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Messengers and Messages
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UHE Cosmic-Rays

VHE Gamma-rays

Astrophysical Neutrinos

Gravitational Waves

How are these 
particles created and 

accelerated?

How do they 
propagate and affect the 

Universe?

Which 
phenomena and sources 

produce them?
What do we learn 

anew from their 
interaction?
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Messengers and Messages
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Astrofísica de partículas… 
…conectando o micro e o macrocosmo
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Cosmology and Galaxy 
Evolution

High-Energy 
Astrophysics

UHE Cosmic-Rays

Astrophysical Neutrinos

VHE Gamma-rays

General Relativity

Particle 
acceleration & non-
thermal processes

Particle Physics at 
and beyond the PeV 

scale



Astroparticle Physics : MM scenario
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Astronomy with photons

Charged cosmic-ray physics: p, e-, He, Fe, …

Neutrino signals
All messengers are interconnected and relate back to the same sources: multi-messenger astrophysics

GRAVITATIONAL WAVES? PROBES OF COMPACT SOURCES 

meV … eV … keV … MeV … GeV … TeV … PeV … EeV … 
ZeV

sub-mm IR-UV X-rays Gamma-rays

Realm of Astroparticle Physics

© adapted from a slide by Johannes Knapp
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Astroparticle Physics: multi-messenger scenario



Connecting the puzzle
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High-energy Neutrino counterparts

35

illustration adapted from arXiv:1903.04504

Relativistic astrophysical sources are natural cosmic-ray accelerators and 
therefore expected to be multi-messenger sources

Ulisses Barres | Gamma-rays at VHEs | Texas Symposium 2019

Astro2020 Science White Paper

Multi-Physics of AGN Jets in the
Multi-Messenger Era
Thematic Areas: !" Multi-Messenger Astronomy and Astrophysics

Principal Author: Name: Bindu Rani
Institution: NASA Goddard Space Flight Center, Greenbelt, MD, USA
Email: bindu.rani@nasa.gov; Phone: +1 301.286.2531
Lead authors: M. Petropoulou (Princeton University, USA), H. Zhang (Purdue University,
USA), F. D’Ammando (INAF, Italy), and J. Finke (NRL, USA)
Co-authors: M. Baring (Rice University, USA), M. Böttcher (North-West University, South Africa),
S. Dimitrakoudis (University of Alberta, Canada), Z. Gan (CCA, USA), D. Giannios (Purdue University,
USA), D. H. Hartmann (Clemson University, USA), T. P. Krichbaum (MPIfR, Germany), A. P. Marscher
(Boston University, USA), A. Mastichiadis (University of Athens, Greece), K. Nalewajko (Nicolaus
Copernicus Astronomical Center, Poland), R. Ojha (UMBC/NASA GSFC, USA), D. Paneque (MPP,
Germany), C. Shrader (NASA GSFC, USA), L. Sironi (Columbia University, USA), A. Tchekhovskoy
(Northwestern University, USA), D. J. Thompson (NASA GSFC, USA), N. Vlahakis (University of
Athens, Greece), T. M. Venters (NASA GSFC, USA)

Figure 1: AGN jets, powered by accretion onto a central supermassive black hole, are the most
powerful and long-lived particle accelerators in the Universe. Non-thermal processes operating in
jets are responsible for multi-messenger emissions, such as broadband electromagnetic radiation
and high-energy neutrinos. Background spectral energy distribution is adapted from [116].
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All messengers are connected and relate back to the same sources: logic behind the multi-messenger astrophysics

p+, He, Fe,…. 
p+,e-

Only charged 
particle are 
accelerated in 
EM fields

π+/- 

π0

γγ
Synchrotron in B-
fields, inverse-
Compton… 
p+, inefficient

Easy 
detection

MM Astronomy : Directionality information 
preserved, but strong backgrounds.

Interactions 
with matter and 
photon-fields μ+/-  νμ

e+/-   
νe νμ

Difficult 
detection

Intense radiative losses 
=> hadronic hard X-rays 
or soft-gamma 
signature

Gamma-rays are the cornerstone of multi-messenger astrophysics

MWL

© adapted from a slide by Johannes Knapp
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Connecting the Messengers



  C. Stegmann  |  Gamma ray astronomy  |  18. July 2015  |  Seite 3 

Displaying Cosmic Particle Accelerators 

>  Production 
!  protons: pion-decay: π0 → γγ 
!  electrons: Inverse Compton Scattering: e± γ → e± γ  

 

This talk 
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Anatomy of a relativistic astrophysical source
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© plot by Christian Stegmann, DESY, MG XIV Meeting 2015 (modified)
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The multi-band view of Astrophysical Sources
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Ultra-high-energy Cosmic rays
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The Pierre Auger Observatory
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Ultra-high-energy Cosmic rays
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 The Pierre Auger Collaboration & Observatory
 >400 scientists, technicians from 
18 countries (82 institutions): 

Argentina*, Australia, Belgium, Brazil*, 
Colombia, the Czech Republic, France, 
Germany, Italy, Mexico*, the Netherlands, 
Peru, Poland, Portugal, Romania, Slovenia, 
Spain, and the United States of America.

