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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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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 

The recipe of the success?

o efficient gamma-hadron separation + stereoscopy
o large light collection, mirror areas 100+ m2

o sensitive cameras, small-pixel sizes ~ 0.2º
o large field of view of several degrees
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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 

The recipe of the success? 
Also for ground-particle arrays…
o very-high altitude arrays, > 4 km a.s.l.
o dense / calorimetric measurement of the EAS particles
o large array areas, >> shower footprint
o large muon effective areas
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SNRs

Dark Matter

Pulsars/PWN 

GRBs

AGNBinaries

Unknowns
(Gal Center)

Starbursts

Cosmological  Fields
PBHs, QGrav

Exploring the non-thermal Universe  “ASTRO” 

Probing New Physics at GeV/TeV scale “PARTICLE” 

NS
dynamo

winds Shocks
Fermi Mech.Jets, winds

SN activity
Cosmic rays

SMBH 
accretion, 

jets

VHE g-rays?

Slide from Rene Ong
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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
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© plot by Christian Stegmann, DESY, MG XIV Meeting 2015 (modified)
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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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Neutrinos : probe of deeper horizon, denser 
environments
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page 9 

The Universe is opaque to photons for ¼ of the spectrum 
 
 
  

The energy frontier 
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 extragalactic gamma-rays  and EBL 

γγ <>"e+e<"as"a"major"gamma"ray"absorp5on"mechanism"""
CMB photo-pion 

GZK cut-off

Photon-photon 
pair production

ULISSES BARRES DE ALMEIDA - APRIL 2024



SKA

ALMA

ATHENA

Athena, 
eROSITA

Target 
selection 
& ToOs

Object 
characterization

Fermi

LIGO, VIRGO, 
KAGRA, ET

Wide-band / 
MM SED

IceCube 
KM3NeT

ELT, 
LSST, …

CTA SYNERGIES WITH MWL INSTRUMENTS



SKA

ALMA

ATHENA

Athena, 
eROSITA

Fermi

LIGO, VIRGO, 
KAGRA, ET

IceCube 
KM3NeT

ELT, 
LSST, …

CTA SYNERGIES WITH MWL INSTRUMENTS

• 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
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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

ĥpE�ùɦŏȟɶǥƛȟʄ��ɶʄɦȰɜǚ˃ɶǥŽɶ�

�$OHVVDQGUR�&DURVL

ĥpE�ùɦŏȟɶǥƛȟʄ��ɶʄɦȰɜǚ˃ɶǥŽɶ�ǥɶך�ʺŏɦșǥȟǆ�ʙɜכ�ǥȟ�ʄǚƛ�ȇŏɶʄ�˃ƛŏɦɶ֮�

䙘 dä%�ƈƛʄƛŽʄǥȰȟ�ŏʄ�ĥpE֮�ŏ�ȇȰȟǆגŏʺŏǥʄƛƈ�ɦƛɶʙȇʄֲ

*5%�������&

��dx,�dä%�՞զ՝՞՞ա,ֱ�՟՝՞զ֯�£ŏʄʙɦƛ֯�բդբ֯�աբբֻաբզ
pֵEֵíֵíֵ�dä%�՞զ՝ե՟զ�ֱ�՟՝՟՞֯�íŽǥƛȟŽƛ�֯�ՠդ՟֯�գբագ

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

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

,&5&���������������������
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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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,&5&���������������������

Upper-limits from HESS.             
2017 - ApJL 850, L22 
Upper-limits from Fermi-LAT.             
2018 - ApJ 861, 85

Multi-messenger Phenomenology: Pillars
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Multi-messenger Phenomenology: Pillars
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Multi-messenger Astrophysics has emerged in 
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its very center. 
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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 
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The impact of MWL/MM Science

15

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

Principais publicações do MAGIC: PRL, Nature, Science
2005 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23

1 2 2 1 1 1 1 2005 1 2 1 1 1

• MAGIC very large zenith angle 
observations of the Crab Nebula up 
to 100 TeV 

• Teraelectronvolt emission from the γ-
ray burst GRB 190114C

• New hard-TeV extreme blazars 
detected with the MAGIC 
telescopes

• Measurement of the EBL using MAGIC 
VHE observations of blazars up to z = 1

• Cosmic rays from the blazar TXS 0506+056 
associated with PeV high-energy neutrino

MWL/MM

• The Location of the Particle Acceleration in 
Messier 87 Radiogalaxy Revealed

• Observation of inverse Compton emission from a 
long γ-ray burst

New Techniques Observational frontiers



Setting up the 
stage
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Small Sized 
Telescope 
SST (4m)

Medium Sized 
Telescope 
MST (12m)

Large Sized
Telescope 
LST (23m)

 Cost ~ 330 MEuro for construction (cash + in-kind)
                                              All construction funds available!

