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The energy frontier — particles of 1020 eV

25

Large Hadron Collider (LHC),
27 km circumference,
superconducting magnets

20

Need accelerator of size of 5
Mercury orbit to reach 1020 eV
with LHC technology

National Research

Astrophysical source candidates

High and low

luminosity
, Gamma-ray bursts
Starburst Galaxies Active galactic Nuclei ‘
RB 190114C . ' : | " - E

B

Tidal disruption event

®

Magnetars

Particle physics source candidates

X particles from:
* topological defects
* monopoles
* cosmic strings
* cosmic necklaces
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nmiied nanons educanonal. scienuic and cultural organizanon

A really big observatory was needed ... [1[I[1 oo mio o o o o i

rganizacion de las naciones umdas para la educacion, 1a ciencia y 1a cuin

Workshops in ————" e

- Paris (1992)

- Adelaide (1993)
- Tokyo (1993) P

- Snowmass (1994) It was indeed a pleasure for me to reccive you at UNESCO and to discuss ways and means

by which UNESCO could help promote the development of the intermational research project
- Fer”"Iab ('1 995) o observe the highest energy cosmic rays

| believe, as vou do, that it is important 10 advance our knowledge of fundamental
processes and laws in nature. The ?."a"i'.‘.'l that you are Proposing would certainly do that - and
Six Month Working Group for the Design of LR i : o more. It would become a focus for international collaboration involving physicists
~ * . P 5 “ R .~ ." P S d . : y - . . - am by & ' I ¢ —— .‘. ) . ) : ‘ .. - N - t- \l} 0}... 'rv}l .'x "l l
Giant Airshower Detectors astronomers, engineers and technical support staff and it would involve both the northern and
l )-Tuly 30, 199 the southern hemisphere. From our discussions it was clear that UNESCO could contnbute
anuary 30-July 30, 1995 . : . =T - = > i Zhan —
Fermi National Accelerator Laboratory "‘.:“”"‘ ani \ o the ‘i'l\‘(\"-'.ﬂ'n":‘nt ':""‘1 promotion Of ' S ;V“_It'-: '\"' ne lrrl: your "'r.,.“[ CIISUIN
7 7 : Anonymous glft $50,000 that scientists from developing countries can collaborate from the start, and by faciitating

discussions and exploratons amming at l'.tld:'lg_' suitable sites for the two Jcic\l‘..‘l.\.

DG/R.4/212] 2 5 JUL ‘.ggq

Gl‘aingel’ Foundation | confirm that UNESCO 1s ready to contribute during 1995 some USS 100,000 towards the

cost of the participation of scientists from developing countries in the Giant Array Design

fOI' Site Survey $100,000 Group that will |\';t'1 its work carly next vear at the Fermi Nauonal Laboratory,
| have asked Dr Siegbert Raither from the Division of Basic Sciences (0 CO-Ordinaic

UNESCO $1 00 000 UNESCO's inputs to your project and to report 10 me per clically on 1ts progress
J

Yours sincerely,

NSF $30,000

Universities Research
Association $50,000

Fedenco Mavor

University of Chicago $25,000

Cosmic rays of unknown origin have been observed at energies above 105" ¢V. An inter-
national design group is being hosted by Fermilab to produce a technical design for a
cosmic ray detector with an aperture of 10,000 km=-sr. The initial concept is a surface



Building the Pierre Auger Observatory

SITIO INAUGURADO POR &

PRESIDENTE OE LA WNACION

eI May 2000 - first engineering array station

GOBERNADOR DE LA PROVINCIA

D ARTURD LAFALLA
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“Last Friday, June 13th, at 13:00 hs, the "last" surface detector
(the one with signatures from the whole Collaboration) was filled
with water. It was put to work immediately afterwards.”

