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UHECR are strongly suspected to be of extragalactic origin
Extragalactic very-high and ultra-high-energy cosmic-rays produce secondary (cosmogenic)

neutrinos and gamma-rays during their propagation interacting with the extragalactic background
light (UV-optical-IR, CMB)

(at redshitt zero)
* pair production: N+y—=N+e*/e- ==> secondary e*/~
Threshold with CMB photons
* Pion and meson production : ~10'8 eV per nucleon (at z=0) \
0 - 2y Seel ]
nt->ut+v, ut >V, +e* +v, ==> secondary e*/~,yand v W
w U u e yer'T,y IR/Opt/UV?Y, |
TS u +7V,u v, +e +7, Threshold with CMB photons 1ot | (Reiske et al. 2006
~1020 eV per nucleon (at z=0) 105 “
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Ultra-high-energy cosmic-rays (UHECR), neutrinos and
photons : the multi-messenger link

UHECR are strongly suspected to be of extragalactic origin
Extragalactic very-high and ultra-high-energy cosmic-rays produce secondary (cosmogenic)
neutrinos and gamma-rays during their propagation interacting with the extragalactic background

light (UV-optical-IR, CMB)

(at redshift zero)

e pair production: N+Y—=N+e*/e- ==> secondary e*/~

* Pion and meson production :

T 2y \\\
nt > ut +v, ut >V, +e* +v, ==> secondary e*/~,y and v g IR/OYUV™, -
T - #_ + W’ #— - Vu +e” + 17e 104; (Kineiske et al. 2006)\5

10% 10° 10* 10° 102 10" 10° 10

Vs only suffer from the expansion of the universe while propagating in the extragalacti€medium
e*/e- and Y further cascade by interacting with the photon backgrounds :

e+1eg > €4y Inverse Compton wsy the universe is opaque to high-energy
Y+Yeg > €*+e- pair production Ys (pile-up at sub-TeV energies)

Diffuse UHECR (E>10!7 eV) flux
= diffuse V flux in the PeV-EeV range
= diffuse y-ray flux in the GeV-TeV range
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Ultra-high-energy cosmic-rays (UHECR), n

eutrinos and

photons : the multi-messenger link

UHECR are strongly suspected to be of extragalactic origin

Extragalactic very-high and ultra-high-energy cosmic-rays produce secondary (cosmogenic)
neutrinos and gamma-rays during their propagation interacting with the extragalactic background

light (UV-optical-IR, CMB)
e pair production: N+Y—=N+e*/e- ==> secondary e*/~

* Pion and meson production :

(at redshift zero)

~

IR/Opt/UV™, |
(Kneiske et al. 2006)\§
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The extragalactic photon backgrounds evolve with time (CMB is hotter

and denser as the redshift increases)

= cosmological evolution of the sources is expected to have a strong
impact on cosmogenic photons and neutrino fluxes

100 -

p(2)/p, (comoving density)
o

—

no evolution (uniform)

— — GRB (Wanderman & Piran 2010)

Star Formation Rate (SFR, Hopkins et al. 2006)
----- Very luminous AGNs (FRII, Wall et al. 2005)

-
- ~

0.1
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Calculations of cosmogenic neutrino and photon fluxes
what do we do ?

. . Aartsen et al. 2016, Phys. Rev. Lett. 117 (24)
We assume a given extragalactic UHECR Ackermann et al. 2015, ApJ 799:86
. . . A Collaboration 2015 (ICRC
phenomenological model which relies on : Hger Collaboration 2015 (IGRC)
® source spectrum (usually a power law) . .
® source composition
. Fermi-LAT
® maximum energy at the sources 10" diffuse y-ray ]
. . (2015) IceCube v(2016]
e cosmological evolution of the sources v2016)
(distribution of initial redshifts) "\ 102
. i |
. . ‘o %
Particles propagation from the sources to the &
. o . -13
Earth is simulated (energy losses, secondary > [0 T T
icl ducti e Auger
particles productions) = e O
C:'é: 10-14 B " (2015) % a
A “good” model should reproduce Auger or TA W
UHECR spectrum
. X 10-15 | |
= normalisation for the secondary Vv and Y fluxes
= Vs and Ys must not overshoot lceCube UHEV
C . . . 10716 | | | | | |
sensitivity and Fermi-LAT isotropic gamma-ray 8 10 12 14 16 18 20
background (IGRB) log, E (eV)

E2x(diff. flux)
NB : it should also reproduce the observed

UHECR composition
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Assuming the maximum energy per nucleon is above 1020 eV (what most people thought until ~2010)
mixed composition similar to that of low energy galactic cosmic-rays :

N(E) o E-B’ Emax(Z)=Zx Emaxproton’ Emaxprotonz | 020.5 oV

IRIOPT/UV Kneiske 2006 mixed composition Ankle of the cosmic-ray
at the sources

evolutions : 107" spectrum
uniform Fermi-LAT CR_ .
SFR - Sy
FRII @2\p12 L :
e |
::; 0 13 i T
& Predicted suppression above 5.10!9 eV
@ 04 | n —> unrelated to the maximum energy
g at the sources
» —> GZK effect
107 | -
sz(dlff ﬂUX) 10 16 | | | | | | t

