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Perspective of Cosmic-ray Physics
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1912 – V Hess descobre radiação cósmica 
1912 – Wilson inventa a câmara de núvens (primeira ferramenta para se observar a radiação)

1919 – Ernest Rutherford descobre o próton; 
1932 – James Chadwick descobre o neutron; 
1932 – Carl Anderson descobre o positron; 
1933 – Pierre Auger detecta chuveiros atmosféricos
1936 – Carl D. Anderson descobre o lepton muon ao estudar a radiação cósmica; 

1936 – Pierre Auger identifica chuveiros atmosféricos formados por um único raio-cósmico energéticos (E até 1015 eV) 

1947 – George Rochester e Clifford Butler descobrem o kaon, a primeira partícula estranha; 
1947 – Cecil Powell, César Lattes e Giuseppe Occhialini descobrem o lepton pion; 

1955 – Owen Chamberlain descobre o antiproton; 
1956 – Clyde Cowan e Frederick Reines descobrem o neutrino (do elétron); 
1962 – Leon M. Lederman, Melvin Schwartz e Jack Steinberger descobrem o neutrino do muon; 
1974 – Burton Richter e Samuel Ting descobrem a partícula J/ψ composta de quarks charm; 
1977 – Partícula Upsilon descoberta no Fermilab, demonstra a existência do quark bottom; 
1977 – Martin Lewis Perl é levado à descobre o lepton tau após uma séria de experimentos; 
1979 – O Gluon é observado diretamente em eventos tri-jet  no DESY; 
1983 – Carlo Rubbia e Simon van der Meer descobrem os bosons W e Z; 
1995 – Quark top é descoberto no Fermilab; 
2000 – Estudos do neutrino do tau no Fermilab 
2012 – Higgs boson descoberto no CERN - Large Hadron Collider (LHC). 

Discoveries in the laboratory (radiation)

Discoveries with cosmic-rays

Discoveries in accelerators

1948 - Lattes and Gardner identify the 
artificial production of mesons in the 
first cyclotron, at Berkeley.

Revolutions in experimentation
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The fundamental question: Origin 
of Cosmic Rays
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Knee 

Ankle 

T. Gaisser

SNRs ?

 
up to 1015-16  (knee) -     Galactic  
most likely sources:  Supernova Remnants 
      
 SNRs:     Emax ~ vshock Z x B x Rshock  
        
 �standard� DSA theory:  Ep,max ~  1014 eV 
  solution?  amplification of B-field by CRs   
           
1016 eV  to 1018 eV:  
       a few special sources? Reacceleration? 
 
 above 1018 eV (ankle)  - Extragalactic 
1020 eV  particles? : two options   
  �top-down� (non- acceleration) origin  
     or   Extreme Accelerators 

Cosmic Rays from  up to 1020 eV

Auger   ICRC 2019

© Auger Collab., ICRC 2019

Auger   ICRC 2019

Dipole above EeV, with 
amplitude growing with 
energy.
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The fundamental question: 
Origin of Cosmic Rays
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ECR ~ E* ~ ECMB ~ Emag ~ Ek,gas ~ 1 eV/cm3 

                      Σtotal ~ 1049 J na Galáxia 

The Astrophysical relevance 
importance of cosmic-rays: 

The (simple) world of   cosmic rays

Galaxy

CR source

Solar 
system

magnetic 
fields 

(deflect CRs)

i p

e

CR accelerators 
(uniformly distr.)

spallation

losses
interstellar 

gas

dust

photons  
(2.7K and others)

interactions

low energy



The fundamental question: Origin of 
Cosmic Rays
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Galactic Cosmic Rays - before the knee (+ between knee and ankle) 

Sources? Strong shocks with enhanced magnetic fields (SNRs) 
Stellar winds, such as in cluster and OB associations, galactic center, etc.

all particle spectrum 
PDG 2011

energy density: ~ 1 eV/cm3 (~ CMB, gas, B, etc.) 
age: ~ 107 yrs, 
production rate: (0.3-1) x 1041 erg/s, source 
spectrum: hard, Q(E) ~ E-2.1 x E-0.6 ~ E-2.7
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The fundamental question: Origin of 
Cosmic Rays
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Galactic Cosmic Rays - before the knee (+ between knee and ankle) 

Energy density of cosmic-rays: ρ ≈ 1 eV / cm3 (~ CMB, IGMF, Kgas, …)                                                

“Lifetime” of cosmic rays: t ≈ 6 x 106 years                                                     
Galaxy Volume: V ≈ π r2 d ≈ 4.2 x 1066cm3

dE/dt = ρ V / t ≈ 4 x 1033 J/s

Rate of Supernovae: f ≈ 1 / 30 years 
Kinect energy of ejections: E ≈ 1044 J
Cosmic-ray fraction: ε ≈ 10 %

dE/dt = f ε E  ≈ 1034 J/s

energy density: ~ 1 eV/cm3 (~ CMB, gas, B, etc.) 
age: ~ 107 yrs, 
production rate: (0.3-1) x 1041 erg/s, source 
spectrum: hard, Q(E) ~ E-2.1 x E-0.6 ~ E-2.7

all particle spectrum 
PDG 2011

Sources? Strong shocks with enhanced magnetic fields (SNRs) 
Stellar winds, such as in cluster and OB associations, galactic center, etc.
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The fundamental question: Origin of 
Cosmic Rays
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all particle spectrum 
PDG 2011

Extragalactic Cosmic Rays - certainly above the ankle

Origin? At 1018-19 eV, t ~ R2/D, propagation time from multi-Mpc can exceed Hubble time (~ 1010 yr). 
 At 1020 eV, horizon ~100 Mpc due to interactions with the 2.7 K CMB (“GZK cutoff”)

Galactic Cosmic Rays - before the knee (+ between knee and ankle) 

Sources? SNRs, under strong shocks with enhanced magnetic fields. 
But also, stellar winds, in cluster and OB associations, galactic center, etc.

:: "Local fog” - extragalactic (but also Galactic) cosmic-rays (arXiv: 1003.0082v1)

all particle spectrum 
PDG 2011

p+He

O
Fe

X-Gal 
component?

energy density: ~ 1 eV/cm3 (~ CMB, gas, B, etc.) 
age: ~ 107 yrs, 
production rate: (0.3-1) x 1041 erg/s, source 
spectrum: hard, Q(E) ~ E-2.1 x E-0.6 ~ E-2.7
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The fundamental question: Origin of 
Cosmic Rays
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all particle spectrum 
PDG 2011Galactic Cosmic Rays - before the knee (+ between knee and ankle) 

all particle spectrum 
PDG 2011

p+He

O
Fe

X-Gal 
component?

energy density: ~ 1 eV/cm3 (~ CMB, gas, B, etc.) 
age: ~ 107 yrs, 
production rate: (0.3-1) x 1041 erg/s, source 
spectrum: hard, Q(E) ~ E-2.1 x E-0.6 ~ E-2.7
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Interaction with CMB

Above E ~ 6x1019 eV protons rapidly lose energy by photo-pions production at an 
energy loos rate of circa ~15% per interaction (very efficient!)

Interaction length 5-10 Mpc

Universe is opaque E > 5x1019 eV.