* founders members

Latin-America
  Institutions Researchers (OCL) On-going PhD

Argentina 10 38  17 
Brazil 13 17   6
Colombia     2   3   1
Mexico   5   8 -
Peru    1   2 -

More than 20% human resources from LA countries
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 The Pierre Auger Observatory
Water-Cerenkov 
Detector 
(WCD)

AMIGA

Fluorescence Telescopes

AERA

COSTS

Construction 53 MUSD

Operation &
Maintenance*  1,7 MUSD/year

*shared based on number of senior 
collaborators (Op. Cost List, OCL)

*local staff > 30 persons

1995 International Agreement
1999 Groundbreaking Ceremony
2001 Engineering Array 
2004-2008 construction 
2019 Celebration 20 years
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 The Pierre Auger Observatory
Water-Cerenkov 
Detector 
(WCD)

AMIGA

Fluorescence Telescopes

AERA

COSTS

Construction 53 MUSD

Operation &
Maintenance*  1,7 MUSD/year

*shared based on number of senior 
collaborators (Op. Cost List, OCL)

*local staff > 30 persons

1995 International Agreement
1999 Groundbreaking Ceremony
2001 Engineering Array 
2004-2008 construction 
2019 Celebration 20 years

Multiple Particle-Physics Technology and Continuous Development



Ultra-high-energy Cosmic rays
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Science Highlights

126

Auger Coll., Phys. Rev. D 102 (2020) 

Auger Coll., Phys. Rev. Lett. 125 (2020) 

Auger Coll., Eur. Phys. J. C 81 (2021)   

V. Novotny, PoS(ICRC2021) 324  

Combined spectrum

Features never seen before

New questions about the 
origin of these new features

Dipole in arrival directions

Auger Coll., Science 357 (2017)

Auger Coll., ApJ. 868 (2018)

Auger Coll., ApJ. 891 (2020)

R. De Almeida, PoS(ICRC2021) 335

Dipole above 8 EeV suggesting extra-

Galactic origin

Lighter elements from out the galactic 

plane (charge particle astronomy)

Auger Coll., Phys.Rev.D90 (2014) 122005 

Auger Coll., Phys.Rev.D96 (2017) 122003 

E. Mayotte, PoS(ICRC2021) 321

 Science highlights

Hadronic physics
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0± ∑ µ ∑ 45±

EPOS-LHC
QGSJetII-04

Auger Coll., PRD. 91 (2015)

Auger Coll., EPJ C. 751 (2020)

Muons observed in air showers are 

not reproduced by hadronic 
models tuned after LHC data.
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© Slide adapted from Federico Sanchez
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Status of ground-based gamma-rays
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Two techniques High Duty Cycle
Wide-Field of View
UHE Performance

Low Duty Cycle
Pointing instruments

Precision Astronomy at VHE
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Very High Energy Gamma Ray Sources detected by H.E.S.S.
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By Klepser at English Wikipedia, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=61288242 16
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HAWC - The High-Altitude Water Cherenkov Experiment
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The High-Altitude 
Water Cherenkov 

Experiment

By HAWC Collaboration - Own work, CC BY-SA 4.0, https://
commons.wikimedia.org/w/index.php?curid=35125676

HAWC is a gamma-ray and cosmic-ray observatory in the  
state of Puebla, in Mexico, at an altitude of 4100 meters.

Technique: Altitude particle arrays detecting gamma-rays 
indirectly using the water-Cherenkov method.

Science goals: HE Galactic sources, Galactic diffuse emission, 
Transient emission from AGN and the Crab, Gamma-ray bursts, 
Cosmic rays at TeV energies, fundamental physics (LIV, dark matter)20

20
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LHAASO  
Large High Altitude Air Shower Observatory

A new window into 
the UHE sky
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LHAASO  
Large High Altitude Air Shower Observatory

A new window into 
the UHE sky

1 TeV

100 TeV~

~
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© LHAASO Collab.

