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Outline

o The Pierre Auger Observatory (brief introduction)
o Measurements of the energy spectrum and mass composition of ultra-high energy cosmic rays (UHECRs)
— still open questions about their interpretation
o Combined fit of the Pierre Auger Observatory measurements (spectrum and composition) across the ankle
Simple astrophysical model with different superposed components fitted to data
Study of the effect of systematic uncertainties (from models and measurements)
— constraints on the source properties [JCAP05(2023)024]
o Preliminary analyses recently presented at the ICRC2023:
e constraints on source properties from cosmogenic neutrino limits [PoS(ICRC2023)1520]
e investigation of the extragalactic magnetic field impact on the fit results [POS(ICRC2023)288]

o Conclusions and outlook

Eleonora Guido for the Pierre Auger Collaboration TAUP2023



The Pierre Auger Observatory

(- Largest observatory in the world for the detection of ultra-high-energy cosmic rays)

e |ocated in Argentina, close to Malargie (~1400 m a.s.l.)

 Ground-based experiment detecting air-showers
e Hybrid detection technique (SD+FD)

3000 km?
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Energy spectrum and mass composition measurements

Energy spectrum for the events measured

with the SD array
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Data in log,,(E/eV) bins of 0.1 width:

+ Energy spectrum up to 10%02eV

The Xmax distribution in each energy bin is sensitive to the mass composition

— first two moments shown for figurative purposes
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+ Xmax distributions: up to 1017 eV (+ 1 additional bin for events above), binned in intervals of Xy« of 20 g cm-2

Eleonora Guido for the Pierre Auger Collaboration

TAUP2023
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Energy spectrum and mass composition measurements

Energy spectrum for the events measured The Xmax distribution in each energy bin is sensitive to the mass composition
with the SD array — first two moments shown for figurative purposes
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+ Hardening at ~6x10'8 eV (ankle) e Below the ankle: mass composition gets increasingly lighter
+ — energy cut off e Above the ankle: increasingly heavier and less mixed

, . — superposition of alternating and heavier groups of elements
Propagation effect and/or maximum energy at

, — increasingly sparse statistics up to ~10197 eV
the acceleration

s

The Pierre Auger Collaboration, Eur. Phys. J. C 81, 966 (2021)
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Energy spectrum and mass composition measurements

E*°J(E) / (km *yr'sr'eV'®)

 We aim at including the ankle region

* We want to focus on the energy region where the Galactic CRs are not dominant anymore

Energy spectrum for the events measured
with the SD array
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The Xmax distribution in each energy bin is sensitive to the mass composition

— first two moments shown for figurative purposes
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Combining the information from the two data sets is crucial to interpret the features

Eleonora Guido for the Pierre Auger Collaboration

TAUP2023
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A.Yushkov for the Pierre Auger Collaboration PoS(ICRC2019)482

} Data above E ~ 6 x 1017 eV are considered



The combined fit
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The combined fit
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The combined fit

PROPAGATION THROUGH THE

Choice of propagation models INTERGALACTIC MEDIUM Choice of hadronic
for uncertain quantities infteraction model

CRs EJECTED BY EG ACCELERATORS

| PRODUCTION OF SHOWERS |
N THE ATMOSPHERE

. .Assumptions on a sim ple -
- .- astrophysical model .. . -
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The combined fit

PROPAGATION THROUGH THE

Choice of propagation models INTERGALACTIC MEDIUM Choice of hadronic
for uncertain quantities infteraction model

CR; EJECTED BY EG ACCELERATORS

PRODUCTION OF SHOWERS
IN THE ATMOSPHERE

Assumptlons ona S|mple .
astrophysmal model |

COMPARISON WITH THE
OBSERVED DATA

Detector effects are
included

i 1R. Aloisio et al, JCAP 11 (2017) 009

Eleonora Guido for the Pierre Auger Collaboration TAUP2023



The combined fit

PROPAGATION THROUGH THE

Choice of propagation models INTERGALACTIC MEDIUM Choice of hadronic
for uncertain quantities infteraction model

CRs EJECTED BY EG ACCELERATORS

~-.Assumptions on:a simple -

| ) w PRODUCTION OF SHOWERS
- astrophysical model .

IN THE ATMOSPHERE

COMPARISON WITH THE
OBSERVED DATA

levlﬁ)

E*J(E) / (km yr'sr”

Detector effects are
included

Estimation of free parameters
at the escape from sources

el 1R Alisio et al, JCAP 11 (2017) 009
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The combined fit

PROPAGATION THROUGH THE

Choice of propagation models INTERGALACTIC MEDIUM Choice of hadronic
for uncertain quantities interaction model

CRs EJECTED BY EG ACCELERATORS

PRODUCTION OF SHOWERS
IN THE ATMOSPHERE

.Assumptions on.a simple -

©.astrophysical model =

B | . CHARACTERISATION OF THE FLUXES AT THE SOURCES
B (ENERGY SPECTRUM & MASS COMPOSITION)