The spectrum suffers a cutoff (cosmic-ray absorption from distante sources, > 100 Mpc)



Potential sites for ZeV CRsHigh-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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"Hillas Plot” 
Ann. Rev. Astron. Astrophys. 1984, 22:425-444 

Hillas Plot: ”B - L relation" based on the most 
trivial confinement condition for acceleration L > RL  

                    

 BµG LMpc > 2 E21 / Zβ 

and shows that viable options for acceleration are 
quite limited (tconf > tacc) : 

• tconf ~ L2/D ~ L2/cRL ~ L2B/E 
• tacc ~ η β2 RL/c ~ E/eBc.                                                              
         => L > η (1/2) RL (η ~ 1, extreme) 

• absence of radiation losses, important in 
compact objects

Emax ~ vshock Z x B x Rshock 
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Potential sites for the ZeV CRs
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"Hillas Plot” 
Ann. Rev. Astron. Astrophys. 1984, 22:425-444 

Hillas Plot: ”B - L relation" based on the most trivial confinement condition for 
acceleration L > RL  

                      BµG LMpc > 2 E21 / Zβ 

and shows that viable options for acceleration are quite limited (tconf > tacc) : 
• tconf ~ L2/D ~ L2/cRL ~ L2B/E 
• tacc ~ η β2 RL/c ~ E/eBc.                                                              
                      => L > η (1/2) RL (η ~ 1, extreme) 
• absence of radiation losses, important in compact objects

Potential Sources?   
• extreme compact objects (but, radiation losses?),          
• inner jets of AGN (fbut, ast variability?),    
• extended structures in AGNs, galaxy clusters (but, Bethe-Heitler?)  
• M87 and Cen A best "local" candidates.

Emax ~ vshock Z x B x Rshock 
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Potential sites for the ZeV CRs
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"Hillas Plot” 
Ann. Rev. Astron. Astrophys. 1984, 22:425-444 

Hillas Plot: ”B - L relation" based on the most trivial confinement condition for 
acceleration L > RL  

                      BµG LMpc > 2 E21 / Zβ 

and shows that viable options for acceleration are quite limited (tconf > tacc) : 
• tconf ~ L2/D ~ L2/cRL ~ L2B/E 
• tacc ~ η β2 RL/c ~ E/eBc.                                                              
                      => L > η (1/2) RL (η ~ 1, extreme) 
• absence of radiation losses, important in compact objects

Emax ~ vshock Z x B x Rshock 

In principle, proton astronomy would be possible above 1020 eV in 
the presence of very low intergalactic magnetic fields < 10-9 G, for 
nearby sources (< 100 Mpc) : φ ~ 1º-2º

astronomy with protons ? 

J."Cronin"

1020 eV 1018 eV 

proton,  
Mpc cell,  

nanoGaussULISSES BARRES DE ALMEIDA - MARCH 2023 - ICTP-SAIFR CTA SCHOOL



Cosmic ray astrophysics?
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The probe of the astrophysical origins of cosmic rays depends on proper astronomical 
messengers, i.e. stable and neutral
… among which gamma-rays are unique carriers of information about non thermal 
phenomena, both on Galactic and extragalactic sources.

effectively produced in both leptonic and hadronic interactions (“ubiquitous" but “dubious”) 
effectively detected over a very large energy range from MeV to PeV, from space and from the ground. 
but also, effectively interact with matter, radiation and magnetic fields (beware of some distortion)

Neutrinos also satisfy the stability-neutrality conditions and unequivocal signature of 
hadronic processes, but are extremely hard to detect (+ “hidden accelerators”)

VHE gamma-ray astronomy has gone through a revolution over the past couple of decades, 
and now with CTA and LHAASO is about to enter a new era: it has shown that the universe is 
full of extreme TeV accelerators, and the first PeVatrons have recently been unveiled.
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Setting up the 
Stage

15
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1st July, 1989

• Following the gamma-hadron discrimination by Hillas 
(1985), the Whipple team detected the first VHE 
gamma-ray signal from the Crab Nebula (Weeks et 
al. 1989)

– 10 m reflector, 37-pixel camera, 19 channels
– Threshold 0.7 TeV, 9 σ detection, 80 hours 

integration

MHz Radio 
Velusamy+ 1992

Plate 1. Photographic representation of the VLA map of the Crab Nebula at 327 MHz, observed with resolution 4x4 arcsec2. The filaments 
used for studying the radio spectra are numbered. 
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Infra-red 
Hester+ 1990

Optical image 
Fesen+, 1990

Far-UV image 
ASTRO-1, 1990

X-ray image  
ROSAT, 1991

Gamma-rays  
EGRET, 1992
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set the reflector to track the candidate source for 28 minutes; in 
this mode the source was within ±0?1 of the optic axis 
throughout the on scan. Then, in a 2 minute interval the reflec- 
tor was slewed to point to a position 30 minutes later in right 
ascension and was allowed to track at the sidereal rate for 28 
minutes during which the same range of zenith and azimuth 
angles were covered (off scan). This sequence of on/off pairs 
was repeated as long as the sky conditions were excellent (no 
clouds) and the zenith angle z was less than 55°. The proximity 
of optical telescopes nearby meant that the observer was 
alerted to the presence of even very thin cirrus. The majority of 
the observations were taken at z < 30°. 

For the observations of the Crab Nebula the presence of the 
star, Zeta Tau (F = +3.0, B—V = —0.19), ~1° away from 
the source location on the sky, necessitated the removal of one 
phototube in zone 2 (by turning off* its high voltage) per scan. 
The scan was timed to start so that the star would only fall in 
one phototube during the scan. During the corresponding off 
scan the same phototube was turned off*. 

Calibration files were recorded at the beginning and end of 
each night. These were (1) a “pedestal” file, in which the 
camera was triggered by a 10 Hz timing signal to record the 
pedestal levels of the ADCs; (2) a “sky pedestal” file, which 
was the same as (1) but had the high voltage turned on, so that 
the fluctuations due to the night-sky light were recorded; (3) a 

“ nitrogen ” file in which the camera was triggered by a diffuse 
fast blue light (nitrogen spark) source located 8 m from 
the phototubes. In each case 500-1000 event triggers were 
recorded. 

Additional information pertaining to routine operation was 
continuously recorded on video tape throughout the scans; 
this consisted of (1) tracking computer video output; (2) output 
of image-intensified camera view of sky + 3° around source; (3) 
video image of the padding lamps. 

To confirm the quality of the camera operation on a nightly 
basis, a 15 minute observation was taken with the telescope 
pointed to the zenith at the beginning of each night. To ensure 
that the camera was operating efficiently before proceeding 
with the routine source observations, these data were analyzed 
using the on-line LSI-11 computer. 

d) Image Processing 
Preliminary data analysis consisted of three steps: (1) image 

normalization, calibration, and editing; (2) shower image 
parameterization; (3) candidate gamma-ray event selection. 
These selected images could then be used to look for an excess 
from the source direction or to search for periodicities in the 
data. In Figure 2 we show a typical image at various stages in 
the preparation process as well as the shower image param- 
eters (defined below) derived from it. 