10 12 14 16 18 20
log. E eV




IR/OPT/UV Kneiske 2006 mixed composition
at the sources
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One example : mixed composition assumed

Neutrino “bumps”
peaking around 0!8 eV
—> produced by
UHECR >>1019 eV per
nucleon
—> TT-photoproduction
on CMB photons

E2x(diff. flux)

at UHECR sources

(Adapted from Decerprit and Allard, A&A, 2011)

IRIOPT/UV Kneiske 2006 mixed composition
at the sources
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Strong impact of the
cosmological evolution
of the sources on the

cosmogenic V fluxes

—> evolutions
significantly stronger
than SFR constrained by

lceCube




One example : mixed composition assumed
at UHECR sources

(Adapted from Decerprit and Allard, A&A, 2011)

IRIOPT/UV Kneiske 2006 mixed composition ,
at the sources subdominant

contribution of TT-
photoproduction to

All the energy released
in Y and e*e- piles up in
the subTeV range

-11
10 Fermi-LAT

. - cosmogenic YS
o —> dominant
o contribution of the e*e-
i | - :% 10713 pair production
tronlg |mpz|1ct oI t e o —> unlike cosmogenic
COfSFEO ogical evo ut;:)n m 0 | e Vs, cosmogenic Ys are
of the sour.ces :C)|n the =t *ungr%rdmomy ' not produced by the
LL - v . .
cosmogenic Y fluxes | highest energy particles
—> strongest evolution \ / ;415 | )
also ruled out by Fermi-
LAT IGRB
10°7'¢ | |
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E2x(diff. flux)
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The evolution of the composition implied by Auger composition analyses strongly suggest that the
composition is becoming heavier as the energy increases




Implications of Auger composition measurements
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The evolution of the composition implied by Auger composition analyses strongly suggest that the
composition is becoming heavier as the energy increases
—> dominant sources of UHECR do not accelerate protons to the highest energies

Low maximum energy per nucleon (a few EeV to 10/8 eV, well below the pion production threshold
with CMB photons) and hard source spectral indexes required

here N(E) <E-B, B<0, Emax(Z)=ZXEmaxPro©n,  EmaxPoton=a few x10!8 eV

obviously not a good news for UHE cosmogenic neutrinos predictions
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PHYSICAL REVIEW D 87, 081101(R) (2013)

all-particle - PRL 107
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KASCADE-Grande’s light ankle, equivalent to the ankle of the cosmic-ray spectrum but for the light
component (H-He), around |10!7 eV

—> most probably implies that extragalactic light component starts to be significant already at 1017 eV
—> light component quite soft above 1017 eV (~2.8)

10"




KASCADE-Grande’s light ankle
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KASCADE-Grande’s light ankle, equivalent to the ankle of the cosmic-ray spectrum but for the light
component (H-He), around 1017 eV

—> most probably implies that extragalactic light component starts to be significant already at 1017 eV
—> light component quite soft above 1017 eV (~2.8)

Difficult to make a consistent picture of the Auger composition + the light ankle with the above
phenomenological model
One would need a much softer spectrum for the light nuclei
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Model of UHECR acceleration at GRB internal shocks (Globus et al. 2015)
can reproduce UHECR data (Auger spectrum and composition)
- if most of the energy dissipated is communicated to accelerated cosmic-rays
- the composition injected at the shock has ~ 10 times galactic CR metallicity

NB : Spectrum on earth,
sum of the
contributions of all
GRB after propagation
in the extragalactic
medium

E3x(diff. flux)

E°dN/dE (eV°m®s'sr

25
10 EModeI C, i]sotropic, B, =0.1nG oAuger(IChC 2013)
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N. Globus, D. Allard, R. Mochkovitch, E. Parizot, MNRAS, 2015
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Phenomenological model : implications for the GCR to EGCR
transition

low proton maximum energy
—> composition getting heavier as
the energy increases

/
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Phenomenological model : implications for the GCR to EGCR

Heavier nuclei spectrum :
Very hard due to the high-
pass filter effect of the
escape process
—> Hard nuclei spectrum
required to fit Auger

composition at high energy

transition

low proton maximum energy
—> composition getting heavier as
the energy increases

/
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Proton spectrum : low proton maximum energy

Soft due to the —> composition getting heavier as
efficient escape of the energy increases
neutrons from the
source (secondary /

neutron from the
photodisintegration
of nuclei within the
source)

—> Allows the
proton component
to extend down to
the light ankle seen

by KASCADE-

Grande

Heavier nuclei spectrum :
Very hard due to the high-/
pass filter effect of the 102° :
escape process S — ‘ " —

> Hard nuclei spectrum 175 180 185 190 195 20.0 205

required to fit Auger log,, E (eV)
composition at high energy
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Phenomenological model : implications for the GCR to EGCR
transition