QA(’E)..:; ’Q‘OA - & b i ==
M g C0AE) = 0y [ —

e G | | TR E
e e DR | = ¢

Estimation of free parameters : Detector etfects are
at the escape from sources N ‘ included

Dl R Aloisio et al, JCAP 11 (2017) 009
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The reference scenarios

* Superposition of two (or more) populations to describe the ankle feature

* Extragalactic components ejected according to a power law with a rigidity dependent cutoft (with different parameters)
! Model contiguration used for our reference results: |
_ Talys for 0,4, Gilmore model for EBL, EPOS-LHC as hadronic interaction model

J. Koning et al., vol. 769 of American Institute of Physics Conference Series, 2005
R. Gilmore et al., Mon. Not. Roy. Astron. Soc., 422 (2012) 3189
T. Pierog et al., Phys. Rev. C 92 (2015) 034906
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The reference scenarios

* Superposition of two (or more) populations to describe the ankle feature

* Extragalactic components ejected according to a power law with a rigidity dependent cutoft (with different parameters)

é . . )
Model contiguration used for our reference results:

_ Talys for 0,4, Gilmore model for EBL, EPOS-LHC as hadronic interaction model

y
SCENARIO 1 : EXTRAGALACTIC AND GALACTIC POPULATIONS R |
e Extragalactic populations with mixed mass composition dominating at high energy (HE) :; | . |
e Extragalactic population of pure protons dominating at low energy (LE) ‘g 107
— Possibly produced by decay of neutrons from photodisintegrations of nuclei in the same source environment ::&J et
e Galactic additional contribution at low energy (considered at the Earth = no propagation included) - R R - E%ZEEEEE%Q??E?OS-LHC/QGSJETHOQ
— the best fit is given by a nitrogen component extendingup to Z- RS3 ~ 2 - 10® eV 2 e,

J. Koning et al., vol. 769 of American Institute of Physics Conference Series, 2005
R. Gilmore et al., Mon. Not. Roy. Astron. Soc., 422 (2012) 3189 5
T. Pierog et al., Phys. Rev. C 92 (2015) 034906
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The reference scenarios

* Superposition of two (or more) populations to describe the ankle feature

* Extragalactic components ejected according to a power law with a rigidity dependent cutoft (with different parameters)

é . . )
Model contiguration used for our reference results:

_ Talys for 0,4, Gilmore model for EBL, EPOS-LHC as hadronic interaction model

SCENARIO 1 : EXTRAGALACTIC AND GALACTIC POPULATIONS B O

e Extragalactic populations with mixed mass composition dominating at high energy (HE)

e Extragalactic population of pure protons dominating at low energy (LE)

— Possibly produced by decay of neutrons from photodisintegrations of nuclei in the same source environment % | — ;"Etajompone;t
e Galactic additional contribution at low energy (considered at the Earth = no propagation included) T | Roeieammpeon (05 trcGSEIOS
.. . . . Gal o 18 o '18I.O' o '18I.5' o 19IO o '19I.5' o ZOIO
— the best fit is given by a nitrogen component extendingupto Z- R =2 -10°° eV logo(E/eV)
1038:
SCENARIO 2 : TWO MIXED EXTRAGALACTIC POPULATIONS ]
e Extragalactic populations with mixed mass composition dominating at high energy (HE) d
(T] 1037
e Extragalactic population with mixed mass composition dominating at low energy (LE) 5
— produced by two different populations of sources B | — ot
= 1036 4 component
. s . - - - ] LE component [
— Galactic contributions are subdominant in this energy range L —— -12_5. ——

lo g 1()(E/ CV)

J. Koning et al., vol. 769 of American Institute of Physics Conference Series, 2005
R. Gilmore et al., Mon. Not. Roy. Astron. Soc., 422 (2012) 3189 5
T. Pierog et al., Phys. Rev. C 92 (2015) 034906
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Resu ‘tS I th S refe rence sSCenarios Some common findings between the two scenarios

. E K L L < ZA ' Rcut
Generation rate at the sources O (F\="0. Plots refer only to Seenario 2 for
CaB)= Lo | | l-—L£_),E>Z,-R figurati
0 exXp ~ZR.) > Loy Ky igurative purposes
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Energy spectrum at the Earth
LE component: 1038 —— - - - -

e Very soft energy spectrum (y > 3)
e Very high rigidity cutoff (degenerate fit for RXE > 10°°eV )
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Results in the reference scenarios

Generation rate at the sources ~ L
OQAE)=Qps- | — |
EO eXp —
630‘. —— Scenario 1l [
‘| -—-= Scenario 2
620 1!
610 -
A 600
590 -
580 -
18.0 185 19.0 195 20.0 205 21.0
loglo(Rgﬁ/V)

LE component:

e Very soft energy spectrum (y > 3)

RLE > 10199eV)

cut

e Very high rigidity cutoff (degenerate fit for

HE component:
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e Very hard energy spectrum (y < 0) required to describe the very pronounced spectral

features and narrow X, .« distributions.