(c) After Noise Reduction 
0.0 0.0 0.0 100.9 

0.0 0.0 15.9 114.6 15.7 

0.0 0.0 16.2 71.8 0.0 0.0 

0.0 0.0 0.0 23.8 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 

(d) Parameters derived from image. 
Image Zone 2. Zenith Angle-35.32°. 
Parameter. Image value. Gamma-ray Domain. Result. 
WIDTH 
LENGTH 
MIS 
CONG 
AZWIDTH 
PIS 
4/6 

0.15° 
0.47° 
0.13° 
0.60 
0.16° 
0.94° 

< 0.14° 
< 0.30° 
< 0.22° 
> 0.79 
< 0.18° 
> 0.84° 

Fail 
Fail 
Pass 
Fail 
Pass 
Pass 
Fail 

Fig. 2.—Typical image shown at various stages in the image processing: {a) raw image; {b) after pedestal subtraction and gain normalization ; (c) after subtraction 
of subthreshold signal channels; (i/) image parameters derived from (c), using the methods outlined in the appendix, and limits of gamma-ray domain. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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Typical whipple 37-pixel VHE  
gamma-ray Cherenkov signal 
from the Crab Nebula, 1989
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A brief CV of the Crab at VHEs

MHz Radio 
Velusamy+ 1992

Plate 1. Photographic representation of the VLA map of the Crab Nebula at 327 MHz, observed with resolution 4x4 arcsec2. The filaments 
used for studying the radio spectra are numbered. 
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Hester+ 1990

Optical image 
Fesen+, 1990

Far-UV image 
ASTRO-1, 1990

X-ray image  
ROSAT, 1991

Gamma-rays  
EGRET, 1992
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A (2kpc distant) PeVatron – Crab Nebula          
- PeV electrons   (GeV synchrotron emission)
                                      (GeV flaring   Buehler etal 2014)

• Since then, we have learned much an been much surprised by the Crab
• Source extension at VHEs finally measured by H.E.S.S. (2019) to be                            

52.2'' +/- 2.9''(stat) +/- 6.6’’(sys), with an energy dependent morphology that ties the 
origin of energetic electrons to the center of the nebula;

• Spectrum was shown to extend up to 100 TeV (HAWC 2019, MAGIC, 2019) following a 
log-parabola profile;

• Recent claims by Tibet (2019) of photons up to 300 TeV establish the source as a 
powerful PeV e- accelerator working near theoretical efficiency (Khangulyan et al. 2019);

• MAGIC detection of pulsed emission above 25 GeV and up to 1.5 TeV, favouring outer-
gap models and an origin of the gamma-rays from curvature radiation.

ULISSES BARRES DE ALMEIDA - MARCH 2023 - ICTP-SAIFR CTA SCHOOL
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GROUND-BASED GAMMA RAY ASTRONOMY

§ Sky maps with 5’ resolution 
§ Over 200 detected sources, covering 3 

orders of magnitude in gamma ray flux
§ Energy spectra over 3 decades in energy
§ Light curves on all scales from minutes to 

years

Real Astronomy!
showing a different sky

Gamma ray image
of supernova

RX J1713.7-3946

Status of ground-based gamma-ray astronomy

Cherenkov Astronomy has reached the status of "real 
astronomy"

o good-resolution skymaps, ~ 5' 
o 200+ sources detected 
o spectra from c. 30 GeV to 30 TeV
o times resolved light curves down to minute timescales
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VHE-UHE Gamma-ray Astronomy (ground-based)

19

• 1989 : Whipple first detection of  a TeV gamma-ray source 

• 1990s 2a Generation : HEGRA, CAT - recognized as the 
most advanced field of astroparticle physics, but still few 
(c. 10) sources 

• 2000s 3a Generation : HESS, MAGIC, VERITAS - revolution 
and rise of a new astronomical discipline (hundreds of 
sources) 

• 2010 CTA : Start of CTA planning, the worldwide gamma-
ray observatory 

• 2020 LHAASO and SWGO : Rise of UHE / PeV Gamma-ray 
Astronomy. Kifune Plot - © Stefan Funk

Today, gamma-ray astronomy counts over 250 
sources thanks to the Imaging Atmophseric 
Cherenkov Technique, working between 0.1 and 
100 TeV
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Principais resultados da Astronomia Gama
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• HESS, High energy particle acceleration in the shell of a supernova remnant, Nature 432, 75-77 (2004) 
• HESS, A new population of very high energy gamma-ray sources in the Milky Way, Science 307 1938-1942 (2005) 
• HESS, Discovery of very high energy gamma rays associated with an X-ray binary, Science 309 746-749 (2005) 
• HESS, Fast variability of Tera-Electron Volt gamma-rays from the radio galaxy M87, Science 314, 1424 - 1427 (2006)

• HESS, Discovery of very-high-energy gamma-rays from the Galactic Centre ridge, Nature 439, 695-698 (2006)

• HESS, A low level of extragalactic background light as revealed by gamma-rays from blazars, Nature 440,1018-1021 (2006) 

• HESS, H.E.S.S. observations of the Galactic Center region and their possible dark matter interpretation, PRL 97 221102 (2006)

• MAGIC, Variable very-high-energy gamma-ray emission from the microquasar LS I+ 61 303, Science 312 ,1771–1773 (2006) 
• HESS, The energy spectrum of cosmic-ray electrons at TeV energies, PRL 101, 261104 (2008) 
• HESS, Limits on an energy dependence of the speed of light from a flare of the active galaxy PKS 2155-304, PRL 101, 170402 (2008)

• MAGIC, Very-High-Energy gamma rays from a Distant Quasar: How Transparent Is the Universe?, Science 320 1752- (2008)

• MAGIC, Observation of Pulsed gamma-Rays Above 25 GeV from the Crab Pulsar with MAGIC, Science, 322, 1221- (2008) 
• HESS, Detection of Gamma Rays from a Starburst Galaxy, Science 326, 1080-1082 (2009)

• MAGIC, Radio Imaging of the Very-High-Energy gamma-Ray Emission Region in the Central Engine of a Radio Galaxy, Science, 325, 444- (2009)

• VERITAS, M82 - TeV gamma-ray emission from a new class of source: starburst galaxies, Nature, volume 472, 770-772, (2009)

• VERITAS, M87 - Gamma-rays from the edge of a supermassive black hole, Science 325, 444, (2009) 
• HESS, Search for a Dark Matter annihilation signal from the Galactic Center halo with H.E.S.S. PRL 106, 161301 (2011) 
• VERITAS, Detection of Pulsed Gamma Rays Above 100 GeV from the Crab Pulsar, Science 334: 69, (2011) 
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Principais resultados da Astronomia Gama
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• MAGIC, Black hole lightning due to particle acceleration at subhorizon scales, Science, 346,1080 (2014)

• HESS, The exceptionally powerful TeV gamma-ray emitters in the Large Magellanic Cloud, Science 347, 406-412 (2015) 
• HESS, Search for dark matter annihilations towards the inner Galactic halo from 10 years of observations with H.E.S.S., PRL 117, 111301 (2016)

• HESS, Acceleration of petaelectronvolt protons in the Galactic Centre, Nature 531, 476 (2016)

• HAWC, Extended gamma-ray sources around pulsars constrain the origin of the positron flux at Earth, Science 6365, 911-914 (2017)  

• HAWC, Very high energy particle acceleration powered by the jets of the microquasar SS 433, Nature 562 82-85 (2018) 
• HESS, Search for gamma-ray line signals from dark matter in the inner Galactic halo from ten years of observations, PRL 120, 201101 (2018) 
• MAGIC, Multimessenger observations of a flaring blazar coincident with high-energy neutrino IceCube-170922A, Science, 361 eaat1378 (2018) 
• HESS, A very-high-energy component deep in the gamma-ray burst afterglow, Nature 575 464 (2019)
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Astroparticle Physics : MM scenario

22

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

ULISSES BARRES DE ALMEIDA - MARCH 2023



23
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Connecting the puzzle

24

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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  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  
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Anatomy of a relativistic astrophysical source

25

© plot by Christian Stegmann, DESY, MG XIV Meeting 2015 (modified)
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Electron PeVatrons and hadronic X-rays?

