC,YMB] as function of L and E.,.

A.E., P. Serpico, arXiv:1505.06486
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Cosmic Rays
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Figure 2. The energy density of ISRF (including starlight, IR and CMB), extracted from GAL-
PROP [28], at three different positions in our Galaxy: the dotted curves are for (r,z) = (0,0), that is
GC; the solid curves are for (7, z) = (8.3,0) kpc, that is the Sun position, and the dot-dashed curves

are for (r,z) = (8.3,5) kpc.

A.E., P. Serpico, arXiv:1505.06486
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Cosmic Rays
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Figure 3. Plot of the absorption of y-rays on SL+IR photons, for a source at distance L = 8.3 kpc
(solid curves) and 20 kpc (dashed curves) for various directions.

A.E., P. Serpico, arXiv:1505.06486
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Unified picture of AGN
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EM cascade
A cascade develops due to:

Y+V: — € + et Pair production
Inverse-Compton scattering e+ V¢ — ’y/ + e
EM cascade: pp — IC — pp — IC — ..
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EM cascade
A cascade develops due to:

Y+V: — € + et Pair production
Inverse-Compton scattering e+ V¢ — ’y/ + e
EM cascade: pp — IC — pp — IC — ..

\/ Existence of the cascade has been predicted soon after the discovery of CMB at 65', by
I. R. Rozental and S. Hayakawa (both in oral presentations).
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EM cascade

A cascade develops due to:

Y+V: —> € + et Pair production
Inverse-Compton scattering e+ V¢ — ’y/ + e
EM cascade: pp — IC — pp — IC — ..

J Existence of the cascade has been predicted soon after the discovery of CMB at 65', by
I. R. Rozental and S. Hayakawa (both in oral presentations).

The cascading process has been elaborated and used by Berezinsky and Smirnov 75’ to
J constrain the cosmogenic neutrino flux (the idea was proposed earlier by Berezinsky and
Zatsepin 69'). The first analytical calculation was performed in this paper.

Idea: the cosmogenic neutrinos are produced in pycums interaction through the A* resonance.
The same process produces e and y. So, the energy density of the neutrinos and diffuse
gammas are related by a ratio of 1/3. The recent Fermi observation: weas = 5.8x10-7 eV/cm3.
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EM cascade

A cascade develops due to:

Y+V: — € + et Pair production
Inverse-Compton scattering e+ V¢ — ’y/ + e
EM cascade: pp — IC — pp — IC — ..

J Existence of the cascade has been predicted soon after the discovery of CMB at 65', by
I. R. Rozental and S. Hayakawa (both in oral presentations).

The cascading process has been elaborated and used by Berezinsky and Smirnov 75’ to
J constrain the cosmogenic neutrino flux (the idea was proposed earlier by Berezinsky and
Zatsepin 69'). The first analytical calculation was performed in this paper.

Idea: the cosmogenic neutrinos are produced in pycums interaction through the A* resonance.
The same process produces e and y. So, the energy density of the neutrinos and diffuse
gammas are related by a ratio of 1/3. The recent Fermi observation: weas = 5.8x10-7 eV/cm3.

J The idea applied to discrete sources by Gould and Schreder 66'. The cascade process proposed
to search for extragalactic magnetic field (halo component) by Aharonian et al at 94"
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EM cascade
Target photons:
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log10(frequency) [Hz] Driver 2021
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COBE/Planck (Odegard et al. 2019)

10°
e ® ® &

10°

1072
|

Intensity [nWm™ sr™' |
o

107
|
e
=)

1071° 107° 10° 10°

Wavelength [microns]

Avman Cf;smai[i | B | | IDPASC @ Natal o ” 22/ }u/y/l2026



EM cascade

EBL: The light emitted by all galaxies over the history of the Universe at
ultraviolet, optical, and infrared wavelengths

| | | | I B | | | | | I B
| W This work (EBL Reconstruction) Xu et al. 2005 (23)

A
Abramowski et al. 2013 (18) B Keenan et al. 2010 (24)
7r  Biteau & Williams 2015 (19) © Voyer et al. 2011 (25)
o
@

~ 100

& Abdalla et al. 2017 (20) Ashby et al. 2013 (26)
——— Meyer et al. 2012 (21) Driver et al. 2016 (27)
V  Gardner et al. 2000 (22
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].:_ d —:
u | | L1 | | I I
0.1 1 10
Wavelength  [pm]
arXiv:1812.01031,
Fermi coll.
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EM cascade

EBL: 100 I ' T T T 7w This Work == Helgason & Kashlinsky 2012 (17)
- * Finke et al. 2010 Model C (15) == == |noue et al. 2013 Baseline (54)
* Kneiske & Dole 2010 (55) Stecker et al. 2016 (76)
== Dominguez et al. 2011 (16) === Franceschini & Rodighiero 2017 (52)
== == Gilmore et al. 2012 Fiducial (51) ===+ Andrews et al. 2018 (77)
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EM cascade