cut

Some common findings between the two scenarios

>,E>ZA-Rcut

E < ZA ) Rcut

Plots refer only to Scenario 2 for
figurative purposes

Mass composition at the Earth
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e Low rigidity cutoff but not low enough to make propagation effects negligible

Eleonora Guido for the Pierre Auger Collaboration TAUP2023
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Resu ‘tS I th S refe rence sSCenarios Some common findings between the two scenarios

. E K L L < ZA ) Rcut
Generation rate at the sources O (F\="0. Plots refer only to Seenario 2 for
: CaB)=Coa- E . 1 £ E>Z7Z,-R fiqurative purposes
0 exXp —~ R ) > Loy Ky igurative purpose
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Energy spectrum at the Earth

(

'« The ankle is described by the superposition of the two components
 The instep is given by the interplay between the He and N components

 The is given by a combined effect of propagation and

maximum energy at the acceleration .
_ __ I — — 103 - 23<A<38
] A>39
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log1o(E/eV)
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Results in the reference scenarios

(

___ I

' Mixed and increasingly heavier mass composition of the HE component

e . . . Scenario |
* No mass composition information at the highest energies

— fit based on the shape of the energy spectrum

In Scenario 1 the contribution heavier than protons is Galactic at LE:
e Models with Galactic Fe/Si right below the ankle are strongly disfavoured
 a N-dominated composition is preferred

Relativelabundances|\at Earth

— possible presence of an additional Galactic component extending up to higher energies

— _ — —_—
1038 -

E; N «“-lla’
- 7/‘
10 "
E I
N> A=1
2 2<A<4
m 1 5<A<22 7
= g% 23<A<38 ~ “4'

3 A>39 '
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log1o(E/eV)
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Results in the reference scenarios

(

___ I

' Mixed and increasingly heavier mass composition of the HE component

e . . . Scenario |
* No mass composition information at the highest energies

— fit based on the shape of the energy spectrum

In Scenario 1 the contribution heavier than protons is Galactic at LE:
e Models with Galactic Fe/Si right below the ankle are strongly disfavored

 a N-dominated composition is preferred

Relativelabundances|\at Earth

— possible presence of an additional Galactic component extending up to higher energies
‘K — — — =

e —— — ———

o Experimental uncertainties are the dominant ones (mainly from the X.x scale)

e The systematic uncertainties do not spoil our conclusions in the reference scenarios 10%

ﬁ;‘ ]

CT:CE 1037_:

E  I—

%
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Results in the reference scenarios

___ I

.

' Mixed and increasingly heavier mass composition of the HE component Q o
| cenario

* No mass composition information at the highest energies

— fit based on the shape of the energy spectrum

In Scenario 1 the contribution heavier than protons is Galactic at LE:
e Models with Galactic Fe/Si right below the ankle are strongly disfavored

 a N-dominated composition is preferred

Relativelabundances|\at Earth

— possible presence of an additional Galactic component extending up to higher energies
i& — — — =

e —— — ———

o Experimental uncertainties are the dominant ones (mainly from the X.x scale)

e The systematic uncertainties do not spoil our conclusions in the reference scenarios 10%

I'(

It is not possible to choose a favored scenario in terms of the deviance ie
: oy . N " 10%7 5
+ The differences are encompassed within the systematic uncertainties g
¢ In Scenario 2, photodisintegration is negligible for the LE component > <A<
: : : . m 5<A<22 7

— light-to-intermediate masses (similar to the one at the sources) S S [ "'

+ Further investigation of the Galactic-to-extragalactic transition region is necessary A | | |
18.0 18.5 19.0 19.5 20.0
log1o(E/eV)
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Cosmological evolution of sources

¢ Three alternative models for the evolution of the source emissivity, parameterized as « (1 + 2)”

—+ m=-3, m=+3, m=+5 (m=0 was used in the reference scenarios)
¢ The behaviour at z>1 has only a negligible impact on the LE component (no impact on the HE one)

¢ All the possible combinations have been tested

Eleonora Guido for the Pierre Auger Collaboration TAUP2023
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Cosmological evolution of sources

¢ Three alternative models for the evolution of the source emissivity, parameterized as « (1 + 2)”

—+ m=-3, m=+3, m=+5 (m=0 was used in the reference scenarios)

¢ The behaviour at z>1 has only a negligible impact on the LE component (no impact on the HE one)

¢ All the possible combinations have been tested

W

m LE population
o

Strong source evolution for the HE is disfavoured

Total deviance

0

3

m HE population

> 700

- 630

(too many secondary particles at the ankle)

Eleonora Guido for the Pierre Auger Collaboration

TAUP2023
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Cosmological evolution of sources

¢ Three alternative models for the evolution of the source emissivity, parameterized as « (1 + 2)”

—+ m=-3, m=+3, m=+5 (m=0 was used in the reference scenarios)
¢ The behaviour at z>1 has only a negligible impact on the LE component (no impact on the HE one)

¢ All the possible combinations have been tested
Neutrinos fluxes for a strong evolution of the LE component

Total deviance

W

-

m LE population

RLE > 1019.5

cut

w

-3 0 3
m HE population

logo(E/GeV) log1o(E/GeV)
g

¢ IceCube HESE (2017)
—— Auger 90% CL (2019)

. . - JceCube 90% CL (2018)
— Future constraints with the next- — .~ IceCube Gen2 Radio 5y

generation neutrino experiments —-- POEMMA (x12) 5y

—.— RNO-G 5y
\%
.II The Pierre Auger Collaboration, JCAP05(2023)024

RLE

Dependence on zm.x and on R..