26

https://link.springer.com/chapter/10.1007/978-3-319-96854-4_9

a non-thermal astrophysical object seen over 20 energy decades  
νF
ν 

(W
) 

1028 

1030 

1027 

Frequency ν (Hz) 
1010 1020 1030 1015 1025 

1029 

1026 

1031 

radio 

visible 
X rays 

soft 
hard gamma rays 

from space 

from ground 

Crab Nebula 

300 GeV 10 GeV 100 TeV 10 TeV 

Crab Nebula 

100 TeV 10 TeV 

from ground 

gamma rays 
from space 

X rays 
soft 

hard 

gamma-rays  R, mm, IR, O, UV,X 17"

From Space

From Ground

The synchrotron spectrum of sources 
like the Crab Nebula point towards 
multi-100 TeV electron populations. 

MeV Sy emission could be the result 
from primary accelerated, or 
secondary multi-100 TeV electrons 
produced from proton interactions => 
hadronic marker at hard X-rays (also 
ambiguous and model dependent)

(1) pp(γ) => π, K, Λ; (2) π, K, Λ => γ, ν, e, µ 
(3) e B => X-rays 

(1) pγ=> e+e-; (2) eB => X-rays 
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Gamma-ray signals : source + target

27

The presence of a powerful accelerator is not sufficient for 
the production of gamma-rays from charge particle 
populations; a dense target is also necessary. 

The gamma-rays track, therefore the target, and not 
necessarily the sources of particle acceleration.

gamma-ray production:  accelerator+target 

existence of a powerful particle accelerator  by itself  is not sufficient   
for γ-radiation; an additional component – a dense target - is required 

target - matter, radiation, magnetic field"

!any!gamma,ray!emiRer!coincides!with!the!target,!but!not!!!!
!!necessarily!with!the!�primary�!source/parAcle,accelerator"""

25"

Targets - matéria, radiation, magnetic fields
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Example:

28ULISSES BARRES DE ALMEIDA - 9 A 13 DE AGOSTO, 2021 - 

gamma-ray production:  accelerator+target 

existence of a powerful particle accelerator  by itself  is not sufficient   
for γ-radiation; an additional component – a dense target - is required 

target - matter, radiation, magnetic field"

!any!gamma,ray!emiRer!coincides!with!the!target,!but!not!!!!
!!necessarily!with!the!�primary�!source/parAcle,accelerator"""

25"

Gamma-ray source around W28 

Cosmic-rays from an old SNR interacting with matter 
from a surrounding molecular cloud?TeV gamma-ray sources around W28:!

CRs from an old SNR interacting with nearby clouds? "

AGILE"

26"

Targets - matéria, radiation, magnetic fields

https://www2.cbpf.br/pt-br/grupos-de-pesquisa/cohep/grupo-astro-particulas
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CTA SYNERGIES WITH MWL INSTRUMENTS
© slide by Werner Hofmann
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• Non-thermal emission in radio
• High-resolution VLBI to image 

emission zones
• Mapping of the diffuse gas 

(CR targets) to complement 
CTA view of diffuse emission 
around accelerators 

• Detection of fast-variability 
signals from compact sources

• Optical polarimetry to isolate 
non-thermal component in 
mixed emission scenarios 

• X-ray study of shock regions, 
accretion, high-speed 
outflows, which connect back 
to particle acceleration

• Soft gamma-ray telescopes 
for detection of high-energy 
transients 

MWL



Multi-messenger Phenomenology
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Multi-messenger Astrophysics has emerged in 
the past decade, with gamma-ray astronomy at 
its very center. 

GRB detection at VHE: a breakthrough and 
a gateway to probing GW events at TeV 
energies
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GRB 190114C  / MAGIC 
early afterglow 
detection (< 100s) 
GRB 190829A / HESS 
late afterglow 
detection (> ks)

Attempt at a neutrino / VHE 
connection for TXS 0506+056
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IceCube / Fermi-LAT / MAGIC     
2018 - Science 361, 6398 

TeV Observations of event 
GW 170817 
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Upper-limits from HESS.             
2017 - ApJL 850, L22 
Upper-limits from Fermi-LAT.             
2018 - ApJ 861, 85



Multi-messenger Phenomenology
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Multi-messenger Astrophysics has emerged in 
the past decade, with gamma-ray astronomy at 
its very center. 

GRB detection at VHE: a breakthrough and 
a gateway to probing GW events at TeV 
energies
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IceCube / Fermi-LAT / MAGIC     
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TeV Observations of event 
GW 170817 
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pֵEֵíֵíֵ�dä%�՞զ՝ե՟զ�ֱ�՟՝՟՞֯�íŽǥƛȟŽƛ�֯�ՠդ՟֯�գբագ

䙘 £ƛʙʄɦǥȟȰֻĥpE�ŽȰȟȟƛŽʄǥȰȟɶ�ǃȰɦ�ùįí�՝բ՝գؚ՝բգ

xŽƛ,ʙųƛֻ��dx,ֵֵֵֵ
՟՝՞ե֯�íŽǥƛȟŽƛ֯�ՠգ՞֯�գՠզե

䙘 dĨגŏɶʄɦȰɜǚ˃ɶǥŽɶ�ʺǥʄǚ�x�,ù
pֵEֵíֵíֵ�dĨ�՞դ՝ե՞դ�
՟՝՞դ֯��ɜ��֯�եբ՝֯��՟՟
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Upper-limits from HESS.             
2017 - ApJL 850, L22 
Upper-limits from Fermi-LAT.             
2018 - ApJ 861, 85

A tidal disruption event coincident with a 
high-energy neutrino 
R. Stein et al., Nature Astronomy 5, 510–518 (2021)

Coincident with IceCube Neutrino IC191001A 




The CTA Context
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Gamma-ray ground-based facilities

34

SWGO

Particle Samplers
Air-Cherenkov

CTA-S

CTA-N ASTRI MACE
LHAASO

TAIGA

GRAPES

CARPET

ALPACA

HAWC 

MAGICVERITAS

HESS

SWGO, sites under study

IACTS - ASTRI and MACE = 
extended longitude 
coverage capabilities, with 
low-E threshold and deep 
source observations 
towards high energies 

Particle arrays - LHAASO 
& SWGO = unprecedented 
all-sky coverage at VHE-
UHE for alert and 
monitoring, as well as all-sky 
surveys.
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MWL/MM:
• Multimessenger observations of a flaring blazar coincident with high-energy neutrino
• A very-high-energy component deep in the gamma-ray burst afterglow
• Revealing x-ray and gamma ray temporal and spectral similarities in the GRB 190829A afterglow
Deep observations:
• The exceptionally powerful TeV gamma-ray emitters in the Large Magellanic Cloud
• Acceleration of petaelectronvolt protons in the Galactic Centre
New analysis techniques
• Resolving the Crab pulsar wind nebula at teraelectronvolt energies
• Resolving acceleration to very high energies along the jet of Centaurus A

03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21

1 2 3 2 1 1 1 2 1 1

28 m telescope
CT5 added

CT1-4 camera
upgrade

CT5 camera
upgrade

CT1-4
operational

Year

WHAT DRIVES HIGH IMPACT SCIENCE?

Number of H.E.S.S Nature & Science papers

New instrument

Thanks to Werner Hofmann
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CTA as a player in the MWL+MM arena

Era of Multi-Messenger Astroparticle Physics 

taken from IceCube homepage

Neutrinos
IceCube, KM3Net
Super-K etc.

Gamma Rays
Fermi, HAWC, 
HESS, MAGIC, VERITAS, CTA etc.

Cosmic Rays
PAMELA, AMS-02
Auger, TA etc.

Gravitational Waves
LIGO, Virgo, KAGRA
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Era of Multi-Messenger Astroparticle Physics 

taken from IceCube homepage

Neutrinos
IceCube, KM3Net
Super-K etc.

Gamma Rays
Fermi, HAWC, 
HESS, MAGIC, VERITAS, CTA etc.