Characteristic energies (monochromatic photon gas with energy ¢):
(Berezinsky and Smirnov 75" estimation)

N, —

characteristic energy of Mz lp EP
o €Ep 0.1
the initial photon/electron € 10
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EM cascade

Characteristic energies (monochromatic photon gas with energy ¢):
(Berezinsky and Smirnov 75" estimation)

N, —

characteristic energy of T E
Y € 7 01 P b

the initial photon/electron € 10
bsorption
2 E., >¢€ absorp
critical energy of gamma > ! ! due to p-p
€y N —
(transparency) Y €
E, <e, free escape
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EM cascade

Characteristic energies (monochromatic photon gas with energy ¢):
(Berezinsky and Smirnov 75" estimation)

characteristic energy of T E
Y € 7 01 P b

N, —

the initial photon/electron € 10
bsorption
2 E, > ¢ absorp
critical energy of gamma > ! ! due to p-p
6 Y q
(transparency) Y c

by < ey free escape
min energy of e in p-p €&y mg i e d.ec.eler'm‘es by
(cascade multiplication) €e = E ~ -> < €¢ emitting Compton
€ photons. No new e
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EM cascade

Characteristic energies (monochromatic photon gas with energy ¢):

(Berezinsky and Smirnov 75" estimation)

characteristic energy of

s €Ep 0.1 ~ ——
the initial photon/electron € 10
bsorption
2 E, >¢€ absorp
critical energy of gamma > ! ! due to p-p
€ Y q
(transparency) Y ¢
E, <e, free escape
min energy of e in p-p &y mz > e decelerates by
(cascade multiplication) Ce = E ~ 9 -> < €e  emifting Compton
€ photons. No new e
2 .
Compton photons €x ~ 4 €c€ N €y *;‘e :'9hes* e”.e'"gz
d Iti phas > of photons emitte
(end of multi. phase) 3 m?2 3 by ¢ when E. ~ .
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EM cascade
Qualitative description (monochromatic photon gas):
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EM cascade
Qualitative description (monochromatic photon gas):
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EM cascade

The dichromatic photon gas approximation:

The photon gas consists of two populations
(EBL = Extragalactic Background Light ; CMB = Cosmic Microwave Background)

Cebl > Ccmb and Memb > N ebl

Approximation: €Ecb] ~ 1 eV and  €empb, ~ 6.3 X 107%eV
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EM cascade

The dichromatic photon gas approximation:

The photon gas consists of two populations
(EBL = Extragalactic Background Light ; CMB = Cosmic Microwave Background)

€Eebl 2> €Ecmb and Nemb 2> Mebl
Approximation: €Ecb] ~ 1 eV and  €empb, ~ 6.3 X 107%eV

Due to these inequalities, the cascade develops in two stages:

Incident Particle Process Target Density [cm™°] Cross Section [07] A [Mpc]

1) p-p on CMB and IC on CMB Gamma Rays

vy — eTe” on CIB (TeV) 0.5 3/16 10
vy — eTe” on CMB (PeV) 410.5 3/16 1072
ye — e 1077 1073 10
2) p_p on EBL and IC on CMB Electrons and Positrons
ey — ey on CIB (TeV) 0.5 1 1
ey — ey on CMB (PeV) 410.5 1 102

p-p on EBL has a lower threshold than the p-p on CMB
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EM cascade

Characteristic energies
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EM cascade
Numerical solution:
The problem is a general Boltzmann process:

Ne — .e,IC =+ Ne,pp =+ Ne,inj

. . . dn |
Ny = N~y 1C — Ny pp — € dr T~ inj

Where the production rate [cm-3 s-1] is:

. €max 1 1 L /BIUI EI,max Emax dO.
N = C/ de TZT(G) / d,LL 9 / dEI nI(EI)/ dE/ d—E(E/, E)

—1 EI,min Emin

€min

The flux can be calculated by: i
C max dN
= — dF —

min
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EM cascade
Example of IC:

, 00 2v(148)w d
Neic = c/ de nT(e)/ dk Ne(K) lS
0 29(1—B)w dk

doic 3o 4 8 1 8 1
pr— 1 —_ o 1 1 _ o o _ . . . °
de ~ 3272Bw? K - /@2) n(l+ k) + 5+ w21+ R)? Klein-Nishina limit

1 €2

nT:CMB(E) — —
where (7o) oxp (k::T) -, E, =~ymec

Example of p-p:

\ - e B e dopp Promes ;\ doic /
Ne pp = C/o denT(e)/l d,uT - Ak, d—E(E,y,E) Ny inj (Fy) +/EIC - dE" N.(E") o (E,E" - E,)
dep ?)COT(l — 5,2) 14 1 + 5/ / /12
o 6 |68 () —28 28

where B =\1-2/wws(1—p) .  wi=¢/mec® . wy=FE,/m.’
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EM cascade
Example of IC:

. 00 2v(14+8)w d
Neic = c/ de nT(e)/ dk Ne(K) lS
0 2

Y(1-B)w dr
T - Kl -2 %) In(l+#)+ 5+ - — 55| Klein-Nishina limit
ELMAG, M. Kachelrie3 et al,
where DINT 2
EleCa,

Exampl GCascade, C. Blanco (Boltzmann eq. approach)

. o Mmax 1 _ ,U/ Emax dO_pp EIC,max , / dO_IC /
Ne,pp = C de nT(E) d,u T dE»y d—E(Efy, E) N inj (E'Y> —+ dFE Ne(E ) JE (E, E — Efy)
0 —1 Emin EIC,min

dop,  3cor(l— (%) 4 143 / 2
dl%p_ T [(3—/3 )ln( )—25(2—5)]

where B =\1-2/wws(1—p) .  wi=¢/mec® . wy=FE,/m.’
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Cascade development in very high energy

The cascade development we considered:
EPP vy —eTe and ICS EVp — €7
However, above the threshold of muon pair production we have:
_|_ —
MPP T — 1 [
OMPP = O'Epp(me — mu) , for s > 4dm

And also the double pair production

DPP Ay, — eTe eTe™  for s> 16m?

Am?2\°
ODPP ~ 6.45 ,ub (1 — me)
E.e
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— oy e e

— —>2(efe)
1024 1N EPP threshold: 2m,

10-1 10° 10! 107 10° 10* 10°

v's [MeV]
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EM cross sections for head-on collisions with € = 6.4 x 10~* eV photons

10725 - = N
\\\-\ =TT
1027 - //’ \\\\
/ N
A ~
-29 | I N
g 10 , S
— I \\ |
10731 - 77T N
/
I
—33 | — ete —— € I
10 Y — - v — 7+ ) |
— yy—2(eTe ) —— ey—eee I
e e TR —— ey ey [
10735 L— — - — - '
1013 1015 1017 1019 1021 1023
E [eV]
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Cascade development in very high energy

OMPP

Although the MPP cross section is smaller than the EPP: ~ 0.26

s=1018 eV?2

OEPP

the interaction length Amper is smaller than the energy loss length Aepr at high-redshifts

109} _ _ )\ ___________ )\ __________
I}
a,
mz 10*
Interaction length w
-’ 2
v 10
1 §0 Agpp ——
Ap(E) = =
p 1—p = 2 S
[de [ anSEncun(@) oy(s) o —
Z 102 DPP
Q z=5 —
g Hubble length
= z=15 - =
S 107*
1014 1616 10118 10120 1022
Energy loss length E,(1+2) [eV]
1 ..
A, (E) Inelasticity

- Jde [ dp 5E nems(€) op(s) [1 = np(s)]

1 E' do
= dE — E’
o) = = [ o

Avman (f]smai[i | B | | ITISC @ Sao Ca’z/os o ” 09/ 7/]0—\)7 2023



Cascade development in very high energy

Other subleasing processes also are important (at ~ 10% level)

Process Name Acronym
Yy — eTe™ Electron Pair Production EPP
Yy — u,"',u,_ Muon Pair Production MPP
Yy — eTe etTe Double Pair Production DPP
Yy — T Charged Pion Pair Production CPPP
ey — e~y Inverse Compton Scattering ICS
ey — ep,—l_u_ Electron Muon-Pair Production| EMPP
ey — eetTe Electron Triplet Production ETP

107

107

) 105 \ Sy 105
o \ Sso @
3 \ e E
= 109) w1031
~ \ 0
+ : +
— 101 - \.\ = 10" -
X ~. ~— <
< 107!+ e e < 107! -
p ———————————— — _.J .
%O Interaction Length %D Interaction Length
2 1073 - ICS 2 1073 === MPP
——- EMPP Energy Loss Length —-- DPP
—.= ETP - EPP . CPPP
10_5 1 L] 1 10—5 1 1 1
1014 1016 1018 1020 1022 1014 1016 1018 1020 1022
E (1+2) [eV] E (1+2) [eV]
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EM cascade

MPP: ON 102! 4 75?:101021 eV 10% eV
DPP: ON o rem == Rl
EMPP: ON =100

CPPP: ON ~

Source: CMB % 1017

Redshift: 10 =

INJ_Spectrum: Monochrome ;‘S 1015

E_gamma: 1le+21

Number_of _photons: 5000 1013

BREAK Energy: 1.le+17

1013- ----1--6]4- --'-lnn(-)llsu ----1-616- -'--1-617- -uunl--(-)llgu '-.'1:'6]9- ---11-620- ----1-62]
E, [eV]
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