Strong source evolution for the HE is disfavoured

(too many secondary particles at the ankle)

—-= ARA-37 3y
Grand200k 3y
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Constraints from neutrino fluxes

¢ Preliminary analysis performing a thicker scan over the (zmax, m) parameter space (both zn.x and m from 3.0 to 5.0 with a 0.2 step)

—1850
5.0 | | | 1 | | 1 | | __100

796
80

742 Confidence level associated to the

predicted cosmogenic neutrinos

D min
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Confidence Level [%]

634

4.2
3.0

3.2 349 3:0.:..38: 40 42

MyE

4:4:..46: 4.86.°5.0

3.0 | |
3.0 3.2 3.4 3.6 3.8 40 42 44 46 48 5.0

MyEe

580

+ Some combinations of source evolutions are excluded at the 90% C.L. = e.g. for myg = 4.0, mg = 4.6 is excluded

— additional constraints on myg/me from the cosmogenic neutrino fluxes

Y=
Eleonora Guido for the Pierre Auger Collaboration TAUP2023 .II C. Petrucci for the Pierre Auger Collaboration, PoS(ICRC2023)1520




Constraints from neutrino fluxes

¢ Preliminary analysis performing a thicker scan over the (zmax, m) parameter space (both zn.x and m from 3.0 to 5.0 with a 0.2 step)

—1850
5.0 | | | 1 | | 1 | | __100
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742

Confidence level associated to the
predicted cosmogenic neutrinos

D min

688

Confidence Level [%]

634

4.2 - 0
3.0 3.2 3.4 36 38 40 42 44 46 48 5.0

MyE

3.0 | |
3.0 3.2 3.4 3.6 3.8 40 42 44 46 48 5.0

MyEe

580

+ Some combinations of source evolutions are excluded at the 90% C.L. = e.g. for myg = 4.0, mg = 4.6 is excluded

— additional constraints on myg/me from the cosmogenic neutrino fluxes

1.0

0.8 1

+ Cosmogenic neutrinos are mostly produced by the proton component

0.6 1

Around the ankle Fg is ~20%

— exclusion of source classes
with zm.x = 5.0 and m > 4.0

¢ Investigation on the fraction of protons compatible with data: .

w
0.4 1

= Fixed spectral parameters (above the ankle)

0.2+

= The expected spectrum is re-scaled by F, (proton fraction)

00 I T I I I
2.0 2.5 3.0 3.5 4.0 4.5 5.0

m

Y=
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Effect of the extragalactic magnetic field

e Preliminary analysis including the “magnetic horizon effect” on the HE component

— in presence of extragalactic magnetic fields, if the inter-source distance ds is large enough (density smaller than 10~ Mpc™), low-

energy particles cannot reach the Earth even from the closest sources

— energy spectrum suppressed at low energy

e The inter-source distance for the LE component is assumed to be small = negligible effect on it

\/
Eleonora Guido for the Pierre Auger Collaboration TAUP2023 .II J.Gonzalez for the Pierre Auger Collaboration, PoS(ICRC2023)288 10




Effect of the extragalactic magnetic field

e Preliminary analysis including the “magnetic horizon effect” on the HE component

— in presence of extragalactic magnetic fields, if the inter-source distance ds is large enough (density smaller than 10~ Mpc™), low-

energy particles cannot reach the Earth even from the closest sources

— energy spectrum suppressed at low energy

e The inter-source distance for the LE component is assumed to be small = negligible effect on it

+ Difterent steepness of the cutoff are explored (A = 1,2,3)

primaries (solid), secondaries (dashed), y=1, NE

4+ No source evolution or SFR-like source evolution for the LE component 0 — =125 e o
{ —— Xs=2.50 Rl
4+ Energy-dependent suppression factor G(x) o il
@)
E -7 E A E
J(E) = JOA<—> sech< > e
; Ly ZaRcut % -
<) ,
Q. /
o [
J(E) = G(E/Eeci) I 5=o(E) G(x)=e -
= .)J B , x) =exp |— '
i P x+b(x/a)P 102 TR S B e
1072 10~ 109 101
Xs = ds/ ‘/r HLcoh. g

A =1 is equivalent to the reference scenarios

Eleonora Guido for the Pierre Auger Collaboration TAUP2023
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Effect of the extragalactic magnetic field

e Preliminary analysis including the “magnetic horizon effect” on the HE component

— in presence of extragalactic magnetic fields, if the inter-source distance ds is large enough (density smaller than 10~ Mpc™), low-
energy particles cannot reach the Earth even from the closest sources