Cosmic Rays
PAMELA, AMS-02
Auger, TA etc.

Gravitational Waves
LIGO, Virgo, KAGRA

Neutrinos  
IceCube, KM3Net

Gamma-rays  
Fermi, LHAASO, 
IACT…

Gravitational Waves 
LIGO, VIRGO, KAGRA

Cosmic rays 
AMS-02, Auger,…

�

�Ĩ��٘�șʙȇʄǥגșƛɶɶƛȟǆƛɦ�ɶ˃ȟƛɦǆǥƛɶ�

$OHVVDQGUR�&DURVL

,PDJH�FUHGLW��5��=DQLQ�#7H93$�����

ŏȇƛɦʄɶ

䙘 �ʙȇʄǥגșƛɶɶƛȟǆƛɦ�ƛɦŏ�ʺǥȇȇ�ɦƛɢʙǥɦƛ��ȇŏɦǆƛ�ɶ˃ȟƛɦǆǥƛɶ�
ųƛʄʺƛƛȟ�ǃŏŽǥȇǥʄǥƛɶ�Ȱɜƛɦŏʄǥȟǆ�ŏʄ�ƈǥǃǃƛɦƛȟʄ�ųŏȟƈɶ�ŏȟƈ�ʺǥʄǚ�
ƈǥǃǃƛɦƛȟʄל�ɶǥǆȟŏȇɶם

ג �íùג՞�ʺǥȇȇ�ųƛ�ŏųȇƛ�ʄȰ�ɦƛŽƛǥʶƛ�ŏȇƛɦʄɶ�ǃɦȰș�șŏȟ˃�ƈǥǃǃƛɦƛȟʄ�
ɶȰʙɦŽƛɶ�ʄǚŏȟȁɶ�ʄȰ�ƈƛƈǥŽŏʄƛƈל�ɿɢŏȝɲǣƚȝɿ�ǘŏȝƇȅƚɢם

ג xȟ�ʄǚƛ�ǃʙʄʙɦƛ֯�ʄǚƛ�ɶ˃ɶʄƛș�ʺǥȇȇ�ųƛ�ŏȇɶȰ�ŏųȇƛ�ʄȰ�ƈƛȇǥʶƛɦ�ŏȇƛɦʄɶ�
ǥȟ�ŏȇșȰɶʄ�ɦƛŏȇגʄǥșƛ�ʄȰ�ʄǚƛ�ƛ˂ʄƛɦȟŏȇ�ŏɶʄɦȰɜǚ˃ɶǥŽŏȇ�
ŽȰșșʙȟǥʄ˃
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Era of Multi-Messenger Astroparticle Physics 

taken from IceCube homepage

Neutrinos
IceCube, KM3Net
Super-K etc.

Gamma Rays
Fermi, HAWC, 
HESS, MAGIC, VERITAS, CTA etc.

Cosmic Rays
PAMELA, AMS-02
Auger, TA etc.

Gravitational Waves
LIGO, Virgo, KAGRAMWL Facilities 
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MM Perspective from Astro 2020

37

(Reshmi Mukherjee)

Astro2020 Decadal Survey: 
Continuity of Multi-messenger Capabilities

34Reshmi Mukherjee, GammaSIG, AAS2022

Astro2020 Decadal Survey: 
Continuity of Multi-messenger Capabilities

34Reshmi Mukherjee, GammaSIG, AAS2022
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CTA as a player in the MWL+MM arena

38

CTA will be the largest (open) observatory in the VHE range 
(20 GeV - 300 TeV), with two sites in both hemispheres for full 
sky access

o most sensitive in the range below < 10s TeV 
o unique short timescale sensitivity (> 103 x Fermi-LAT) < 300 GeV
o unique angular resolution < 0.01º in entire energy range
o largest FoV in a pointing instrument (~ 8º), ideal for surveys
o rapid response of LSTs (< 30 s)

A powerful and large precision instrument in the TeV range  

Operations expected to start in 2027 : contemporaneous             
to a new generation of MWL and MM instruments 

24

Full sky coverage

CTA North
ORM La Palma, Spain

CTA South
ESO, Chile
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5!

Transients Science with CTA!

Thanks to Franz Longo



CTA Transient and MM Programme

40

CTA will have a strong transient and multi-messenger programme, following its 
unique short-timescale sensitivity in the multi-GeV range, ~104x superior to Fermi-
LAT for timescales up to several ks.

,&5&���������������������$OHVVDQGUR�&DURVL

ùɦŏȟɶǥƛȟʄɶ�ŏɦƛ�ŏȟ�ǥȟʄƛǆɦŏȇ�ɜŏɦʄ�Ȱǃ�ʄǚƛ�,ùך���ƛ˃�íŽǥƛȟŽƛ�ÝɦȰǹƛŽʄɶ�כ�íÝֵ���ƈƛƈǥŽŏʄƛƈ�íŽǥƛȟŽƛ�ĨȰɦȁǥȟǆ�dɦȰʙɜ�ǥɶ�ǥȟ�ɜȇŏŽƛ�
ʄȰ�ɜɦƛɜŏɦƛ�ǃȰɦ�ʄǚƛ�˚ɦɶʄ�ȰųɶƛɦʶŏʄǥȰȟɶ�ɦƛŏŽʄ�ɦŏɜǥƈȇ˃�ʄȰ�ʄŏɦǆƛʄ�Ȱǃ�ȰɜɜȰɦʄʙȟǥʄǥƛɶגùȰ²֯�ƈƛ˚ȟƛ�ʄǚƛ�ȰųɶƛɦʶŏʄǥȰȟŏȇ�ɜɦȰǆɦŏș֯�
ɜɦƛɜŏɦƛ� ʄǚƛ� ɶŽǥƛȟŽƛ� ŏȟŏȇ˃ɶǥɶ֯� ƛʄŽֵֵ� ŏȟƈ� ʄȰ� ɶƛʄ� ʙɜ� ʄǚƛ� ȟƛƛƈƛƈ�șʙȇʄǥ�ʺŏʶƛȇƛȟǆʄǚֻșʙȇʄǥșƛɶɶƛȟǆƛɦ� ŽȰȟȟƛŽʄǥȰȟɶ� ŏȟƈ�
ɶ˃ȟƛɦǆǥƛɶ�ʺǥʄǚ�ƛ˂ʄƛɦȟŏȇ�ǃŏŽǥȇǥʄǥƛɶֵ

ǚʄʄɜɶֻֻ֮ ʺʺʺֵŽʄŏגȰųɶƛɦʶŏʄȰɦ ֵ˃Ȱɦǆ

KWWSV���DU[LY�RUJ�SGI������������SGI

,ù��ʄɦŏȟɶǥƛȟʄ�ŏȟƈ��șʙȇʄǥגșƛɶɶƛȟǆƛɦ�ɜɦȰǆɦŏș

a���

• Gamma-ray bursts (GRBs), external alerts from monitoring facilities. 
Simulations of a realistic GRB populations estimate CTA detection prospects 
to few GRBs per year. 

• Galactic transients, serendipitous detection of a wide range of galactic 
transients expected from CTA regular Galactic Plane Survey monitoring: 
flares from pulsar wind nebulae (PWN), X-ray binaries, novae, microquasars, 
magnetars, etc. 

• High-energy neutrino transients, CTA strategy is to follow-up (golden) 
neutrino to maximize the chance of detecting a VHE counterpart.

• GW transients, follow-up by CTA can play a unique role to ID counterparts 
thanks to large FoV and divergent pointing strategy. 