Expansion
Medium Sized 
SC Telescope 
USA (10m)

CTA Arrays “alpha” Configuration 

– Northern Array: 4 LSTs + 9 MSTs
– Southern Array: 14 MSTs + 37 SSTs 
                              

https://www.cta-observatory.org/

CTA Consortium (CTAC)
- 25 Countries collaborating to design, fund and construct 

       CTA telescopes.

- Design Key Science Projects 

   (major scientific legacies)

CTA Observatory (CTAO)
- CTA-North La Palma

        (1st telescope operating!)

  CTA-South in Chile

  CTA HQ, Bologna

  CTA Data Centre, Berlin

- Owner and operator of CTA telescopes for users. Controls        

   access policies. The legal entity.

- 13 member countries   (75% of CTAC FTE)

- Will migrate from CTAO-GmbH to CTAO-ERIC by ~late-2022

CTA Consortium (CTAC)
- 25 Countries collaborating to design, fund and construct 

       CTA telescopes.

- Design Key Science Projects 

   (major scientific legacies)

CTA Observatory (CTAO)
- CTA-North La Palma

        (1st telescope operating!)

  CTA-South in Chile

  CTA HQ, Bologna

  CTA Data Centre, Berlin

- Owner and operator of CTA telescopes for users. Controls        

   access policies. The legal entity.

- 13 member countries   (75% of CTAC FTE)

- Will migrate from CTAO-GmbH to CTAO-ERIC by ~late-2022

CTA’s First Telescopes – They Work!

LST-1 
(CTA-North)

ie. real Cherenkov images; Detection of the Crab nebula, 
Crab pulsar and some AGN

LST-1

LST-1

pSCT
pMST



CTA – North & South

Construction phase – from late ~2022 for ~5 years, incl. verification science 
Operations phase – Announcement of opp phase and full KSPs.
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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,…
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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 

�

�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˃

,&5&���������������������



MM Perspective from Astro 2020

20

(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

21

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 beyond 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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CTA as a player in the MWL+MM arena

22

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 between 2025-27 : 
contemporaneous to a new generation of MWL and MM 
instruments 

24

Full sky coverage

CTA North
ORM La Palma, Spain

CTA South
ESO, Chile

30

CTAO performance (Alpha Configuration)

From 10-12 to 10-13 erg/cm2s 

ULISSES BARRES DE ALMEIDA - APRIL 2024



The CTA 
Context

23

BASED MOSTLY ON RESULTS 

AND PRESENTATIONS BY CTA 

AT ICRC 2023

30
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24ULISSES BARRES DE ALMEIDA - MARCH 2022

5!

Transients Science with CTA!

Thanks to Franz Longo



CTA Transient and MM Programme

25

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
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• 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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CTA Transient and MM Programme

26

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

27

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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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) 

STUDY OF DETAILED 
OPERATIONS REQUIREMENTS 

RECENTLY CONCLUDED
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CTA follow-up observation strategy

28

• 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

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)
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Estimation of  the CTA 
detection rate
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© Roberta Zanin, CTAO, ICRC 2021 (adapted)

CTAO is conducting different studies for the 
planning and optimization of its follow-up 
programme, based on tailor-made population 
studies

• GRB population study : POSyTIVE
• Neutrino source population : FIRESONG
• Neutron Star-Neutron Star mergers : GWCOSMoS

(Tung+2021) 

(Patricelli+2018) 

(Ghirlanda+2019) 
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G. Ghirlanda et al. A&A 594 (2016), A84. 

GRB POSYTIVE (Ghirlanda et al. 201x)
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High-energy Neutrino counterparts
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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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POpulation SYnthesis Theory Integrated project for VHE Emission

14!

The GRB population!

The!POpula,on!SYnthesis!Theory!Integrated!project!for!Very!high=energy!Emission.!

G.!Ghirlanda!et!al.!Astronomy!&!Astrophysics!594!(2016),!A84.!!
G.!Ghirlanda!et!al.!Monthly!No,ces!of!the!Royal!Astronomical!Society!448!(2015),!p.!2514.!