June 2008 — completion of surface array May 2001 - first fluorescence event



The Auger Observatory
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Water-Cherenkov
detectors and

More than 400 members,
98 institutes, 18 countries
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| 665 surface detectors:

water-Cherenkov tanks
(grid of 1.5 km, 3000 km?2)

Fluorescence

Southern hemisphere: Malargue, telescopes

Province Mendoza, Argentina



l
Fluorescence telescope .
Particle detector
1 |0 m?2 area, 1.20 m high
{
Lidar ; |2 tons of water 1
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PMT camera with
440 pixels, 1.5° FoV

UV transmitting
filter, corrector
lens, safety curtain

per pixel, 10 MHz

3.4 m segmented mirror
(aluminum alloy, glass) ;




Central data acquisition building
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Central Laser Facility
(includes Raman Lidar)

= -
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Extreme Laser Facility

Laser facilities

e 0.1-100 EeV equivalent

 Autonomous Operation
Vertical and Steering

 GPS Timing
e Hourly Monitoring of FD

e Aerosol content

——
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407.5 nm Raman
H,0 Scattering

355 nm

Elastic ' :j ‘ A
Scattering [ i 94 y
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386.7 nm Raman
N, Scattering
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Raman Lidar

Supporting instruments

IR cloud
cameras

FRAM - F/Photometric Robotic Atmospheric Monitor

Weather stations



Amplitude

Science highlight: dipole anisotropy

6.5% dipole at 5.2 sigma
Science 357 (2017) 1266 ;Il:g(!:m:!ﬁg

©
—

0.01

Energy-dependence of amplitude (ApJ 2018)

E>8x10%eV |

Iunilfolrml |
2MRS

data —=—

10 100
Energy [EeV]

Estimated deflection In
galactic mag. field

g . e . New B4 1o 2

Arrival directions follow mass distribution of
near-by galaxies: extragalactic origin of sources

0.46

0.38

I_J& LSy
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Science highlight: energy spectrum and mass composition

Equivalent c.m. energy\s_, (GeV)

10° 10° 10 10° 10°
1O1QEIIIII| I I IIIIII| I I IIIIII| I I IIIIII| I I IIIIII|E
1L§-\ E *  ATIC [ KASCADE (QGSJET 01) ¥ HiRes-MIA E
% N * PROTON B KASCADE (SIBYLL 2.1) s HiRes | —
- 10" E- % RUNJOB *  KASCADE-Grande (prel.) =
7 = B Akeno A HiRes Il =
P " ® AGASA §
o faal * AGASA: particles at ground
» 10" g < . L
N = % (scintillator array)
& - -
m) 10 = =
- — m
L0 | —
c\II.IJ 15
107 E =
X — -
= B _
O a4 HERA(-p) LHC (p-p) +’ A _
% 10 = RHIC (p-p) Tevatron (p-p) A4 =
O - _
p) - |
10"

10 10" 10"  10'° 117 10 10" 10
Energy (eV/particle)

HiRes Fly’s Eye: longitudinal shower profile

(fluorescence telescopes)
(RE, Nijmegen Summer School, 2006)



Science highlight: energy spectrum and mass composition

Equivalent c.m. energy\s_, (GeV)

Greisen-Zatsepin-Kuzmin (GZK) effect
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p) — [ Akeno
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% 107 = **O%%} i 1110 10 10
o — | — — .
£ - Auger 2013 /
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= F e
Yo u | d o
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107 E CTI
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1036 . L T R R B .
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log,o(E/eV)

(RE, Nijmegen Summer School, 2006)
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Science highlight: energy spectrum and mass composition

Equivalent c.m. energy\s_, (GeV)
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Upgrade of Auger Observatory — AugerPrime

The p;
erre Auger Obsery, .
ato

Prej; Up 8rade

Minga .
v Des1gn Repoyt

Science Case Review
2013/2014

Preliminary Design
Report April 2015

International Agree-
ment Nov. 2015



Upgrade of the Observatory — AugerPrime

Physics motivation

Composition measurement
up to 1020 eV

Composition selected anisotropy
Particle physics with air showers

Much better understanding of
new and old data

Components of AugerPrime

3.8 m2 scintillator panels (SSD)

New electronics (40 MHz -> 120 MHz)
Small PMT (dynamic range WCD)
Radio antennas for inclined showers

Underground muon counters
(750 m array, 433 m array)

Enhanced duty cycle of fluorescence tel.

