Multi-messenger studies at the Pierre Auger Observatory |
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Pierre Auger Observatory: a 4m Multi-Messenger Observatory

Neutrons and charged CRs: © < 80°

Photons: 30° < © < 60°
zenith range to be extended

Down-Going Neutrinos: 60° < © < 90°

Earth Skimming Neutrinos: 90° < © < 95°

extremely sensitive to EeV neutrinos

BSM Particles: © > 95°

©Karl-Heinz Kampert
By construction a cosmic rays Observatory is also a «, v, and neutron Observatory




and more than 4 decades in energy
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A unique infrastructure combining
several techniques

Auger coll., PRL 125 (2020) 121106,
Eur. Phys. J. C 81 (2021) 966,



The Observatory (Malargue, Argentina)

Fluorescence Telescopes

Loma Amarilla

o
i

—60

Coihueco

Surface detecors
- 3 triagular grids spaced by
N 1500 m, 750 m, and 433 m

27 te|escopesy started in 2f)®4 Auger coll., NIM A 798 (2015) 172-213

3000 km? (16/60 detectors



Auger detectors




Examples of the higest energy events

Auger: 72 EeV, 36 degrees
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Time distribution of signals recorded to follow the detailed structure of the air-shower front



More inclined air-showers

Auger: 165 EeV, 59 degrees

North-South distance / km

15

10

-10

-15

© o © o o o o o o o o

o

=15 -10 -5 0

5
East-West distance / km

Auger: 50 EeV, 77 degrees
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Cosmic rays and multi-messenger physics

- Constraining EHE (> 10% eV) source properties: maximum
rigidity, chemical environment, source luminosity

- Constraining source classes with anisotropies
- Redshift evolution of UHECR sources
- From clustering: constrain galactic and extra-galactic B-fields

- A robust input to calculations of the expected flux of cosmogenic
particles

MM is more than multi-wavelength and more than studying transient events



Mass composition and energy spectrum

Combined fit of X,ax and energy spectrum
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Source properties: rigidity log(Rmax &~ 18.15V — flux suppression dominated by the end of the
UHECR spectrum, not by propagation

Assuming steady extra-galactic sources: very hard nuclear spectra escaping sources



Soon: mass composition using deep learning
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First measurement of the fluctuations up to 100 EeV using the surface detector, further
constrains on the source properties
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Greisen-Zatsepin, Kuzmin effect and the cosmogenic particles

p+ycums = p+ 0
T = vy
p+yom = n+7"
= e, v,
Thershold energy for protons:

Eine ~ 6 x 109 eV

...almost no protons above E;,
Photo-disintegration of nuclei

A+~vomg = (A—=1)+p,n

Eir ~ 5 x 10 eV
E, ~ Es/A
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Expected cosmogenic fluxes much lower than in
a pure proton composition
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Search for neutrinos

Neutrino search using inclined air showers

Vertical depth of atmosphere: 11 A = 30 Xo

=> zenith angle > 60° : 22 A = 60 Xo %
muons

>

Rl s

i

~Earth skimming" electromagnetic
Vi particles

Based on the time distribution of signals: search for “young showers” containing a large

fraction of electromagnetic particles
(hadronic initiated showers highly attenuated, just very energetic muons reaching the detectors)
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Ultra high energy neutrinos: cosmogenic fluxes

- AGN (Murase 2014)

—-— Pulsars SFR evolution (Fang 2014) Single flavor Neutrino search using inclined air showers
SFR (Aloisio 2015) Veivuive=1:1:1

: p, Fermi-LAT, Eqn =3 X 1017 eV (Ahlers 2010) 4%’

=

. FRII & SFR source evol. (Kampert 2012) muons
+ p o mixed, SFR & GRB (Kotera 2010) .
e, FRII & SFR source evol. (Kampert 2012) 7 'ﬁ}
-
90% CL limit Auger L .
(Earth-Skimming) 90% CL limit electromagnetic
90% CL limit ANITA 41111 (2018) particles

|Auger (2019)

90% CL limit

ceCube (2018) Waxman-Bahcall bound (2015)

0% cLime (JCAP 10 (2019) 022, ;
S JCAP 11 (2019) 004) ;
i

protons, FRIl evol. (Kampert 2012)