— energy spectrum suppressed at low energy

e The inter-source distance for the LE component is assumed to be small = negligible effect on it

EPOS-LHC

X, =25 NE-NE SFR-NE

A YH Rgn YL R(I;ut Rcrit D YH Rgu Y1 Rgut Rcrit D
[EeV] [EeV] [EeV] (N=353) [EeV] [EeV] [EeV] (N=353)

El 13 3 0 02 59 i id 3 00 00 578
> M 62 36 100 3.4 586 . 0 588
3 Ny 76 37 100 33 615 Y 76 34 100 35 617 Magnetic field

no E?”F NE-NE T 1 SFR-NE 1 suppression effect
b 14 5 0 s 14 0 i BE .
> M 58 36 100 — 605 . 00 607 for X;=2.5 (fixed)
3 I 74 38 100 2 — 651 . s 0 652

4+ In presence of a steep cutoff (A = 2,3) the magnetic field suppression improves the fit and the spectrum softens

4+ The effect on the spectral index increases with Xs = magnetic tields could be responsible for the hardness of the spectrum

4+ But the lowest deviance is obtained or A = 1 and the suppression has no significant effect on the results

\%
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Conclusions

Main results of the combined fit across the ankle:

o Simple astrophysical model with two extragalactic components (with or without a Galactic contribution at LE)

— description of the spectral features (ankle, instep, suppression)

— similar results in terms of deviance in the two scenarios
o Galactic component at LE (if present) : composition heavier than N strongly disfavoured
o The systematic uncertainties do not spoil our conclusions
o Very strong source evolution (m=5) for the HE component is excluded by the fit results

o The cosmogenic neutrino fluxes in some scenarios may reach the sensitivity of next-generation experiments

Preliminary results from recent on-going analyses:

o Some combinations of source evolutions (with strong evolution for the LE component) are excluded by the
predictions of cosmogenic neutrinos

o The magnetic horizon effect softens the spectrum of the HE component in some scenarios — relationship between
magnetic fields and the hardness of the HE energy spectrum to be further investigated

ili The Pierre Auger Collaboration, JCAP05(2023)024

C. Petrucci for the Pierre Auger Collaboration, PoS(ICRC2023)1520 11
J.Gonzalez for the Pierre Auger Collaboration, PoS(ICRC2023)288
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Outlook

e Further investigations related to the previously mentioned on-going analyses

e Update of the Xnyax analysis including also data from low-energy extension of Auger ( HEAT — High-Elevation Auger
Telescopes) in progress

— further insights on the Galactic-to-extragalactic transition region

e Additional information including arrival directions in the fit
— study with a combined fit above the ankle presented at the ICRC2023 [PoS(ICRC2023)258]

* Inclusion of mass composition estimates with machine learning techniques on SD data
e Improvement of the mass composition information at the highest energies from the detector upgrade (AugerPrime)
— same analysis could be performed with much more statistics

— mass composition information at the high-energy suppression

THANK YOU FOR YOUR ATTENTION!

Eleonora Guido for the Pierre Auger Collaboration TAUP2023
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Back-up slides



Measurements of the energy and mass composition

Surface Detector (SD)
o Duty cycle: ~100%

o Measurement of the lateral distribution of signals

Hybrid events = observed by both detectors

(A

o

signal [VEM]

- yYNdf: 10.8/ 11
- —e— candidates
B —=— saturated recovered
10° §_ —B— saturated
- / —¥— non-triggering
: S(IOOO) —e— accidental
10° =
10 . . .
= Lateral distribution
i function %
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
I 500 1000 1500 2000 2500 3000 3500
distance to axis [m]
SD1500: r._, = 1000 m

opt —

SD750 (Infill): r,,, =450 m

Fluorescence Detector (FD)

Estimator S(ropt) = shower size at a
distance rqpt from the core

S(r) o rP(r + ry)P*7

Eleonora Guido for the Pierre Auger Collaboration TAUP2023

dE/dX [PeV/(g/cm?)]

o Duty cycle: ~15%

o Measurement of the longitudinal profile

50 — v2/Ndf= 42.45/44
40 -
- [ dE
0 Longitudinal § dXdX
20 profile ‘
105 Calorimetric energy
0:||||||||||||||||||||||||||||||£|
200 400 680" Que, 1000 1200 1400 1600
’ slant depth [g/cm?]
Depth of shower maximum
- o : B
e Xmnax Used as a mass composition estimator for the FD

events

e Energy of all the SD events obtained through the

calibration between § and E_ ; with the hybrid events




Astrophysical model

Generic population of extragalactic sources

* population of identical sources

* uniform distribution ( except for a local overdensity for d < 30 Mpc )

* ejection of n representative nuclear species A, chosen among H, 4He, 14N, 28Sj, 56Fe

Generation rate at the sources for each mass A (humber of nuclei ejected per unit ot energy, volume and time) :

—~ —~ E
OQAE)= Qs - A
0

_y 1.