Composition sensitivity
with 100% duty cycle

VERTICAL (0-60°)

HoRIZONTAL (60-90°)

l'a (yio

RD




Progress of AugerPrime deployment

Status 2022-10-16

M ue

largue

' with PMT (634 detectors) ' w/o PMT (803 detectors)
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Data taking and deployment — local staff in Malargue

Time
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The Auger Observatory in numbers

Planning phase: 1992 — 1996

Prototyping (engineering array): 1992 — 2002
Construction: 2003 - 2008

Data taking (Phase I): 2004 - 2021

Planning of upgrade: 2015 - 2018
Construction of upgrade: 2019 — 2023
Data taking (Phase ll): beyond 2030

Auger Top 10 in INSPIRE

112 Auger papers published

PAPER INSPIRE
(12/03/2022)
APJ 2017 (Multimessenger) 2304
NIM 2004 (Engineering Array) 890
PRL 2008 (Spectrum) 781

752

Sci 2007 (VCV
cience 2007 ( ) 22,343 Citations, 676

NIM 2015 (Auger Observiftory) 40 933 without

PRL 2010 (Xmax) self-citations o4d
PLB 2010 (Spectrum) 589
APP 2008 (VCV correlation) 496
NIM 2010 (Fluorescence Detector) 431
APP 2010 (VCV update) 426
PRD 2014 Part | (Xmax) 410

Argentina
Australia
Belgium
Brasil
Colombia
Czech Republic
France
Germany
Italy

Mexico
Netherlands
Peru

Poland

v .S
X *
Portugal

Romania \ Pierre Auger

Slovenia Observatory
Spain
USA

About 400 scientists from more than 90 institutes of 18 countries

Initial construction: ~ 53 MUSD (WBS)
Upgrade (AugerPrime): ~ 16 MUSD

Operating costs (annual): ~ 1.7 MUSD

)
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Auger PhD students (doctoral researchers)

Total number of PhD theses: 469
already defended: 386
ongoing: 83

Thesis number by country (green: finished)

125
100 I
75
- 3
- =N B
25
- ] ms N
0 —
A I A N PO} BV S IR SN SR | SRR P NP\
Nge(\ P&é\‘ 2! g«;\ @er ¢ @ \ \“f;’k\\\e(\@ o ?0(\0?\0(0@%\0\‘@ o0
C
it

Thesis number by year
30

20

10

A o ® © cl ® O A MM AL A Ak A5 A0 Al D A QO A L
QO™ AQN™ QA0 AQA0® A0 AAO? AP AN AN AN AN AN AN AN AN AONY AN AT 1O QY
6&0@‘1 QOY 9R¥ 90¥ 90% 0% 0% 90" 90" 907 907 90" 907 901 901 907 901 90K 90F A
Ae)

Large impact in field: new
generation of skilled scientists
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An invitation: Auger Open Data

DOI:10.5281/zenodo.4487613 . . °¢ VAR
105 1 . o. . .".{:i'/i;.r:'.. o %
[ ] L] /D/ /o [ ] ° ° %
1 04 Camera vi;w for Coihueco
§ 103 30 _ Depth'[g/cmz] '
s 3 2-
= S 20
) 102 @ e é 15 — -
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- = Currently 10% of Auger vertical data
=l Research-level data in JSON format
Online visualization of events
e Lsld 534 - Rapido Sy = - -
o] i Data analysis scripts for science plots
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.y Lsld 529 - Ana Julia S
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ALY LV VYA T VTV Y YO your analysis also to the full data set

In [19]:

opendata.auger.org

Y_Oval = FC_CL * 0.9

plt
plt

.title("Spectrum with event counts")
.errorbar(bin_energy18[cut_nz], flux,

[flux_lower, flux_upper], fmt="o0")

plt.errorbar(bin_energy18[cut_z], FC_CL, Y_Oval, uplims=True, marker="None", color="steelblue",
markeredgecolor="r", markerfacecolor="r", linewidth=2.6, linestyle="None", capsize

=5)

plt.xscale("log")

plt.yscale("log")

plt.xlabel('E [eV]")

plt.ylabel(r'JSA{Raw}$(E) [km$A{-2}8 sr8A{-1}S yr$*r{-1}$ eVSr{-1}S]")

# expand the range in y to have space for the labels and upper limits
plt.ylim(flux[flux > 0].min()*0.01, flux.max()*7)

# add the counts to the points
for E, J, count in zip(bin_energy18, flux, h):

if count > 0:

plt.annotate(count,

(E, J), rotation=30, va='bottom')

Spectrum with event counts

1()—17.

e
.9’31 oy
-18 no SN
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\ -20 * 7P 5
— o q’\
| o 63 1
Significance Map, E > 8 EeV, R =45° 2
A
75° Galactic .