The difference in shape between the proton and nuclei spectra arises from the fact that the
source environment is strongly magnetized and harbours dense radiation fields
—> should not be a distinctive feature of GRB sources

10 §'Model C, isotropic, B'ext=0.1 nG » Auger (ICRC 2013) lg
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This type of model has been shown to reproduce the data from KG to Auger across the
galactic to extragalactic transition region

Globus, Allard & Parizot, 2015, PRD rapid com.
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Globus, Allard & Parlzot 2015 PRD rapld com

N ——— S — -
20.5| « KASCADE QGSJet Il (Finger 2011)] 850 - EI‘DOS-LHC‘ | % 80 - — EPOS-LHC _
: + KASCADE-Grande QGSJet Il-4 i proton P - - - QGSJet -4 |
—~ 20.0! . K-G electron poor 1 | - - - QGSJet II-4 ,/2'/ 1 L
o Bl it | P + K-G electron rich 1 | = . pl’OtOﬂ —-..=- SIBYLL 2.1 |
K2 [ * Auger (ICRC 2013) 1 ---= SIBYLL 2.1 g -
.w . ; |
o 1
E 1
> J
L 1
% total Gal+ExGal _
2 ]
o . ]
i e :
2 \ 1
> L 1
O 17.5 __ Galactic heavy elts" .
[ >Mg : 1 i o s LOFAR
- \ \ 4 r //,/ ’ n
17.0L | Leieiin TR VT J 600 =~ * Auger 5 I
15 16 17 18 19 20 S —— Ol
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log,, E (eV) log,, E (eV)

Extragalactic model coupled to a simple description of the Galactic component
(abundances obtained from balloon and satellite measurements, broken power laws assumed to
reproduce the knee of the different species at energies proportional to Z)

- Fair reproduction of the light ankle and heavy galactic component
- Good description of Auger composition observables when using the latest (LHC tested) hadronic
models
- Good agreement with more recent Auger analyses (down to 1017 eV) and recent LOFAR (radio)
measurements (as well as older HiRes MIA results)
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Phenomenological model : multi-messenger implications

I I I I I [

GRB-like evolution low proton Emax

11 Fermi-LAT SFR-like evolution Emax=Z.10205 eV
10°

diffuse y-ray

IC(2016) The impact is, as expected,
very strong on the predicted

‘-:,; | cosmogenic neutrino fluxes
C:f”- d Despite the low maximum
= energy per nucleon, the

= | diffuse y-ray flux is very

L similar to that of previous
1) v o mixed composition case
=S cosmogenic

LI RV
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Phenomenological model : multi-messenger implications

GRB-like evolution low proton Emax

1 0-1 1 F‘_Bl'l'lli-ILAT
diffuse y-ray

IC(2016) The impact is, as expected,
very strong on the predicted
cosmogenic neutrino fluxes

GlllflgEecR Despite the low maximum
energy per nucleon, the
diffuse y-ray flux is very
similar to that of previous
mixed composition case

E°®(E) (EeV.m=.s".sr'")

&
o
o
A This scenario looks
completely unconstrained
| from the point of view of
cosmogenic neutrinos and
\ photons

“ But Fermi-LAT data
20 contain more

informations than what
we just discussed
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Recent Fermi estimates of the extragalactic Y-ray background

Fermi recently released an updated estimate of the extragalactic Y-ray background for both the
resolved and unresolved components

"'__l Ll I II |l II 1 L I 1 1 1 L "l—_‘ I LIl I I LI I 1 1 1 LI
B 4 B
2107 Total EGB = 2 10%E IGRB =
o — . o - # _
2 :  f Fo :
5 : = I :
% 10 E Z.10* =
= - L = -
g u | ] § : 7
D [ ——o— FermiLAT, 50 months, (FG model A) ] S T ——— Fermi LAT, 50 months, (FG model A) i
L ——s—— Fermi LAT, 50 months, (FG model B) T B
10° | — 5| ———=—— FermiLAT, 50 months, (FG model B)
= ——&~—— Fermi LAT, 50 months, (FG model C) = 10 = ’ ’ E
- || Galactic foreground modeling uncertainty . - —=—— Fermi LAT, 50 months, (FG model C) 3
n Fermi LAT, resolved sources, |b|>20 (FG model A) _ : \:I Galactic foreground modeling uncertainty :
-6 lI 1 1 1 11 11 II 1 1 1 11 11 II 1 1 1 11 11 ll 1 1 1 11 111
1 0 1 02 1 03 1 04 1 05 1 06 1 0'6 11I02 1 1 11 11 l1l |03 1 1 11 11 l1l I04 1 1 11 11 I1ll05 1 1 11 1 06
(Ackermann et al. ApJ 2015) Energy [MeV] Energy [MeV]

NB :The total extragalactic Y-ray background is made of several

Account of the uncertainties on the R
contributions :

modelling of the galactic foreground - resolved point sources (very large majority of Blazars)
= 3 different estimates (models A, B and - unresolved point sources (mostly blazars, misaligned AGNs
C) corresponding to three equally and star forming galaxies (contribute also to the IGRB)