• Core-collapse Supernovae, investigation of CTA prospects in detecting a 
wide range of different types of CCSNe and their different signature in the 
VHE regime.  
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䙘 E˂ʄƛɦȟŏȇ�ŽȰșșʙȟǥŽŏʄǥȰȟ�ǚŏȟƈȇǥȟǆ
ٍ�ŽȰșșֵ�ɜɦȰʄȰŽȰȇɶ֯�ŽȰȟȟƛŽʄǥȰȟɶ�ʺǥʄǚ�ųɦȰȁƛɦɶֱ
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CTA Transient and MM Programme

41

Multi-messenger research will require 
large cooperation between CTA and other 
facilities, operating at all bands of the EM 
and at different ‘messengers’.

Key elements being
•  Ability to receive alerts from many 

different sources, which will be 
implemented in CTA via a dedicated 
‘transient handler’  

•  Ability to deliver alerts in near real-time 
to the external astrophysical community 
for follow-up by other instruments 

© Alessandro Carosi, UniGeneva, ICRC 2021

PROTOCOLS FOR EXTERNAL 
COMMUNICATIONS HANDLING

RECEIVING AND HANDLING OF 
ALERTS

ALERT FILTERING AND 
OBSERVABILITY ASSESSMENT

INTERNAL COMMUNICATIONS 
HANDLING FOR SCHEDULING
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CTA : alert and follow-up system

42

CTAO

~2 PB/
year

36

CTA Observatory

Data open 
after 1 yr of 
proprietary 
data

SCIENCE ALERTS    

30s LATENCY

Reduced data prepared for Users

Science Alert Generator: ID #773 A.Bulgarelli
Short-term Detection Methods: #156 A.Di Piano

ACADA: #227 A.Costa

30
s L

AT
EN

CY

Online analysis - On time 
scales from 10s to 30 min 

Efficient science alert 
generation - Alerts will be 
generated with a latency of 
30s 

Fast follow-up and short 
term detections - CTA will 
quickly follow-up on external 
triggers (within 30s of alert 
received) 

DETAILED OPERATIONS 
REQUIREMENTS UNDER 

DEVELOPMENT
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CTA follow-up observation strategy

43

• CTAO will perform regular (1-3x per week) follow-up observations of GW-GRB 
and (golden) ν alerts 

• The observational strategy is a key element for the success of the programme

o Optimal pointing pattern to cover the largest total alert uncertainty region (10-1000 deg2)
o Optimal pointing cadence: exposure time tailored to achieve 5σ detection 
o Site coordination to prioritize best observational conditions (sky brightness and quality, 
zenith angle) and to guarantee lowest energy threshold  
o Divergent array pointing mode to increase the FoV 

(Patricelli+2018, Bartos+2019) 

Introduction
The simulated catalog of astrophysical sources

Step 1: GRB detectability
Step 2: The CTA observational strategy

Conclusions

The scheduler
A test case

A test case

We selected one BNS system from the GWCOSMoS database whose associated GRB is on-axis
(Eiso ⇠ 4 ⇥ 1050 erg)

• t0: 210 s (3 minutes for the GW alert + 30 s for the first slewing)

• inter-slewing time: 20 s

• Scheduled observations: 4, covering ⇠90 % of the uncertainty region in the GW sky
localization (⇠ 40 deg2) in just 2 minutes after t0

Thanks to the proposed observational strategy, the GRB is covered and detected twice (5 �),
in the first and third observation

13 / 14

I. Start with highest 
probability position, 

favoring lowest Z

II. Optimise exposure time 
based on source model

Fully automatic tiling 
observation strategy
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GW
-GRB-Golden n
follow
-up observations

sim
ulation of 

source population 

based on open-source

theoretical codes

•
GRB à
POSyTIVE
()

•
n
srcpopulation à
FIRESONG (Tung+2021)

•
resem
ble diffuse astrophysical n
flux

•
NS-NS m
ergers à
GW
COSM
oS
db

(Patricelli+2018)

estim
ation of gam
m
a-

ray em
ission based on 

phenom
enological 

assum
ptions

sim
ulation of CTA

response

optim
ization of the 

CTAO observation 

strategy

M
M
 program
: Indico-ID #833 A.Carosi

GRB: Indico-ID #1471 L.Nava

GW
: Indico-ID #326 B.Patricelli

n : Indico-ID #329 O.Sergijenko

Estim
ation of  the CTA 

detection rate
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GW-GRB-Golden n follow-up observations

simulation of 
source population 

based on open-source
theoretical codes

• GRB à POSyTIVE ()
• n src population à FIRESONG (Tung+2021)

• resemble diffuse astrophysical n flux
• NS-NS mergers à GWCOSMoS db

(Patricelli+2018)

estimation of gamma-
ray emission based on 

phenomenological 
assumptions

simulation of CTA
response

optimization of the 
CTAO observation 

strategy

MM program: Indico-ID #833 A.Carosi
GRB: Indico-ID #1471 L.Nava
GW: Indico-ID #326 B.Patricelli
n: Indico-ID #329 O.Sergijenko

Estimation of  the CTA 
detection rate
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GW-GRB-Golden n follow-up observations

simulation of 
source population 

based on open-source
theoretical codes

• GRB à POSyTIVE ()
• n src population à FIRESONG (Tung+2021)

• resemble diffuse astrophysical n flux
• NS-NS mergers à GWCOSMoS db

(Patricelli+2018)

estimation of gamma-
ray emission based on 
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• GRB population study : POSyTIVE
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(Tung+2021) 
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(Ghirlanda+2019) 
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Up to now, only “serious” evidence of a blazar 
counterpart comes from spatial-temporal “clusters” 
from the direction of TXS 0506+056, but…

| Neutrino Astroparticle Physics | Summer Blot | PRC86 !312

A neutrino event in IceCube
High-energy, through going track

The TXS 0506+56

Science 361 (2018) no.6398, eaat1378

IC170922A  
Alert sent  
Sep 22, 2017 
via Realtime stream

Coincident 
observations by  
Fermi-LAT and MAGIC

| Neutrino Astroparticle Physics | Summer Blot | PRC86 !313

IC170922A / TXS 0506+56 
First evidence for a neutrino point source

Archival search 

• Check historical IceCube data for pileup of neutrinos from 
direction of TXS 0506+56 

• Look for clustering in time

2009 2010 2011 2012 2013 2014 2015 2016 2017
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T. Kintscher

Science 361 (2018) no.6398, 147-151

Inconsistent with background-only hypothesis at the 3.5σ level  
 

Independent of the 2017 alert when looking in this specific direction!

 313

IC 170922A : High-
energy, through-
going track 
TXS 0506+056 : 
An extreme blazar 
Coincidence at the 
3.5 sigma level 
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Tidal disruption 
event coincident 
with IceCube 
neutrino

R. Stein et al., Nature Astron. 5, 510 (2021)
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 THE ANSWER IS ON PUBLIC ALERT 
STREAMS (ACTIVE SINCE 2016) 

 SHORT TIME DELAYS (~ MIN) FROM 
TRIGGER TO PUBLIC ALERT 

 A LARGE NETWORK FOR FOLLOW-
UP OF NEUTRINOS WITH HIGH 
SIGNAL PROBABILITY (GOLDEN) : 

GAMMA-RAY SATELLITES AND GROUND-BASED, X-
RAY SATELLITES,  OPTICAL TRANSIENT 
FACTORIES.

