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Introduction

Before discussing Cosmic-Ray Physics in the XXI century,
please allow me to give you a glimpse of the role that cosmic-
ray physics played and still plays in our contemporary

research activities in South America, particularly in Brazil.



Compton about South America and Cosmic Rays

In 1942, the Nobel Prize-winning physicist Arthur Compton pointed out that
“Because in this field of cosmic ray studies certain
unique advantages are given by their geographical
position, this field of physics has been especially

emphasized in South America.”



To which advantages Compton was referring?

e High-altitude mountains (up to 6,000 m, extending over 8,000 km in
length)

e (Good climatic conditions (mild weather, clear and unpolluted skies)
e The center of our Galaxy comes within the field of view of the experiments

e Various regions in Brazil, Peru, and Bolivia near to the geomagnetic
equator



Early research in cosmic-ray physics in South America

® There is a long tradition in cosmic-ray research in South America,

particularly in Brazil, starting in the 1930s with Bernhard Gross in
Rio and Gleb Wataghin in S&o Paulo.

® In the 1930s, Wataghin and his co-workers measured coincidences
of penetrating particles (at the same time as Pierre Auger et al.) in a
gold mine in the State of Minas Gerais, in a tunnel under
construction in S&o Paulo and on flights with Brazilian Air Force
(FAB) planes.

® They published their results in Phys. Rev. in 1940 as Letters to the
Editor (“Simultaneous Penetrating Particles in the Cosmic Radiation
| and II”, P. A. Pompeia, M. Damy de Souza Santos, G. Wataghin,
both in Phys. Rev. 57). These are the first international publications
of cosmic-ray experiments done in Brazil.



Simultaneous Penetrating Particles in the Cosmic Radiation II*

An excerpt of the conclusion:

 Further studies on the number of penetrating particles in a shower and on
the extension of those showers are in course, and results already
obtained lead us to think that the observed particles are associated

with the penetrating cores of the extensive air showers discovered by

Auger and his co-workers.

*"Simultaneous Penetrating Particles in the Cosmic Radiation II", P. A. Pompeia,
M. Damy de Souza Santos, G. Wataghin, The Physical Review, v.57, n.1, p.61, 1940



Compton in Sao Paulo

® Arthur Compton visited Sao Paulo in 1941 and participated in the International

Symposium of Cosmic Rays organized by Wataghin and held in Rio de Janeiro.

® He also launched balloon flights not far from Sao Carlos.



Arthur Compton \

Compton expedition in 1941: launching balloons to the stratosphere to catch cosmic rays.



Cesar Lattes

® A former student of Wataghin at the University of Sao
Paulo, Lattes received a scholarship to work in Cecill
Powell's group at Bristol (UK).

® He participated in the measurements that led to the
discovery of the pion in 1947 using nuclear emulsion plates
exposed to cosmic rays (“Observation on the Tracks of Slow
Mesons in Photographic Emulsions Part 1 and 27, C. M. G. Lattes,
G. P. S. Occhialini and C. F. Powell, Nature 160). Powell received
the Nobel Prize in 1950.

®* We are celebrating Lattes’ centenary this year.
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The next experiments at Mt. Chacaltaya

* From the 1960s until today, the Mt. Chacaltaya Observatory hosted many
cosmic-ray experiments, such as the Brazil-Japan Collaboration, the Bolivian Air
Shower Joint Experiment BASJE experiment (Bolivia, Japan and USA) and today
ALPACA (Andes Large area PArticle detector for Cosmic ray physics and

Astronomy).
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Emulsion chambers of the Brazil-Japan Collaboration

B Pb-plates

&8  sensitive layer

[nucleur emulsion plute]
+ X-ray film

ATTFIFFIEEIIN S I ATLIEEIET

Basic structure of an emulsion chamber working as an electron shower detector.
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Also theoretical work was done

Manuel Sandoval Vallarta (Mexico)

With Georges Lemaitre, Vallarta discovered that the intensity of cosmic rays varied with latitude because these
charged particles are interacting with the Earth's magnetic field.