exp<1 g ),E>ZA-R

E<Z, R

cut?®

ZA ) Rcut cut’
-
Characterizing the fluxes escaping the source environment = parameters estimated in the fit
% Spectral parameters y, R.
* n partial normalisations Q4
o0 — r OO
L - E)dE . —~ di
. JEmin QA( )d with go _ Z E. QA(E) AdE exlOress_e3 in |
Qo — Iy = erg - Mpc™ - yr
30 A ° Emin
Fractions of the total emissivity of Emissivity of a population: total energy ejected per
. sources above Ei,= 1017-8 gV unit of comoving volume and time

Eleonora Guido for the Pierre Auger Collaboration

TAUP2023




Propagation model

Propagation through the IGM and the Earth’s atmosphere

 SimProp simulations for the propagation in the IGM — model for the photo-disintegration cross sections ¢,

— model for the EBL spectrum and evolution

. . . . 1 dE :
e Adiabatic energy losses (expansion of the Universe) 777 = HO\/(I +2)°Q, + Q,
[
ad
* Interactions of nuclei with background photons (EBL, CMB)
o Photo-pion production N+y—> N+’ / N+x*
o Pair production N+y—>N+e +e”
o Photo-disintegration A,2)+y—> A—-n,Z—n")+nN

e Hadronic interaction model for the propagation in the atmosphere

e 1D propagation — intergalactic magnetic fields are here neglected

Model configuration used for our reference results:
Talys for 0,4, Gilmore model for EBL, EPOS-LHC as hadronic interaction model

J. Koning et al., vol. 769 of American Institute of Physics Conference Series, 2005
R. Gilmore et al., Mon. Not. Roy. Astron. Soc., 422 (2012) 3189
T. Pierog et al., Phys. Rev. C 92 (2015) 034906

Eleonora Guido for the Pierre Auger Collaboration TAUP2023
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Fit procedure

-
Combined fit of the energy spectrum and Xm.x distributions above ~ 6 x 10!7eV
— compare simulated and measured fluxes at the Earth with the maximum likelihood method
g g] ngax
D=DJ)+DX,,,) =—2In =—21In —2 In
5 psat g?at ggg;ax

 Energy spectrum — Gaussian distributions

L= H exp( @@) observed unfolded flux
2707

207 (detector effects)
expected simulated flux

l

e Xmax distributions = multinomial distributions

b obs
Ly = 170bs | Z ' observed events

model probability
i = log1o(E) bin, | = Xmax Gumbel distribution + detector effects)

( obs Jmod)2

Jobs _ kPPS
. I l b L)
D = D(J)_l'D( maX) 2 . +2- 22]{0 S ln<n-0bs°G-m-0d)
i 1]

i l ik

— The observed and simulated fluxes are compared by minimising the deviance D

Eleonora Guido for the Pierre Auger Collaboration TAUP2023



Results in the reference scenarios

Some common findings between the two scenarios:

Very hard energy spectrum for the HE extragalactic component

e little overlap between different masses

— description of very pronounced spectral features and narrow Xqax

distributions.

e Considering only the extragalactic propagation

— energy-dependent effects in the source environment are not included

e “Magnetic horizon” effect

— observed harder spectrum because of the suppression of the low-

energy fluxes

Generation rate at the sources

Energy spectrum at the Earth

SCENARIO 1 SCENARIO 2
Galactic contribution (at Earth) pure N —
J§$ eV km ™2 srm o yrl (1.06 4 0.04) - 10713 —
log,o (RS /V) 17.48 + 0.02 —
EG components (at the escape) LE HE LE HE

Lo [10** - erg - Mpc™2 - yr— 1]~

6.504+0.36 5.00£0.35

ﬁ
3.34 +0.07 f —1.47+0.13
N ——

11.35+0.15  5.07 £ 0.06

| 3.524+0.03 | —1.99 +0.11 )

y
log1o(Reut/V) > 19.3 18.19 £ 0.02 > 19.4 18.15 £+ 0.01
Ig (%) 100 (fixed) 0.0 £0.0 48.7+0.3 0.0+ 0.0
Iyge (%) — 24.5 + 3.0 7.3+0.4 23.6 + 1.6
In (%) — 68.1+ 5.0 44.0+0.4 72.14+3.3
Is; (%) — 4.9+3.9 0.0+ 0.0 1.34+1.3
Ire (70) — 2.5+ 0.2 0.0 £0.0 31+1.3
Dy (Ny) 48.6 (24) 56.6 (24)

Dx.  (Nx. ) 537.4 (329) 516.5 (329)

D (N) 586.0 (353) 573.1 (353)

18.5 19.0

Scenario 2

Eleonora Guido for the Pierre Auger Collaboration

logio(E/eV)

TAUP2023

* from Ei, = 10178 6V.