Up to now, only “serious” evidence of a blazar 
counterpart comes from spatial-temporal “clusters” 
from the direction of TXS 0506+056, but…



The steep path towards GW-VHE connection
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• GRB 190114C (MAGIC Coll., Nature, 2020)  
o long GRB at z = 0.42 
o early detection at T0 + 60s (2 ks),  

  o E = [0.2, 1] TeV 

• GRB 180720B (H.E.S.S. Coll., Nature, 2020) 
     o long GRB at z = 0.65 
     o late detection after T0 + 10h 

• GRB 190829A (H.E.S.S. Coll., Science, 2020)  
o long GRB at z = 0.078 (very close!) 
o for 3 nights, after T0 + 4h 

     o E = [0.2, 3.3] TeV 

• GRB 160821B (MAGIC Coll. ApJL, 2021)  
o short GRB at z = 0.162 
o data taking starting at T0 + 24s, for 4h

     o 3σ hint, E > 500 GeV 

• GRB 201015A (ICRC 2021, PoS ID 305, Y.Suda) 
     o long GRB at z = 0.42 
     o early detection at T0 + 40s 
     o 3σ hint, E > 500 GeV  

• GRB 201216C (ICRC 2021, PoS ID 395, S.Fukami) 
      o long GRB at z = 1.1  
      o early detection after T0 + 56s
      o E < 100 GeV 

FIRST TEV DETECTIONS 
OF GAMMA-RAY BURSTS

S. Ascenzi et al.

arXiv:2011.04001

After two decades of 
attempts, first long GRBs 
were detected at VHE (early 
and late afterglow emission).  

The next step lies in the 
detection of short GRBs and 
perhaps (maybe with EAS 
arrays), the prompt emission! 

ULISSES BARRES DE ALMEIDA - APRIL 2022



EM analysis of GW150914, ApJ. L. 2016

74 groups with space/ground facilities for a joint EM-LIGO/Virgo program: 63 in O1
Detailed GW sky map (masses) not promptly
available: accurate analysis requires time!
Mass range ! distance ! galaxy localisation

“Tiling” by EM observatories

Accurate mass (sky reconstruction) sent out 20 (120) days after event:
No candidate found: stellar BBH !\ EM/⌫

(density and magnetic fields typical of interstellar medium)

Riccardo Sturani (IIP-UFRN) From X and gamma rays to GWs SPSAS-HighAstro - May 31st 23 / 33

GW source localization

49

Arrival direction of GW is estimated from time delays (and amplitude modulation) of 
the signal. 
Triangulation with VIRGO has allowed for a better sky localisation (down to ∼ few deg2) 
Challenge for EM counterpart ID : time vs. space localisation 

Tilling by EM observatories : 
coordinated scheduling and 
follow-up of observations. !317

Real-time Multi-Messenger Astronomy @ DESY

• H.E.S.S. first ground-based pointing telescope on target, 5 hours after the event 

• DESY PhD students happened to be on shift in Namibia, they scanned the uncertainty region within 
three nights 

• 3 of the lead authors of the H.E.S.S. paper (Abdalla et al 2017) from DESY

Gamma ray follow-up of NS/NS merger GW170817

 317

~ mins ~ hours ~ days ~ weeks
REAL-TIME SHARING OF 

OBSERVATORY SCHEDULING



CTA 
Coordination 
Activities

50

40
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CTA OBSERVATORYCTA CONSORTIUM

PROJECT SCIENTIST

COMPUTING COORDINATOR

PHYSICS COORDINATORS

MWL+MM COORDINATOR   

“mostly OPERATIONS AND 
FOREIGN AFFAIRS”

“mostly SCIENCE AND 
DOMESTIC AFFAIRS”

Focus Groups     
requirements and grassroots 

science collaboration

Webinars           
building bridges and 

collecting experiences

Coordination     
formal steps 

towards data access 

CTA MWL & MM Coordination Structure
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CTA MWL & MM Coordination Task Force

52

The achievement of the CTA core Science Goals depends on a wealth of MWL and 
MM data (often involving intense coordination between facilities), and the purpose of 
the MWL&MM Coordination Task Force is to identify, plan and secure those.

Spatial 
Coordination 
for Surveys

Extension of 
Spectral 
Coverage 

Catalogue cross-matching 
for resolving counterparts 

and source ID

Temporal 
coordination for 
variable sources

Alerts for Transient 
Phenomena
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CTA MWL & MM Coordination Task Force

53
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The achievement of the CTA core Science Goals depends on a wealth of MWL and 
MM data (often involving intense coordination between facilities), and the purpose of 
the MWL&MM Coordination Task Force is to identify, plan and secure those.



CTA : an open observatory

54

Open Observatory - Allows 
external teams to propose 
observational programs to 
CTA, adding flexibility and 
multiplying its science 
potential 

Open Data - A fundamental 
ingredient for MM science, 
not only from the point of 
view of alerts, but data 
archives which are 
necessary for pursuing 
MWL & multi-messenger 
science programme.

34

CTA Observatory

CTAO

Data open 
after 1 yr of 
proprietary 
dataReduced data prepared for Users

~2 PB/
year

Prototype data reduction pipeline: ID #962 M.Noethe
Novel data reduction algorithm: ID #459 G.Emery

Deep learning for data reduction pipelines: ID #710 T.Miener
Convolutional Networks for data reduction: ID #1440 P.Grespan & ID #272 M.de Bony de Lavergne 

& ID #168 J.Aschersleben

LEARN THE LESSONS FROM FERMI: 
• FAST SHARING OF KEY DATA PRODUCTS 
• BUILD UP EARLY YOUR NETWORK OF 

FRIENDS 
ULISSES BARRES DE ALMEIDA - MARCH 2023 - ICTP-SAIFR CTA SCHOOL



An ecosystem of ground-based facilities

55

Radio Facilities Map Optical Facilities Map
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The CTA MWL 
Synergies

56

40

ULISSES BARRES DE ALMEIDA - MARCH 2023 - ICTP-SAIFR CTA SCHOOL



The Cherenkov Telescope Array

CTA Key Science Project Synergies

57
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Sketch by R. Ong
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CTA Synergies with MWL instruments
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Synergies with other existing and upcoming instruments
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• Non-thermal emission in radio

• High-resolution VLBI to image 
emission zones

• Mapping of the diffuse gas (CR 
targets) to complement CTA view of 
diffuse emission around accelerators

• Detection of fast-variability 
signals from compact sources

• Optical polarimetry to isolate 
non-thermal component in 
mixed emission scenarios

• X-ray study of shock regions, 
accretion, high-speed outflows, 
which connect back to particle 
acceleration

• Soft gamma-ray telescopes for 
detection of high-energy 
transients

https://www.worldscientific.com/doi/pdf/10.1142/9789813270091_0002 (Sera Markoff )

https://www.worldscientific.com/doi/pdf/10.1142/9789813270091_0002
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Radio and Gamma-rays are two windows into the non-
thermal universe.  
Radio VLBI :  provides a deep and unique look into the innermost 
regions of relativistic jets and outflows, and allows to gather direct 
information on magnetic field structure and shock propagation. 
VHE Observations :  provide direct probes of particle acceleration, 
seed photons for IC scattering, hadronic processes as well as the EBL.

The case for mm-VLBI in Australia

- ARC Linkage Project 2022:  UNSW (CI M. Cunningham), 

   KASI, Sejong Uni., WSU, Adelaide, 

   UTas, UWA. 

KASI – Korean Astronomy and 

            Space Science Inst.