@ HAWC Collab.

Tibet-ASγ + MD

0.01 Crab

MILAGRO

ARGO-YBJ

0.5 Crab

1.0 Crab

2020s
2010s

2000s

SWGO?

LHAASO
Tibet ASγ

5 km a.s.l.

EAS arrays: larger and higher…

HAWC

MILAGRO

0.05 Crab
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Ground-based Gamma-ray 
Astronomy Network

HAWC

VERITAS
MAGIC

HESS
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!  SWGO partners 
→14 countries, 66 institutes, c. 200 scientists*  
→+ supporting scientists 

Argentina 
Brazil 
Chile 
China 
Croatia 
Czech Republic 
Germany

Italy 
Mexico 
Peru 
Portugal 
South Korea 
United Kingdom 
United States

Member Institutes

Supporting Scientists

SWGO Collaboration
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Bolivia 4.7k

Argentina 4.8 k 

Chile 4.8 k

Peru 4.9 k

13º S

24º S

A Wide-field Gamma-ray Observatory in the South
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The baseline detector 
concept

16 m4 m

Core: 

Outer: 

Altitude:

Ø 320 m, FF = 80% 
5,700 WCD units

Ø 600 m, FF = 5% 
880 WCD units

4,700 m a.s.l.

✧ muon counting

— Astro-particles | LIP Mini-School 2023 —  
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SWGO Baseline 
Requirements

! Large and dense detector array at high altitude 
→  Very precise measurements possible below 1 TeV
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Status & Plan
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✓
✓
✓

✓

!R&D Phase 
→Kick off meeting Oct 2019 
→Expected completion 2024 

✓ Site and Design Choices made 
→Then: 

!Preparatory Phase 
→Detailed construction planning 
→Engineering Array 

! (Full) Construction Phase 
→2026+!Roadmaps 

→  US Decadal Review 
→  SNOWMASS, APPEC, Astronet 20M$

— Astro-particles | LIP Mini-School 2023 —  
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ROTOPLASTYC 
(Brazil)

AQUAMATE 
(Australia)

MPIK 
(Heidelberg)

WCD unit Solutions
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More Detector Options 
and Prototyping

PMT module  
MPIK

WLS Padova

PMTs 
Naples HyperK-style 

multi-PMT

HAWC  
Bladders

(IceCube) PMT 
active base



A1
A2 A3

A4

A5

A6

A7
HAWC

similarly B1, C1, D1, …, E4 (13 total)

80% FF, 80,000 m2

0.6% FF

LHAASO

(baseline)

EQUAL NOMINAL COST ARRAYS

1 km2

2.5% FF

 4 km2



1.
7 

m



R. Conceição et al. 2022b

1.
7 

m

Multi-PMT WCDs

R. Conceição et al. 2022a

Shower azimuthal 
asymmetries

Double-layer WCDs

F. Bisconti & A. Chiavassa 2022
S. Kunwar et al. 2022

Double-layer WCDs
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CTA South 50 h

LHAASO 1 y

km2+  
outer array

Planned operation time > 10 years

HAWC - 507 days

Low E 
enhancement

SWGO baseline 1 year

Fermi-LAT 

Improved PSF and 
Background rejection

Minimum Energy   
Flux Detectable 

After time “T" 

Observed  photon energy 



Summary
!  Astroparticle Physics is in its golden age  

→ Major infrastructures in all fronts, with worldwide support in US, EU and LA 

!  LIP / Portugal has a long experience + leadership in Pierre Auger  

!  SWGO is the next step 
→ New window for PeVatron astronomy in the southern hemisphere 

✓ Complementary to LHAASO’s sky view 
✓ Origin of Galactic Hadronic Cosmic-rays 

→ Wide-energy range coverage 100 GeV - 1 PeV 
✓ Complementary to CTA 
✓ Bridging the satellite all-sky monitoring capabilities 

→ The next major Astroparticle Facility in South America, after Pierre Auger 

!SWGO will be a key instrument in the future Astroparticle Physics scenario
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Obrigado! Thank you!
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SWGO Collaboration Meeting — Rio de Janeiro — April 2023

Astroparticle Physics

Mário Pimenta
April 2023

Scientific collaboration between Portugal 
and Latin American 

Gaspar Barreira 1940-2019 Ron Shellard 1948-2021
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2005And then Auger

HEAT corrector rings (2006) Standalone RPCs (2012 - …)  
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Portugal joined the Pierre Auger
Collaboration with the active support
of several Latin-American Countries
namely Brazil, Argentina, Mexico
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