They also worked on a theory of primary cosmic radiation and applied it to their investigations of the Sun's
magnetic field and the effects of the galaxy's rotation.

While at Universidad Nacional Autbnoma de Meéxico, Vallarta worked with Nobel Prize laureates Luis
Alvarez and Arthur Compton on experiments to show that cosmic rays were composed of protons.

Interesting paper: “The scattering of cosmic rays by the stars of a galaxy”, by M. S. Vallarta, R. Feynman,
published in Phys. Rev (1939). This was Feynman's first scientific publication.
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Activities ongoing also in other countries in these years

« Argentina
* Bolivia
e Peru

« Mexico
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Which particles are we talking about?

Ultrahigh-energy cosmic rays, primarily atomic nuclei

High-energy gamma-rays

High-energy neutrinos

Other unknown objects?
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Which questions we address?

 How are these UHE particles created/ accelerated?
* How do they propagate through the Universe?

* Which are the violent phenomena and extreme
environments at their sources?

« What do we learn from their HE interactions?

21



Courtesy Prof. Vitor de Souza

Which questions we address?

COSMIC PARTICLE ACCELERATION

= How and where are particles accelerated?
= How do they propagate?

= What is their impact on the environment?

PROBING EXTREME ENVIRONMENTS
= (Close to neutron stars and black holes

= Relativistic jets, winds and explosions
= Cosmic voids

PHYSICS FRONTIERS
= What is the nature of Dark Matter?

* |s the speed of light a constant?
= Do axion-like particles exist?
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*Ultrahigh- energy
COSMIC rays

above 1017 eV
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Highlights of UHE Cosmic-Ray Physics

e Energy spectrum and flux suppression at the highest energies
e Measuring proton-air cross section at /s =57 TeV

e Tests of hadronic-interaction models

e Investigating air showers with an excess of muons

e Challenging level of isotropy with a dipole

e Targeted search for neutron and gamma-ray sources

e Upper limits on neutrino flux

e Neutrinos/photons in coincidence with gravitational waves
e Radio signal from air-showers

e Atmospheric Science

e Upper limits for magnetic monopoles

e Tests of exotic scenarios

e Unexpected mass composition
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*Ultrahigh- energy
gamma-rays of

GeV — TeV — PeV
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« High Energy Stereoscopic System Project (H.E.S.S.) in Namibia

« Gamma-rays of 100 GeV - 100 TeV

» Technigue: Air-Cherenkov telescopes
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http://www.mpi-hd.mpg.de/hfm/HESS/HESS.html

H.E.S.S. Gamma-rays

« High Energy Stereoscopic System Project (H.E.S.S.) in Namibia

« Gamma-rays of 100 GeV - 100 TeV
« Technique: Air-Cherenkov telescopes

 Recent result: H.E.S.S. reported deep gamma-ray observations which show
the presence of PeV protons originating from the supermassive black hole at the
center of the Milky Way (supernova remnants as a source of PeV Galactic
cosmic rays).
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http://www.mpi-hd.mpg.de/hfm/HESS/HESS.html
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—~ Starburst

-~
w HBL, IBL, FRI, FSRQ, LBL,
AGN (unknown type)

-

+ Globular Cluster, Star Forming
Region, uQuasar, Cat. Var.,
Massive Star Cluster, BIN, WR

2 Shell, SNR/Molec. Cloud
® DARK. UNID, Other
® XRB, PSR, Gamma BIN

-~
-

Very High Energy Gamma Ray Sources detected by H.E.S.S. (still 2012)
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The High-Altitude
Water Cherenkov
Experiment
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HAWC is a gamma-ray and cosmic-ray observatory in the
state of Puebla, in Mexico, at an altitude of 4100 meters.