- truly diffuse processes (UHECR for sure, possibly DM)
lactic f q =) estimating the different contributions would
galactic foregroun help constraining that of UHECRs

realistic theoretical modelings of the
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Recent Fermi measurements : estimates of point sources
contribution to the Yy-ray background

Different estimates of the contribution of point sources (resolved and unresolved) to the total Y-

ray backgrom?d were proposed ZT6) A16)
2 recent studies: Energy bands D 2 @ @ ® ®
- Ackermann et al., PRL,2016 (A16) (in GeV) 1.04-1.99 | 1.99-5.0 | 5.0-10.4 | 10.4-50 | 50-171 | 50-2000
- Zechlin et al.,ApJ, 2016 (Z16) Fps (x10%cm 2571 sr7Y) 250150 | 124%5; | 27ty | '} | L7 | 207705
(based on a method proposed in Malyshev & Hogg 201 1) Fps/Frgp (% Model A) 837, 79+ 66720 | 66728 81+3%2 ;aii‘}ﬁ
Fps/Fecs (% Model B) 68+%, 63%1; | 52%g® | s11F | estiy (713
~2FHL S dN/ds for ol >10°
L l 4 2FHL source counts |] . . . X .
—m ] The contribution of the resolved point sources is estimated
e |  for fluxes well below the point source detection limits using

5 the so-called “photon fluctuations analysis”
"""""""" oy = fluxes due to (resolved and unresolved) point sources are
| " estimated in each energy bands
= fractional contributions to the total y-ray background are
deduced in each bands
el it b ™ Large fractions deduced
S [ph/cm? /s] NB : these estimates are probably including blazar point

(Ackermann et al., PRL 2016) sources and might not include the contributions of weak
sources (but numerous) such as star-forming galaxies and
misaligned AGNs

[(ph/cm? /s)/deg?]

dN
ds

SZ
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Recent Fermi measurements : estimates of point sources
contribution to the Yy-ray background

(Z16) (A16)
; : : S Energy bands ) ) ®) @ ® ®
° EGB Spectrum (Ackermann et al., 2014b)
ok ‘o Sum of components (in GeV) 1.04-1.99 | 1.99-5.0 | 5.0-10.4 | 10.4-50 | 50-171 50-2000
10 S BB Al Blazars - this work
o Fps (x10%cm=2-s71.sr71) 250750 | 12477 | 27%% | 14ff | 17ipL | 2071040
107 S
o Fps/Fecs (% Model B) 68+%, 6374, | 5271 | 51722 | 5+l <| 7133
10 e o ) orte Forcmisacn (x10%em=2-s~ -sr™)) | 04%100 | 4g®8 | 10t | 45034 | 0070338 | 0187589 |
s Radio Galaxies (Inoue 2011)
10° o Star-forming Gal. (Ackermann et al. 2012) X )
1.8 E " Sum of CompenentslEGE T s FspG+misacN/FecB (% Model B) 25437 23425 2073 | 16120 673 ( 65 |>
:2 Foreground Modeling Uncertainty  ———
12 g o +~l*—l~l- | | l
e il Z Using th ical esti f th ibuti I lusivel
06 [ | + SiNg theoretical estimates of the contribution (a MOsSt exclusive Y
0.4
0.2 * * . s . o o o
10° : 10 10° 10° unresolved) of SFG and misaligned AGNs one can add their
Energy [GeV]

contributions to that attributed to blazars in Z16 and Al 6
Ajello et al., ApJ, 2015

The contribution of UHECR must added to those of astrophysical sources to check whether or not a
given astrophysical model is viable.
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This type of model has been shown to reproduce the data from KG to Auger across the
galactic to extragalactic transition region

Globus, Allard & Parizot, 2015, PRD rapid com.

In the following we 1025

are going
to use the CR
output of our GRB
model as a
““generic source
spectrum” with
various
cosmological
evolutions
—> quantitative
estimate of the
constraints brought
by Fermi on UHECR Lo

models 175 180 185 190 195
(source evolution) log,, E (eV)

Model C, isotropic, B,,=0.1nG e Auger (ICRC 2013)

TTTTTT

R .|
101al

)

—

2
H

s'sr

-2

—

o
N
w

K T TTH
\
N\

E3dN/dE (eVPm
2,

—r
o
N
N
N
N -
Il
N
—t
!
N
(o)

T TTTTI

—

o
N
o

200 205




40 Globus et al., 2017, ApJL
35 Astrophysical sources evolution
' usually parametrised as :
(1+z)
30 up to a redshift Zmax
GRB °r
2!5 10-11
pa o
® 2
S N
N %EJ 1072 |
2.0 .
Q =4
o i
10-13 |
1.5
10
log, E (eV) I
1.0 P BL Lacs
clusters
0.5 m—

0 1 2 3 4 5 6
o
In the 10-50 GeV band, where the UHECR contribution to the EGRB is the largest