GRB detection rates with CTA

Th. Stolarczyk - GRB detections in CTA - First results

` Strategy : external alert and LSTs
� Fast repointing 

` Prompt 0.1-1000s, Afterglow in a1/t
� Get low E � EBL absorption (a100 GeV)

` Present rates
� Inoue et al. 2013, a a few yr-1

� Since July 2018, 4 detected by IACT 
� a 1 yr-1

¾ All long GRBs
¾ No prompt detected
¾ z < 1.1

` How much will CTA do better ?

Name Obs. Vmax Delay E range T90 (s) Eiso (erg) z
180720B H.E.S.S. 5.3 10 hr 100  - 400 GeV 49 6 x 1053 0.654
190114C MAGIC 50 1' 0.2 - 1 TeV 25 2.5 x 1053 0.4245
190829A H.E.S.S. 22 4h20' 0.2 - 3 TeV 63 2 x 1050 0.0785
201216C MAGIC >5 57" 100 GeV 30 5 x 1053 1.1

November 29, 20212

CTA strategy: External alerts and LSTs
• Fast repointing: prompt 0.01 - 1 ks; afterglow in ~ 1/t 
• Low Energy: ~ 100 GeV to counter EBL absorption
• Present rates: a few GRB expected per year (Inoue+ 2013) POSYTIVE

The POpulation SYnthesis Theory Integrated project for Very high-energy Emission

Th. Stolarczyk - GRB detections in CTA - First results

Compact object 
coalescence
(Short GRB)

Star 
collapse

Population

Monte Carlo
Calibrated on Fermi-

GBM & Swift data

1000 GRB - 44 yr

Swift bright GRBs, 
P(15-150 keV) > 2.6 J

cm-2 s-1

Giancarlo G. ãeljka B. Lara N.

Detection
Analysis

SoHAPPy
with

Franz L. et al.
Thierry S.

NOT TODAY

November 29, 202129
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Th. Stolarczyk, November 2021

Reference Simulations
• Over 1000 initial GRB, 45% visible
• Visible window (at prompt, t90 > Δt0)
• Reported 3σ, 5σ detections in 90% of 

trials

Detection rates
• 50% detected at 5σ, 90% CL < 10’
• max-σ reached after 1.3 hours (median)

Detection rates ² Reference simulation, Z

Th. Stolarczyk - GRB detections in CTA - First results

� 50% are detected at 5˪ 90%CL in <10·
� Vmax reached after 1.3 hours (median)

Counts 446 r 21 452 r 21 159 r 13 165 r 13 287 r 17 611 r 25
yr-1 10.1 r 0.5 10.3 r 0.5 3.6 r 0.3 3.8 r 0.3 6.5 r 0.4 13.9 r 0.6
@trig

Counts 64 r 8 53 r 7 19 r 4 13 r 4 64 r 8 96 r 10
yr-1 1.5 r 0.2 1.2 r 0.2 0.4 r 0.1 0.3 r 0.1 1.5 r 0.2 2.2 r 0.2
@trig

Counts 57 r 8 46 r 7 17 r 4 11 r 3 53 r 7 81 r 9
yr-1 1.3 r 0.2 1.0 r 0.2 0.4 r 0.1 0.2 r 0.1 1.2 r 0.2 1.8 r 0.2
@trig

S N only S only Both TotalRate

13%

Vis.

3V

5V

N

11% 10% 10%

51% 50% 65% 64%

48% 49% 58% 54%

November 29, 20219
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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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Th. Stolarczyk, November 2021

Reference Simulations
• Over 1000 initial GRB, 45% visible
• Visible window (at prompt, t90 > Δt0)
• Reported 3σ, 5σ detections in 90% of 

trials

Detection rates
• 50% detected at 5σ, 90% CL < 10’
• max-σ reached after 1.3 hours (median)

Population covered

Th. Stolarczyk - GRB detections in CTA - First results

Reference Z
Dt0 = 30 + 77 s

za2.5

November 29, 202110ULISSES BARRES DE ALMEIDA - APRIL 2024
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Th. Stolarczyk, November 2021

Reference Simulations
• Over 1000 initial GRB, 45% visible
• Visible window (at prompt, t90 > Δt0)
• Reported 3σ, 5σ detections in 90% of 

trials

Detection rates
• 50% detected at 5σ, 90% CL < 10’
• max-σ reached after 1.3 hours (median)