Very soft energy spectrum for the LE extragalactic component

Possible explanation:

e Sources with different maximal energies (not identical)

— the energy spectrum of each source may be less steep



Results in the reference scenarios

. . . SCENARIO 1 SCENARIO 2
Some common findings between the two scenarios: . —
Galactic contribution (at Earth) pure N —
J§$ eV km ™2 srm o yrl (1.06 4 0.04) - 10713 —
Low rigidity cutoff of the HE component log,o(RSal/V) 17.48 4 0.02 —
e |t affects the observed fluxes (< 10185 ¢eV) EG components (at the escape) LE HE LE HE
. . Lo [10% - erg - Mpc 2 -yr=1]* | 6544036 5.00£0.35 | 11.35+0.15  5.07 & 0.06

— but not low enough to make propagation effects negligible o [107 - erg - Mpe- yr™ ]

. -~ y 3.34£0.07 —147+0.13 | 3.524£0.03 —1.99+0.11
Mixed mass composition of the HE component log, (Rows /V) 1903 (13.19%0.02 - 194 315 001
e No mass composition information at the highest energies I (%) 100 (fixed) 0.0£0.0 | 48.7+0.3 0.0 + 0.0

— fit based on the shape of the energy spectrum Ine (%) — 24.5£3.0 73+04 | 23.6+16

In (%) — 68.1+£50 | 440+04 | 721433
Isi (%) — 4.9 £ 3.9 0.0 £ 0.0 1.34+1.3
Ire (70) — 2.5+ 0.2 0.0 £0.0 31+1.3
D; (Ny) 48.6 (24) 56.6 (24)
Energy spectrum at the Earth DXy (NX ) 537.4 (329) 516.5 (329)
10—
% . 10% - D (N) 586.0 (353) 573.1 (353)
E 0.8 - — " from Epgy, = 10178 eV,
n 1 l‘;,
S 0.6- |
g 7 107 _
504 £ \ New observed feature at 13 EeV
© Z > ! : :
° = — interplay between He and N components ejected at the
s S K = 10% sources according to their R-dependent cutoff and then
Q - ]
s [ > T\ N .
"0 80 18.5 19.0 19.5 20.0 | shaped by propagation
logio(E/eV) Scenario 2 logio(E/eV)
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Results in the reference scenarios

Some common findings between the two scenarios:

Very high rigidity cutoff of the LE component
e Degenerate fit for RLE > 10'9°eV

cut
— fixing the parameter to any much higher value does not change the fit
— only the lower bound
 The LE component is very steep
— dominant only in the first engrgy bins

— not very sensitive to the energy spectrum shape

SCENARIO 1 SCENARIO 2
Galactic contribution (at Earth) pure N —
J§$ eV km ™2 srm o yrl (1.06 4+ 0.04) - 1013 —
log,o (RS /V) 17.48 + 0.02 —
EG components (at the escape) LE HE LE HE
Lo [10** - erg - Mpc™2 - yr— 1]~ 6.54+0.36 5.00+0.35 | 11.35+0.15  5.07 £ 0.06
o 3.34+£0.07 —1.474+0.13 | 352+0.03 —1.99+0.11
logo(Reut/ V) > 19.3 18.19 4 0.02 > 19.4 18.15 £ 0.01
Iy (%) 100 (fixed) 0.0 £0.0 48.7 +0.3 0.0+ 0.0
Iyge (%) — 24.5 + 3.0 7.3+0.4 23.6 + 1.6
In (%) — 68.1+ 5.0 44.0 £0.4 72.14+3.3
Is; (%) — 4.9+3.9 0.0 £ 0.0 1.34+1.3
Ire (70) — 2.5+ 0.2 0.0 £0.0 31+1.3
Dy (Ny) 48.6 (24) 56.6 (24)
Dx_ (Nx. ) 537.4 (329) 516.5 (329)
D (N) 586.0 (353) 573.1 (353)

1038_ ....................... -
630 - —— Scenario 1l [ ] i
--- Scenario 2 —
020 - B
=
610- N
q
A 600 E
590 - E 1 —— Total
m HE component
580 A - 1036 - LE component
______ ] —— Galactic contribution
_________________ s W S
18.0 185 19.0 19.5 20.0 20.5  21.( 18.0 185 1?E3 v 19.5 20.0
LE O0g10(E/C
log1o(Rg,/V)
Eleonora Guido for the Pierre Auger Collaboration TAUP2023
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Results in the reference scenarios

The mass composition in the LE region

Mixture of H+N below the ankle in both scenarios

Galactic component in Scenario 1 :

e power law modified by an exponential cutoft with some free parameters

e Models with Galactic Fe/Si right below the ankle are strongly distavored
e a N-dominated composition is preferred

— contribution from explosions in the winds of Wolf-Rayet-like stars may
provide N up to ~1018 eV

It is not possible to choose a favored scenario
¢ Scenario 2: better Xiax distributions and worse spectrum description

¢ The differences are encompassed within the systematic uncertainties
¢ In Scenario 2, photodisintegration is negligible for the LE component
— light-to-intermediate masses (similar to the one at the sources)

¢ Further investigation of the Galactic-to-extragalactic transition region is
necessary