In the case of our UHECR model (transition and low Emax), only very strong evolutions such as that of
very luminous AGNs are clearly disfavoured
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E°J(E) [eV.cm™®.sec”.sr]

100.00

10.00

1.00

Globus et al., 2017, ApJL

. T LRI
- mixed composition

[ GRB (as main UHECR sources)

non evol. (as main UHECR sources)

IceCube

" GRAND (3

NN NN S |

ARIANNA (5 yrs)

yrs)

10" 1

617' | 1618I

E (eV)

616' | 1

1619'

102

The range of cosmogenic neutrino
fluxes predicted in the framework of
our model are low (mostly due to the
low value of the maximum energy per

nucleon)




Constraining the presence of powerful protons accelerators in
(Adapted from Decerprit and Allard, A&A, 2011) th e U n ive I"S e

IR/IOPT/UV Kneiske 2006 mixed composition
» at the sources Let us consider proton accelerators (above 1020 eV) with a strong
10 source evolution
- - green curve is ruled out by Fermi, lceCube and Auger
2107 (composition)
o = |et us instead assume it is a subdominant part of the spectrum,
E 10 say 5% at 101° eV
iy
:_g 107
L
107
10-16 ’
8 10 12 14 16 18 20
log. E eV
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Constraining the presence of powerful protons accelerators in
(Adapted from Decerprit and Allard, A&A, 2011) th e u n ive rs e

IRIOPT/UV Kneiske 2006 mixed composition
at the sources

| Let us consider proton accelerators (above 1020 eV) with a strong
source evolution

-11
10 Nm\i.:m
S L FRAN

Tm_ 1012 | = Let us instead assume it is a subdominant part of the spectrum,
o *@ say 5% at 1019 eV
€ 10713 f Y = Then it is not ruled out anymore by any experimental constraint
E )
M. .
N; 10 | =
LL

10-15 B -

107° . |

8 10 12
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(Adapted from Decerprit and Allard, A&A, 2011)

IR/OPT/UV Kneiske 2006 mixed composition
at the sources
Fermi-LAT N
L FR-II % -
f Y
| |
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8 10 12

Let us consider proton accelerators (above 1020 eV) with a strong

E°J(E) [eV.cm™@.sec”.sr]

source evolution
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Real window to constrain the presence of proton accelerator in the universe
(and not only within the GZK horizon)




Constraining the presence of powerful protons accelerators in
the universe

1 —— pure proton GRB
| ==- pure proton uniform
1 =—-=- pure proton FR-Il 5%

7| pure proton SFR 10%
10 E mixed uniform
] m mixed GRB
] s ARIANNA
ANITA I-IV KM3NeT
ARA
s Auger
106-_ s IceCube
w  IceCube-Gen2 UHE
{ === GRAND 200k

KM3-230213A E~2 fit

—_
IL
n
~
|
n
N
- | IceCube
E 10°-
— ] . — 0/
‘Lu; HESE (2021) Joint £ N . /
o~
L
5 10%-
> :
©
[
103 77
102+~ . . . . H
15 16 17 18 19 20

log (Neutrino Energy [eV])
Courtesy of N. Globus, adapted from Globus et al., 2017, ApJL

Real window to constrain the presence of proton accelerator in the universe
(and not only within the GZK horizon)
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How likely is the presence of such a
subdominant component?
difficult to say
but in principle it makes sense
—> Rmax @ L1245
—> sources able to accelerate 1020 eV
proton may be rare in the nearby universe
and outhnumbered by weaker sources
which
dominate the local UHECR flux

—> rare sources with a larger individual
UHECR
output
—> >1020 eV protons produce v after
propagating a few Mpc
—> UHE neutrino quasi point sources?

log (Neutrino Energy [eV])
Courtesy of N. Globus, adapted from Globus et al., 2017, ApJL

Real window to constrain the presence of proton accelerator in the universe
(and not only within the GZK horizon)
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Some examples of contraints brought by cosmogenic
secondaries (l)

Assuming the maximum energy per nucleon is well above 1020 eV (what most people thought until ~2010)

pure PI’OtOI‘\ case .
(Decerprit and Allard, A&A, 2011)

AR R AR A SRR LR R IR/OPT/UV Kneiske 2006 Neutrino bump
" Pure proton ] 10" Fermi-LAT due to interactions
10% Em“=102°'5 eV "ii; “Iwith CMB photons
C : 10-12 /
[T e £ 'a
'._U) 4 .,Tm 10_13
(D = . *
D) o
e 24 E _——
« 10 : 18 Laemmen
- 3 > 10 "uniform S
~ LLl m-prod only  *
m — 1071°
\é’ s Uniform p=2.6 H B
it &
=====SFR p=2.5 w 10716 |
1023 i
----- FR-Il B=2.3 5 1077 L
I : purﬁ proton
NP BT B SR EEETEE ST ErATETEra R at the sources
177 175 18 185 19 1955 20 205 10‘"’8 i
log, E eV

Fermi diffuse background (IGRB from 2010) appears to be quite more constraining than IceCube
limits. Stronger source evolutions than SFR (and their resulting neutrino flux) challenged by Fermi