Maximal significances

Th. Stolarczyk - GRB detections in CTA - First results

Reference Z
Dt0 = 30 + 77 s

t 5V :  a 2 per year

t 20V : a 1 every year

t 50V : a 1 every 2 years

November 29, 202111

Maximal significances

Th. Stolarczyk - GRB detections in CTA - First results

Reference Z
Dt0 = 30 + 77 s

t 5V :  a 2 per year

t 20V : a 1 every year

t 50V : a 1 every 2 years

November 29, 202111
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Th. Stolarczyk, November 2021

Reference Simulations
• Over 1000 initial GRB, 45% visible
• Visible window (at prompt, t90 > Δt0)
• Reported 3σ, 5σ detections in 90% of 

trials

Detection rates
• 50% detected at 5σ, 90% CL < 10’
• max-σ reached after 1.3 hours (median)

Detection  vs Dt0

Th. Stolarczyk - GRB detections in CTA - First results

9 LST Slewing

� Depends on source position 

� Can be as low as a10s (?)

9 Alert delay (Swift)

� Can be as low as 12s

9 Delays of a20 s are possible

Detection rate stable until a100s

� GRB max. flux time a50-100 s

November 29, 202112

Reference Z

LST slewing

Alert 
delay

DAQ 
startDETAILED OPERATIONS 

REQUIREMENTS UNDER 
DEVELOPMENT
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The steep path towards GW-VHE connection

35

• 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! 
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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
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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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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
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Mass range ! distance ! galaxy localisation
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Accurate mass (sky reconstruction) sent out 20 (120) days after event:
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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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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
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REAL-TIME SHARING OF 

OBSERVATORY SCHEDULING



Neutrino FIRESONG (Tung et al. 2021)
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https://github.com/ChrisCFTung/FIRESONG

VHE (IceCube) neutrinos originate in decay process from mesons produced in hadronic interactions:

π+ —> μ+ + νμ   or  π- —> μ- + νμ   from pion decay. 

μ+ —> e– + νμ + νe   or  μ- —> e– + νe + νμ   from muon decay. 

10 TeV

signature of   νµ 

       6 PeV

Neutrino signatures

Muon-tracks
    good pointing (<1 degree)
    large event rates due to long muon tracks

Neutrinos create charged particles 
which in turn produce Cherenkov light.

!285

signature of ντ

ντ

ντ+N→τ+...

τ± (300 m track!)

τ→ ντ+hadrons

signature of νe

Multi-PeV375 TeV

Neutrino signatures
Particle cascades 
    νe , ντ 

    good energy resolution,
    little background

!286

Neutrinos create charged particles in interactions, which 
then produce the Cherenkov radiation detected. 

Muon-tracks 
better type of event for astronomy, with good localization (< 1º) 
most common type of event, thanks to the long trajectories 
which cross the detector. 

Cascade events 
results from electron and tau neutrino interactions
Event has poor localization but good energy resolution and lower background

ULISSES BARRES DE ALMEIDA - APRIL 2024
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Arrival directions of most energetic neutrino events

North

Galactic Plane
180o

-90o

-180o

Earth
absorption

South

TXS 0506+056

Figure 1: Arrival directions of neutrino events from IceCube. Shown are upgoing track events [8,9]
(j), the high-energy starting events (HESE) (tracks i and cascades h) [6, 7, 10], and additional
track events published as public alerts (j) [23, 24]. The blue-shaded region indicates where the
Earth absorption of 100-TeV neutrinos becomes important. The dashed line indicates the equatorial
plane. We also indicate the location of the blazar TXS 0506+056 (î).

The current lack of established neutrino point sources — despite a firm detection of a diffuse
neutrino flux — indicates a population of weak extragalactic sources. This is illustrated in Fig. 2,
which shows a parametrization of the diffuse flux (magenta bands) in terms of the local density
and luminosity of steady source populations [17] (left plot) or local density rate and bolometric
energy for transient source populations [27] (right plot). The lack of neutrino sources after ten
years of observations by IceCube translates into the dark-blue shaded exclusion regions. Source
populations with sufficiently large local densities — like starburst galaxies [29–38], galaxy clus-
ters and groups [31, 39–41], low-luminosity AGN [42], radio-quiet AGN [43–45], or star-forming
galaxies with AGN outflows [34, 46–49] — or with high local rate densities — like (extragalac-
tic) jet-powered SNe including hypernovae [50–53] and interaction-powered SNe [54, 55] — are
presently consistent with the observations. Observatories with improvements in point-source sen-
sitivity over current detectors would greatly expand the discovery potential for the brightest sources
of these candidate populations (see Fig. 2) and other candidate sources like TXS 0506+056.