-1
Significance [0]
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http://opendata.auger.org

Impact in local area (Malargue) and Argentina
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Physics summary

Phase I:

- Exposure 80,000 km2 sr yr (vertical, highest quality)
up to 120,000 km2 sr yr (loose cuts, combined)

- Change of composition established

- Composition tightly linked to hadronic interactions
- Anisotropy observations very promising

- Increasingly consistent picture is emerging

Phase II:
- Upgrade AugerPrime in progress

- Additional exposure 40,000 km2 sr yr (vertical) expected

- Enhanced composition and hybrid information
- Re-analysis of all data planned
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AugerPrime: New quality of data — multi-hybrid measurements
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Measurement of proton-air cross section
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Multi-messenger astrophysics with gravitational waves

¥ gt
N&ej{doe GY‘B
Publication 16 Oct 2017 in ApJL 1; 25007 Lightcurve from Fermi/GBM (10 — 50 keV)
i i = 2250 A
70 collaborations, 953 Institutes, 3500+ Autoren = Wl
9 2000
Auger: limits on neutrinos (and photons) PRERTENR ] L ||"|L |l jl e il Vm WELIN T A &LJ.JILL ] .J||MNI,JL.W|
E o T AT
R 1250
FIRST COsmIC EVENT OBSERVED = 1750 4 Lightcurve from Fermi/GBM (50 — 300 keV)
IN GRAVITATIONAL WAVES AND LIGHT £ -
Colliding Neutron Stars Mark New Beginning of Discoveries §
= 1250 -
I
L | _E 1000 A IIL ||"u.... ."|h| — | — I "MIF \{ ml# 'II il il u i "-]. - u_wll i} _."W 'i||,."“'-1.|r1. i N'.wl |”"
Sehiorn o linumon s 2 moql “1 AT TR R Ty
Joint observations independently confirm
Einstein's General Theory of Relativity,
help measure the age of the Universe, 7 LightCUI‘VG from INTEGRAL/SPI—ACS
and provide clues to the'origms of = 120000 - (> 100 keV)
heavy elements like gold and platinum b=
é 117500 ~
2115000 4] Il h. L V ] h, WH V__... il N Iy ll | gl b 8 i .]".JL.\{ N W Nm. |l N |l H
I IR "“N [T 1] }\ || F il -N it k! m NM L M- Ty
S 112500
]

MWE Gravitational-wave time-frequency map

N 300
S
> 200
=
On August 17,2017, 12:41 UTC, Within two seconds, NASA's GSJ
LIGO (US) and Virgo (Europe) detect Fermi Gamma-ray Space Telescope o
gravitational waves from the merger detects a short gamma-ray burst from a & 100
of two neutron stars, each around region-of the sky overlapping the LIGO/Virgo =~
1.5 times the mass of our Sun. This is position. Optical telescope observations
the first detection.of spacetime ripples pinpoint the origin of this signal to NGC 4993, ' 50
om neutron stars a galaxy located 13 on light years distan
from neutron star a galaxy located 130 million light years distant - ' . _10 _g 6 _4 _9 0 9 A

ELIGO Cosh|Reduete |

Time from merger (s)

6 30



Arrival direction distribution (E > 6 x 101° eV)
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Distance ranges and matter distribution in the Universe
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Anisotropy searches at highest energies — catalogs
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The multi-messenger picture of high-energy astrophysics

Cosmic-ray
accelerator

(Santander, ISAPP 2022)
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GW170817: Neutrino flux limits by Auger Observatory
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Waiting for the first ultra-high energy neutrino

Neutrino search using inclined air showers P
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Searches: Ultra-high energy photons
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Searches: Lorentz invariance violation (LIV)
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https://icrc2021-venue.desy.de/video/Constraining-Lorentz-Invariance-Violation-using-the-muon-content-of-extensive-air-showers-measured-at-Pierre-Auger-Observatory/ad628645deae9dbce01d509d7b7a6b14

Atmospheric phenomena: Elves

Elves Observation
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Outlook: The (r)evolution of machine learning
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Simulated signal trace of one station
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