==> These strong strong constraints for the Y-ray background appear to be model dependent, they
are especially strong for the pure proton model due to the soft source spectral index required
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Ultra-high-energy cosmic-rays, neutrinos and photons : the
multi-messenger link

Extragalactic very-high and ultra-high-energy cosmic-rays produce secondary (cosmogenic)
neutrinos and gamma-rays during their propagation interacting with the extragalactic background

light (UV-optical-IR, CMB) 10° e e
102 _ (at redshift zero) _
+ pair production: N+y—N+e*/e: == Threshold with CMB photons 10" |
~10!8 eV per nucleon (at z=0) 100 |
: , 210
 Pion and meson production : S ot \
0 - 2y 5 102 \‘\\ !
nt > ut+v, pt oy et v, == Threshold with CMB photons 10° | IR/Opt/UV
T ->u +9V,u >y, +e +7, ~1020 eV per nucleon (at z=0) 10¢ eiske et al. 2006)%
e T T U T LT AR I T
e (eV)
""" Prewrs Augey Obosrvatiey combind specram "
- (Hybrid + Surface Detector)
T
------------------ . Large amount of interactions with CMB photons initiating

10245_ LIPS =

i electromagnetic cascades guaranteed (low energy threshold for et/e)
| even if the highest energy cosmic-ray are heavy

: |
102 - | I __

E’dndE (eV’m®s’'sr")

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

75 180 185 90w T 20 25| arge amount of interactions with CMB photons emitting neutrinos not
guaranteed unless the highest energy cosmic-ray are light
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Assuming the maximum energy per nucleon is well above 1020 eV (what most people thought until ~2010)
pure iron at the sources :

IR/OPT/IUV Kneiéke 2006I Pure IIron at thle sourcels
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Phenomenological model : implications for the GCR to EGCR

105 o mgergorczo ez To match the KG light component estimate with post-LHC
e 7 hadronic models, a boost of the predicted proton
o a component is need
Lﬁz ) It can be done in two ways :
> ] - Choose a stronger cosmological evolution
y 1 - Assume a softer spectrum for the protons
é 1 = in both cases these modifications result in larger
E predicted cosmogonic photon fluxes
] These fluxes however remain compatible with Fermi
170 175 180 185 190 195 200 205 2010 IGRB
log,, E (eV)
1025__ T T T T T — T -__
g + KO cloctro feh (HsHe) Propagated spectrum
1.:: L ® Auger (2013) T el S S B -
n y ] - — Total extragal. (GRBs) with f= 2.0 to 2.5 (indicated * ?g EI:(c)trso-rll_:gh H +He:
;:UJ ik %%//’%///%//////%////%//% c. e, .. a0 o . P E — Total Ga|+extr(aga|. ()GRBs‘;with ﬁ=2.4a(md |5=2.5) . Auger (2019) (HeHe)]
‘E 102 %+ o u : - ;g Total Galactic + extrag.aJa.ctic
CO / ] £ 10%pramsn s mzzsTes \ -
LuJ -2 : > it ) | -
S : ] L
co% . | % \“
W 0Bk _ JZ; Total light (H+He)
E E w 1023 — H+He Gal + extragal (GRBs‘g —
L i - p=2.4and 2.5 \\\\ .
170 175 180 185 190 195 200 205 170 175 180 185 190 195 200 205
log,, E (eV) log,, E (eV)
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Fermi recently released an updated estimate of the extragalactic y-ray background for both the
resolved and unresolved components

= Larger statistics and extended energy range

II T T IIIIIII T T IIIIIII
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w
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o
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10'5 — —— |GRB .
; Resolved sources, |b|>20° g
" 7] 1GRB- Abdo etal. 2010 i
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(Ackermann et al. ApJ 2015)
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Fermi recently released an updated estimate of the extragalactic y-ray background for both the
resolved and unresolved components

= Larger statistics and extended energy range

II T T IIIIIII T T IIIIIII

-
Q
w

——e—— Total EGB

E2 dN/dE [MeV cm? s1sr1]
o

T

T IIIIIII T T T T T TTT

g

==,

10'5 — —— |GRB .
; Resolved sources, |b|>20° g
" 7] 1GRB- Abdo etal. 2010 i
10‘6 1 I 1 1 1 L1 111 I 1 1 1 L1 111 | 1 1 1 L1 111 | 1 1 1 1
10? 10° 10* 10°
Energy [MeV]

(Ackermann et al. ApJ 2015)

—
]
w

E2 dN/dE [MeV cm® s sr1]
o

—e—— Fermi LAT, 50 months, (FG model A)

——a&—— Fermi LAT, 50 months, (FG model B)

10° E_ —=—— Fermi LAT, 50 months, (FG model C) _§
- | Galactic foreground modeling uncertainty -
: Fermi LAT, resolved sources, |b|>20 (FG model A) :

10-6 | ool ool | L
10 10° 10* 10° 10°

—
]
w

E2 dN/dE [MeV cm? s sr]
3

—
e
(¢)]