- New VLBI backend 

→ Probe AGN jets down to their base

→ Distance probes 

     for AGN

→ EventHorizon

    Telescope at 3mm

→ Further

     mm mapping

     for CTA

→ Trigger on

     TeV flares 

     (HESS/CTA)

Boccardi etal 2017

Time lags of AGN radio vs. GeV gamma-ray flares 

(Fuhrmann etal 2014)

Studies of >100 AGN (southern)

    + some gamma-ray binaries

[northern - MOJAVE Lister etal 2018]

- Radio monitoring + VLBI >1 GHz 

- X-ray to gamma-rays

   

VLBI triggered by activity in

Radio, X-ray and gamma-rays

GeV gamma-rays with Fermi-LAT

More recently 

→ AGN overlapping IceCube 

    neutrino events

→ TeV-active AGN with HESS, 

     and eventually, CTA.

Ojha etal 2010, 

Mueller et al 2018

High freq favoured for VLBI radio-gamma 

correlation (although there are exceptions!)..

MOJAVE
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Some Synergies within the CTA Science Programme 
Joint long-term monitoring:  use joint, long-term observations in VLBI and gamma-rays 
to locate the high-energy emitting regions in AGN (unresolved in VHE). 
Detailed spectra of emitting regions:  combine resolved VLBI spectral data and gamma-
ray spectra to provide a deeper look into the gamma-ray emitting process in AGN.

CTA’s Prospects for AGN

CTA will detect many 100s of 

AGN to z~2

FoV up to 10 degrees → several 

AGN in FoV at same time.

Light curve details down to sub-

minutes. 

Spectral resolution to reveal sub-

components:
- Hadronic (synchrotron from protons, 

  muons, + secondaries)

- Leptonic (SSC) 

Simulated light curve for CTA based on an extrapolation of the 
spectrum of the 2006 =are from PKS 2155-304

Cerutti 2015, Zech 2017, CTA Science 2018

Blazar TeV gamma ray emission

                      → multi-TeV particle acceleration

- But where/how?      At the jet base? Further out, inside jet?
Rieger 2019 

Left: Electron/positrons generated in electric 'elds near the black hole horizon 
lead to inverse-Compton gamma rays. 

Middle: “Jet-injet” where many mini-jet plasmoids can accelerate particles via 
reconnection.
 
Right: Clouds or stars within the jet act as a dense source of cosmic-ray protons.

VLBI is needed to help answer these questions! 
                Probe to parsec scales or smaller...

Variability seen in γ-rays implies a variety 
of possible models for the (compact) origin 
of HE radiation which need high-resolution 
radio-imaging to probe.

F. Rieger 2019
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SKA will be the principal radio-telescope of the coming decades, and 
will have great impact in transients science: 

Transients localization :  SKA can provide precise (arc second or less) localization of 
transients and proper motions characterization for the study of TDEs, FRBs, GRBs, 
neutrinos…) 
High-resolution view of the Galactic Center :  fundamental for resolving sources and 
identify acceleration mechanisms associated to TeV emission and the GC PeVatron. 
Resolving emission regions in AGN jets :  SKA will expand the number of sources for 
which resolved jets will be accessible, expanding the possibilities for joint 
investigations with CTA. 
Study of AGN jets along cosmic time :  SKA will expand the horizon for AGN jet 
studies, seeing radio-loud AGN up to z ~ 8, providing a view at AGN and IGM 
evolution. 

http://skatelescope.org/
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ATHENA will be a major X-ray Mission (planned, 2028) with wide-
field / high-spectral and imaging capability at ~ keV energies. 

Cluster of Galaxies:  CTA hopes to finally detected TeV emission from Galaxy 
Clusters, associated to their non-thermal emission component, with enormous synergy 
potential to joint studies with ATHENA, such as in cluster energetics and AGN feedback 
in the intra-cluster medium. 

http://www.the-athena-x-ray-observatory.euL2 mission of ESA 2015-2035THESEUS will serve as a future GRB trigger provider to the world 

Gamma-ray burst science:  As Swift has demonstrated, there is great potential for 
synergies in GRB science between THESEUS and CTA, in the provision and follow-up 
of triggers — critically important here is also the future availability of a GeV gamma-ray 
mission (such as Fermi-LAT today) to help select most promising follow-ups for CTA. 
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Thank you for the attention!

https://www.mdpi.com/books/book/6514

Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface to ”High-Energy Gamma-Ray Astronomy: Results on Fundamental Questions after
30 Years of Ground-Based Observations” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Ulisses Barres de Almeida and Michele Doro
Editorial to the Special Issue: “High-Energy Gamma-Ray Astronomy: Results on Fundamental
Questions after 30 Years of Ground-Based Observations” †

Reprinted from: Universe 2022, 8, 389, doi:10.3390/universe8080389 . . . . . . . . . . . . . . . . . 1

Paula Chadwick
35 Years of Ground-Based Gamma-ray Astronomy
Reprinted from: Universe 2021, 7, 432, doi:10.3390/universe7110432 . . . . . . . . . . . . . . . . . 5

Razmik Mirzoyan
Technological Novelties of Ground-Based Very High Energy Gamma-Ray Astrophysics with
the Imaging Atmospheric Cherenkov Telescopes
Reprinted from: Universe 2022, 8, 219, doi:10.3390/universe8040219 . . . . . . . . . . . . . . . . . 23

Elena Amato and Barbara Olmi
The Crab Pulsar and Nebula as Seen in Gamma-Rays
Reprinted from: Universe 2021, 7, 448, doi:10.3390/universe7110448 . . . . . . . . . . . . . . . . . 47

Giacomo D’Amico
Statistical Tools for Imaging Atmospheric Cherenkov Telescopes
Reprinted from: Universe 2022, 8, 90, doi:10.3390/universe8020090 . . . . . . . . . . . . . . . . . . 71

Cosimo Nigro, Tarek Hassan and Laura Olivera-Nieto
Evolution of Data Formats in Very-High-Energy Gamma-Ray Astronomy
Reprinted from: Universe 2021, 7, 374, doi:10.3390/universe7100374 . . . . . . . . . . . . . . . . . 97

Mathieu de Naurois
The Making of Catalogues of Very-High-Energy γ-ray Sources
Reprinted from: Universe 2021, 7, 421, doi:10.3390/universe7110421 . . . . . . . . . . . . . . . . . 111

Daniela Dorner, Miguel Mostafá, and Konstancja Satalecka
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Probing Quantum Gravity with Imaging Atmospheric Cherenkov Telescopes
Reprinted from: Universe 2021, 7, 345, doi:10.3390/universe7090345 . . . . . . . . . . . . . . . . . 365

Ivana Batković, Alessandro De Angelis, Michele Doro and Marina Manganaro
Axion-like Particle Searches with IACTs
Reprinted from: Universe 2021, 7, 185, doi:10.3390/universe7060185 . . . . . . . . . . . . . . . . . 409

Krishna Kumar Singh and Kuldeep Kumar Yadav
20 Years of Indian Gamma Ray Astronomy Using Imaging Cherenkov Telescopes and Road
Ahead
Reprinted from: Universe 2021, 7, 96, doi:10.3390/universe7040096 . . . . . . . . . . . . . . . . . . 431

Angela Malizia, Mariateresa Fiocchi, Lorenzo Natalucci, Vito Sguera, John B. Stephen,
Loredana Bassani, Angela Bazzano, Pietro Ubertini, Elena Pian, Antony J. Bird
INTEGRAL View of TeV Sources: A Legacy for the CTA Project
Reprinted from: Universe 2021, 7, 135, doi:10.3390/universe7050135 . . . . . . . . . . . . . . . . . 453

Zhen Cao
EAS Arrays at High Altitudes Start the Era of UHE γ-ray Astronomy
Reprinted from: Universe 2021, 7, 339, doi:10.3390/universe7090339 . . . . . . . . . . . . . . . . . 483

vi

https://www.mdpi.com/books/book/6514