P />> Technique: Altitude particle arrays detecting gamma-rays
2 e D indirectly using the water-Cherenkov method.
N — _ _ o -

Science goals: HE Galactic sources, Galactic diffuse emission,

Transient emission from AGN and the Crab, Gamma-ray bursts,

By HAWC Collaboration - Own work, CC BY-SA 4.0, Cosmic rays at TeV energies, fundamental physics (LIV, dark matter)
https://commons.wikimedia.org/w/index.php?curid=35125676 37
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significance [0]

Recent HAWC
results (2022):
detection of gamma
rays coming from
the central zone of
the galaxies Mrk 421
and Mrk 501
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Large High Altitude Air Shower Observatory
Sichuan, China, 4410 m a.s.l.
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Ultrahigh- energy

neutrinos
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Facing a few difficulties in
theice...
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The dawn of the astroparticle multimessenger era

® Detection of cosmic neutrinos of ~10* eV in 2013 by IceCube.

®In 2017, it was possible to simultaneously detect extremely
energetic neutrinos by IceCube and gamma-ray flares of a blazar
detected by the Fermi LAT and MAGIC telescopes to identify a
potential source of UHE neutrinos and, therefore, a possible source
of cosmic rays.

® This font has been associated with the blazar TXS 0506+056, 5,708
billion light years away from us. A blazar is a giant, very active
elliptical galaxy. It has a supermassive black hole at its center that
spins rapidly and emits two opposing jets of light and elementary
particles. One of the jets points directly at Earth.
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at else? LIGO Hanford Observatory

LIGO - A GIGANTIC INTERFEROMETER

ORAVITATIONAL WAVE DLACK MOLE SPACETIME

MIRROR T oY ' The tight MIRROR
- “TESS ' waves bounce
and return

A "beam aplitter” splits the
light and sends out two

- identical beams alang the
4 Km Llong arms
- A gravitational wave affects the

interferometer's arms differentiy;
Laser light is sent into when one extends the other contracts
the instrument to - : as they are passed by the peaks and
measure changes in - — . troughs of the gravitational waves,
the longth of the two e
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od to the beam aplitter from both
arms and the Light waves cancel
each other out

- LIGHT WAVES
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splitter and hits the detector

Hustration: ©Johan Jarnostad/The Roval Swedish Academy of Sclencos




What else?

ESO Telescopes observe first light from a Gravitational Wave Source
Merging neutron stars scatter gold and platinum into space
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World-Wide Gravitational Network
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And new projects under construction
and development
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The future

coming soon
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Courtesy Dr. Ulisses Barres
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cherenkov telescope array
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cta

cherenkov telescope array

* The Cherenkov Telescope Array is a multinational, worldwide
project to build a new generation of ground-based gamma-ray
instruments in the energy range extending from some tens of GeV

to about 300 TeV.
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cherenkov telescope array

4 x 23 m ¢ Large Size Telescopes (LST)

Slide by Prof. Werner Hofmann
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cta

cherenkov telescope array

25 x 12 m @ Medium Size Telescopes (MST) (North: 15)
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Slide by Prof. Werner Hofmann



c.ta

cherenkov telescope array

70 x 4 m @ Small Size Telescopes (SST) (South only)

Compared to current telescopes
= 5 to 20 x better sensitivity
over 4 decades coverage in energy
much larger field of view
better angular resolution
up to 400 x increased survey speed

61
Slide by Prof. Werner Hofmann
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SWGO

The Southern Wide-field

Gamma-ray Observatory
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A Wide-field Gamma-ray Observatory in the South Sy

1 -

Lake Sibinacocha (Peru)
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‘The dawn of a new era
- of Multimessenger
Astroparticle Physics
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My apologies
for not addressing other experiments going
oh in South America
such as LAGO and ALPACA

LAGO: Latin American Giant Observatory
ALPACA: Andes Large area PArticle detector for Cosmic ray physics and Astronomy (4,740 m at Mt Chacaltaya)
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A operational [|*"
® coming soon
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Thank you for your attention!
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