100 ™

Energy [MeV]

——e—— Fermi LAT, 50 months, (FG model A)
——&—— Fermi LAT, 50 months, (FG model B)

—=a——  Fermi LAT, 50 months, (FG model C)

‘ Galactic foreground modeling uncertainty

IGRB

10° 10*

—
o
N

10° 10°
Energy [MeV]




Ultra-high-energy cosmic-rays (UHECR), neutrinos and
photons : the multi-messenger link

UHECR are strongly suspected to be of extragalactic origin
Extragalactic very-high and ultra-high-energy cosmic-rays produce secondary (cosmogenic)
neutrinos and gamma-rays during their propagation interacting with the extragalactic background

light (UV-optical-IR, CMB) P

(at redshift zero)

° pair production: N+Y—’ N+ef/les ==> secondary et/ 10"

* Pion and meson production :

0 _)2}, v10‘2§_ \‘\\
nt > ut +v, ut >V, +e* +v, ==> secondary e*/~,y and v 10° IR/Opt/UV™, |
- - u- + W’ u— N "u +e” + 1Te 104 _ neiske et al. 2006)\
o | o A L (LR A T
Vs only suffer from adiabatic losses while propagating in the EGM . e
e*/e- and Y further cascade by interacting with the EBL : W (at recishift zero)
3L
e+ ” €ty 1CS = the universe is opaque to high-energy o [N
. . = I ]
Y+Yep > €t+e- pair production Ys (pile-up at sub-TeV energies) p | . |'|'I' #
) I
g \ P
. -0 ?uv/opt/ir radio
Diffuse UHECR (E>10!7 eV) flux : o
= diffuse V flux in the PeV-EeV range i | |
= diffuse Y-ray flux in the GeV-TeV range T T T
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E2J(E) [eV.cm®.sec”.sr]

Constraints on UHECR source models (1)

1 025 r---~.r -~~~ 1o .~~~ 1.~~~ 1 o~ 1 T T 1 T T ']
r Total extragal. (non evolving sources) with f=2.0to 2.5 4 KG EPOS-LHC m
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— - == Total Gal + extragal. (GRBs) with f= 2.4 and = 2.5 o Auger (2013) 7
L Ll lllllll L 1 lllllll L L LR ‘I_L B
1 0 0 O s JHECR (GRBs) + misAGN + SFG + blazars ‘I_UJ
. - n ° 7
* w——— | JHECR (non evol) + misAGN + SFG + blazars o
o ® & 1 024 _
o -
> 3
a) -
N -
w .
°
=z 4
©
(%) 23 )
w 1 O H+He Gal + extragal (GRBS% =
B=2.4and 2.5 ] 7
v .
W .
R A

100¢

-
o

" UHECR from non evelving sources, = 2

EGB Model A ¢ Model B ¢

17.0 17.5 18.0 18.5 19.0 19.5 20.0
Total of all contribution log,, E (eV)
- SFGs (Ackermann et al. 2012, Fermi Collab.)

- misaligned AGNs (Inoue 2011)

- blazars (Ajello et al. 2015)

seems compatible with Model B...

uncertainties in the modeling
of the Galactic foreground

The uncertainty on the total EGRB is a major

10°

10 10" aspect of the discussion
E (eV)

Globus et al., 2017, ApJL
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Constraints on UHECR source models (ll)

i EGRB Model A ¢ Model B ¢

uncertainties in the modeling
of the Galactic fereground
UHECR (GRBs) + other contributions —
UHECR (GRBs) + lower limit of other contributions
- - =« = other contributions {SFG + misAGN + blazars) =

- = = |ower limit of other contributions
=~ +++= UHECR (GRBs) (p=2.0t02.5)

...even compatible with Model A
if one consider the uncertainties on the SFG,
misAGN and blazars models

100

E%J(E) [eV.cm™@.sec'.sr]

T T i
e eSS N -
E ---- e LT T LT i B PRIDIRN ——

10° 10" 10"
Globus et al., 2017, ApJL E (eV)

The uncertainty on the amplitude of the
different contributions is also a major aspect
of the discussion
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R e

Globus et al., 2017, ApJL

Components Energy bands (8 = 2.0) Energy bands (8 = 2.5)

and source evolution D ® ©) @ ® ® D ® ©) @ ® ®

FynECR GRB | 170 | 120 | 44 | 32 | 25 | 27 | 260 | 190 | 67 | 48 | 3.4 | 3.7

(x10~10 cm =251 sr—1) SFR | 200 | 140 | 51 | 38 | 36 | 39 | 270 | 190 | 70 | 52 | 47 | 5.1
nonevol | 42 | 30 | 11 | 86 | 1.1 | 13 | 58 | 41 | 15 | 11 | 1.4 | 1.6