Eleonora Guido for the Pierre Auger Collaboration TAUP2023

SCENARIO 1 SCENARIO 2
Galactic contribution (at Earth) —
J§A [eVTh km ™2 -sr - yr (1.06 £ 0.04) - 10713 —
log,o (RS /V) 17.48 £ 0.02 —
EG components (at the escape) LE HE LE HE
Lo [10% - erg - Mpc™2 - yr— 1] 6.54+0.36 5.004+0.35 | 11.35+0.15  5.07 & 0.06
9 3.34 £0.07 —1474+0.13 | 3.52+£0.03 —1.994+0.11
logo(Reut/V) > 19.3 18.19 + 0.02 > 19.4 18.15 + 0.01
I (%) 100 (fixed) 0.0 & 0.0 48.7+0.3 0.0+ 0.0
Ie (%) — 24.5 4+ 3.0 7.34+0.4 23.6+ 1.6
In (%) — 68.1+50 || 440404 | 72.1+3.3
Is; (%) — 4.943.9 0.0+ 0.0 1.3+1.3
Ire (70) — 2.5+ 0.2 0.0 £ 0.0 3.1+1.3
Dy (Ny) 48.6 (24) 56.6 (24)
Dx.  (Nx. ) 537.4 (329) 516.5 (329)
D (N) 586.0 (353) 573.1 (353)

* from Ei, = 10178 6V.



Effect of the systematic uncertainties from measurements

The systematic uncertainty effect is tested in the Scenario 2

Two main sources of experimental systematic uncertainties:

=,
¢+ Energy scale: o, (E)/E =14 % [
_ i
¢ Xmax scale: 6, (X,,x) =6+9 gcem 2 £
>
© <A<
m ' 5<A<22 /
= 1036_ 23SA§38 ™~ 4‘
3 A>39 '
I I I I \ I
18.0 18.5 19.0 19.5 20.0

. . . . log1o(E/eV)
e Energy scale — shift all the energies of £16y in each direction

e Xmax scale = the correlations among the energy bins are taken into account allowing for different shifts at different energies

* The Xmax values are shitted by a - v((E) + b - v,(E)
* a, b are two additional nuisance parameters in the fit

* Aterm D

syst = a’ + b? has to be added to deviance

e Large band around the total flux due to the energy scale uncertainty = impact mainly on the estimated emissivity of sources

 The strongest impact on the predicted fluxes and on the deviance is due to the X,.x scale uncertainty

Eleonora Guido for the Pierre Auger Collaboration TAUP2023



Effect of the systematic uncertainties from models

Models for propagation in the IGM and in the atmosphere

Hadronic interaction model: Sibyll2.3d / EPOS-LHC / intermediate models

e Nuisance parameter dypy to interpolate each Gumbel parameter as
Auv = Oumv * %gpos T (1 = oupv) * Asip,

It Sypy is close to O = Sibyll2.3d is dominant

o If Sypy is close to 1 = EPOS-LHC is dominant

Propagation model effect:

fit repeated considering different model configurations

{,"

« EPOS-LHC or models compatible with it are always preferred

— HIM choice: stronger impact on D and on the predictions at Earth

« Propagation models: some expected changes in the best fit parameters

vy

EBL

HIM

J-B’[eVZkm?sr! yr7!]

Talys, PSB

Gilmore, Dominguez

EPOS-LHC, Sibyll2.3d, QGSJetllv4

1036 -

=N
/‘ ¢
XAN
] ~A‘ N -
i A
i A=1 \ _
2<A<4 \ '
b<A<22 S~ [
23<A<38 A i
A>39 \ \\ ;
18.0 18.5 19.0 19.5 20.0

log1o(E/eV)

The dominant effect on the the predicted fluxes and on the deviance is the one from the experimental uncertainties
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Combined fit with arrival directions

* Combined tit approach above the ankle involving energy spectrum, shower maximum depth distributions and arrival directions
(additional term in the log likelihood )

* Contribution from SBG / y-AGN catalogs or Cen A as a single source is added to the one of the homogeneous background

* Difterent source evolutions are considered for the background (flat or positive with m=3,5)
* A test statistic measures the improvement given by the catalog

— the Cen A model with flat evolution is the best fit

— |largest test statistic obtained with the SBG model

* y-AGN model is disfavoured by Auger data (negative test statistic) due to the strong contribution of the distant blazar
Markarian 421

SBG model (SFR) Cen Amodel (flat) = <" Cen A model (SFR)

o
— — \\
| \
- \

//7

'

185 19.0 19.5 20.0

l()f—);ll)( E(l(‘l / eV)
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Intergalactic magnetic fields

Larmor radius: 7, =~ 1.08 - (E/EeV)-Z~!-(B,/nG)~! Mpc

Propagation theorem: the effect of intergalactic magnetic fields is negligible if the distance among sources is much lower than r;

e The lowest relevant rigidity ~E/Z in our model is that of N (Z=7) at ~107-8 eV

e Typical distance among sources is S 10 Mpc

— magnetic fields should have B, < 107!! G to be negligible
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