BACC
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T

protons, FRI evol. (Kotera 2010)

protons, SFR evol. (Aloisio 2015)

protons, SFR evol, Eqax = 107! eV (Kotera 2010)
protons, SFR evol. (Kampert 2012)

protons, GRB evol. (Kotera 2010)

>tons, Fermi-LAT, Eyy = 1017 eV (Ahlers 2010)

ons, Fermi-LAT, Epy = 10475 eV (Ahlers 2010)

EXpeCtathnS mixed CR (Kotera 2010)
iron, FRII (Kampert 2012)-

- pu re p: a bOut 6 14 radio-loud AGN (Murase 2014)

Pulsars, SFR evol. (Fang 2014)

- pure Fe: about 0.4 v I T T B R

- max. energy scenarion: 0.001 v



Search for neutrinos from TXS 0506+56

Time per day source is visible (hr)

daily visibility in ES channel of Auger: < | hrs

Auger Earth-Skimming 90° <6 < 95°
Auger Downward-going 75° <6 < 90°
Auger Downward-going 60° <6 < 75°

Southern sky Northern sky

6=5.7°unfavourable for Auger
TXS 0506+056
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IceCube observed a 290 TeV nu from the direction of TXS 0506459 during a flaring state

see also talk by Anna Frankoviak

Unfortunate none seen by Auger during the flare
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Search for ultra-high-energy photons

Number of particles
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Searches done combining several detectors: fluorescence

Deep showers with very low muon content

B B ) 3 H
Fisher Discriminant

detectors (Xnax), water-Cherenkov detectors, buried

scintillators (muonic component)
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Bounds on photon flux

Upper Limits at 95 % C.L.
[ ] This Work: Auger Hybrid (2024)
() Auger SD 433m + UMD (2023, prelim.)
L] Auger HeCo + SD 750m (2022)

1 v Auger SD 1500m (2023)
o Telescope Array (2019)
Upper Limits at 90 % C.L.
4 KASCADE-Grande (2017) HI. H
G KaSoADRGrande Photon limits start to constrain
° Modl Predictions cosmogenic photon fluxes of
GZK proton | (Kampert et al. 2011)
Gz proton I Gemnit .z p-sources and SHDM models
10 mixed (Bobrikova et al. 2021)

CRs in Milky Way (8erat et al. 2022)
+ SHDM la (Kalashev & Kuznetsov 2016)
SHDM Ib (Kalashev & Kuznetsov 2016)

SHDM I (Kacheress ot a. 2015) Can we lower the energy
threshold to measure photons?
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Probing Extreme PeVatron Sources (PEPS)

Idea: build a 10 km? denser array in the same area as the underground muon detectors using
double liner water-Cherenkov detectors (Phase | of 2 km? in the next years)
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Lower the energy threshold down to ~1 PeV: Tens of events expected for similar sources as
LLHASO in the no flux suppression scenarios

Very good coverage of the southern sky and of the galactic center

supported by Auger Collaboration (not an Auger project yet)
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Follow-up of GW170817

. IceCube up-going, * w
TCeCTbe Ao gome o0

——— GW (90% CL)

4 + NGC 4993
30° 4 % neutrino candidate (IceCube)

- ¢ neutrino candidate (ANTARES)

=== === IceCube horizon

= = ANTARES horizon

[ Auger FoV (Earth-skimming)

[ Auger FoV (down-going)

&3 Source in the field of view of ES neutrino search
&3 No UHE neutrino candidates found in either coincidence windows
(+500 sec around the GW or in the 14 days period after it)
& Limits on the total emitted energy in the range 1017-2.5 10'% eV
+500s: <6.9104Mo +14 days: <2.3102 Mo

&3 Lack of detection consistent with expectation from a short GRB
viewed at off-axis angle >200

GW170817 Neutrino limits (fluence per flavor: v, +7,)
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LVC, ANTARES, IceCube, Auger, ApJL 850 (2017) L35 |
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Conclusions and outlook

UHECRs (> 10%eV) accessible only by cosmic rays

They provide important information for the
multi-messenger physics (EHE neutrinos, photons,
source composition,...)

.. and benefit from the counterpart observations
(neutrinos, photons, GWs, B-fields)

Pierre Auger Observatory partner in follow-up
observations: ACME, AMON

Auger Phase Il data within the next 10 years will
provide valuable data to the MM physics

Last radio antenna installed 17 days ago
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