GRB | 46 | 62 | 85 | 12 | 96 | 94 | 70 | 95 | 13 | 17 | 13 | 13

m Fynecr/Fecs SFR 53 | 71| 98 | 14 | 14 | 13 |73 | 99| 14 | 19 | 18 | 17
3 nonevol | 1.1 | 1.6 | 22 | 31 | 42 | 44 [ 16 | 21 | 29 | 41 | 53 | 54
- GRB 97 | 92 | 81 | 79 | 80 | 86 | 100 | 95 | 85 | 85 | 84 | 89
2 F(UHECR“;;;;G*“SAGN) SFR 98 | 93 | 82 | 81 | 8 | 90 | 100 | 96 | 86 | 86 | 89 | 94
nonevol | 94 | 87 | 74 | 70 | 75 | 81 | 94 | 88 | 75 | 71 | 76 | 82

GRB | 57 | 77| 11| 15| 12 | 11 |87 | 12 | 16 | 22 | 16 | 15

< Fyngecr/Fecs SFR 65 | 89 | 12| 18 | 17| 16 | 90| 12 | 17 | 24 | 23 | 21
g nonevol | 14 | 1.9 | 28 | 40 | 53 | 53 | 1.9 | 26 | 37 | 54 | 6.7 | 6.6
s GRB | 120 | 115 | 102 | 102 | 101 | 105 | 123 | 119 | 108 | 110 | 105 | 108
2 F(UHECR+I;?+SFG+miSAGN) SFR | 121 | 116 | 104 | 105 | 107 | 110 | 123 | 120 | 108 | 112 | 112 | 114
P nonevol | 116 | 109 | 94 | 91 | 94 | 99 | 116 | 110 | 95 | 93 | 96 | 100

< GRB 89 | 87 | 77 | 81| 93 | 97 | 92 | 91 | 8 | 88 | 97 | 101
g Fuuecr+ps)/Fean SFR 89 | 88 | 78 | 84 | 98 | 102 | 92 | 91 | 8 | 90 | 104 | 107
R nonevol | 89 | 8 | 77 | 81 | 93 | 97 | 92 | 91 | 8 | 88 | 97 | 101

(considering the mean values of the SFG+misAGN models)




One example : mixed composition assumed
at UHECR sources

Assuming the maximum energy per nucleon is above 1020 eV (what most people thought until ~2010)
mixed composition similar to that of low energy galactic cosmic-rays :

N(E) x E-B’ EmaX(Z)=Zx Emaxproton’ Emaxprotonz | 020.5 oV

rrrrYrrr T T T T T T T T T T T T T T

- Mixed composition
E _=2.102%eV

: Ankle of the cosmic-ray

spectrum

| Predicted suppression above 5.1019 eV
1—> unrelated to the maximum energy

—-—--SFRB=2.1

. i ' at the sources
°§ 10% | L / —> GZK effect
O : ' ‘
@ i
/ W ) Uniform B=2.3
L
E3x(diff. flux) 102 |

----- FR-1l B=1.8

17 I1I7I,l5' | l1|8' | I1I8|,l5. | '1|9. | 16,5 | 12|01 | Ié0,5
log E eV
The UHECR spectrum can be well reproduced above the ankle

—> the ankle is interpreted in this case as a signature of the transition between Galactic and
extragalactic cosmic-rays
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nuclei mean free path for giant dipole
resonance (photodisintegration) as a
function of the Lorentz factor : RN

proton attenuation length as a function
of the energy :

Strong decrease above ~5.101? eV due
to pion production with CMB photons
—> Horizon of UHE proton gets
reduced above this energy

—> GZK cut-off for protons
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One example : mixed composition assumed
at UHECR sources

Assuming the maximum energy per nucleon is above 1020 eV (what most people thought until ~2010)
mixed composition similar to that of low energy galactic cosmic-rays :

N(E) x E-B’ EmaX(Z)=Zx Emaxproton’ Emaxprotonz | 020.5 oV

! | I ' I L] | T T T T | T T T T | T

| mixed composition at the sources
_E__=2.10*°eV :

%

10% :

E®(E) (ev2m'2s@

—
%

E3x(diff. flux)

1022 [T TR T TR N SN SR TN S N lHle'l 1d L1 N |
18 18,5 19 19,5 20 20,5
log, E eV

When all the species are assumed to be accelerated above 1020 eV, the composition is expected to
get lighter (i.e proton richer) above 10!? eV (photodisintegration of composed species)
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Modelling of UHECR anisotropies

source spectrum and composition

UHECR spectrum

1025
model A, p=1.4 x 10~>Mpc~3 all . y
Beour=1 NG, JF12+Planck, A.=200 pc proton We fix the source spectrum and composition
Volume limited approach _ . . .
2=38 by finding a correct agreement with
— o— OO O guse. o =7 ay
I e — 2-13-20 observed spectrum and composition
Tm < ® Auger data
|E + .
2 + T  ———— Low Emaxscenario : Emax(£)=ZXEmaxProton; EmaxProten a 1018 eV
IS - hard source spectral index
«E’ - mixed composition with large contribution of He and CNO nuclei
(more details and more composition models in arXiv:2110.10761)
—> in the framework of this class of models UHECR with rigidity
larger than 10 EV are rare at all energies
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