Current measurements of the isotropic neutrino flux (f ) are shown in Fig. 3, along with the
observed isotropic g-ray background (IGB) and the UHE cosmic-ray flux. The correspondence
among the energy densities, proportional to E2f , observed in neutrinos, g-rays, and cosmic rays
suggests a strong multi-messenger relationship that offer intriguing prospects for deeper observa-
tions with a new generation of instruments.

A) The simultaneous production of neutral and charged pions in cosmic-ray interactions sug-
gests that the sources of high-energy neutrinos could also be strong 10 TeV –10 PeV g-ray emitters.
For extragalactic scenarios, this g-ray emission is not directly observable because of the strong ab-
sorption of photons by e+e� pair production in extragalactic background photons. High-energy
g-rays initiate electromagnetic cascades of repeated inverse-Compton scattering and pair produc-
tion that eventually contribute to the diffuse g-rays below 100 GeV, which provides a theoretical
upper limit to the diffuse neutrino flux [56,57]. The detected flux of > 100 TeV neutrinos with the
hadronuclear origin is saturated by the diffuse g-ray data [31] (see blue lines in Fig. 3). Intrigu-

2

Neutrino FIRESONG (Tung et al. 2021)
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CTA strategy: Neutrino Target of Opportunity (NToO):
• Transients: CTA search for gamma-ray counterpart from a neutrino alert 
• Steady sources: monitor hotspots exceeding IceCube sensitivity

FIRESONG
• Simulate a neutrino population according to source evolution and 

luminosity function

https://github.com/ChrisCFTung/FIRESONG

Density vs. Luminosity plot

• Steady sources: sources/Mpc3 vs. neutrino luminosity

• Transient sources: burst rates/Mpc3 (%flaring blazars) vs. neutrino flare 
luminosity

IceCube  
neutrino alerts

Blazars associated with IceCube n

Four source candidates

• IC-170922A: TXS 0506+056 (z = 0.3365) 
• IC-190730A: PKS 1502+106 (z = 1.84)
• IC-200107A: 3HSP J095507.9+355101 (z = 0.557)
• IC-141209A: GB6 J1040+0617 (z = 0.7351)

• Calculate neutrino luminosity from IceCube event in the relevant energy range

• UHECR proton (> 1017 eV) luminosity: LUHCR = a LICn

• Inject UHECR protons with spectrum E-2.2 , BIGMF = 10-16 G

• LoS n and g fluxes have hard spectra compared to source fluxes

• Detection of LoS n and/or g fluxes can confirm IC blazars as UHECR sources

IceCube Collab. 2018
IceCube Collab. 2019

IceCube Collab. 2020
Garappa et al. 2019

13/16

https://github.com/ChrisCFTung/FIRESONG


CTA 
Coordination 
Activities

40

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

ULISSES BARRES DE ALMEIDA - APRIL 2024
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CTA MWL & MM Coordination Task Force

42

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
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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
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High-energy Neutrino counterparts
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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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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 - APRIL 2024



An ecosystem of ground-based facilities
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Radio Facilities Map Optical Facilities Map

ULISSES BARRES DE ALMEIDA - APRIL 2024



Gamma-ray ground-based facilities
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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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CTA Synergies Webinar Series
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High-energy Neutrino counterparts
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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 available from the CTA YouTube 
channel:
https://www.youtube.com/c/
CherenkovTelescopeArrayObservatory

The series is full of 
MWL/MM resources 
— have a look!

https://www.cta-observatory.org/
outreach-education/events/webinars-

researchers/

ULISSES BARRES DE ALMEIDA - APRIL 2024
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Building operational requirements for CTAO,  
e.g. Workshop for MWL-MM Coordination

48

Transients and Alert Communications - (a) Development of automate name servers to correlate events found by different 
facilities or wavebands; (b) expand GCN experience into other wavebands such as X-rays and radio; (c) keep alert / 
communication standards and protocols homogeneous across wavebands and in coordination with the IVOA; (d) enforce 
broad and timely accessibility to data. 

Data Policies - (a) Limit as much as possible data proprietary limits for enabling time-critical science; (b) incorporate the 
FAIR principles within open astronomy data; (c) large projects should lead open data and data sharing policies. 

Follow-up spectroscopy - (a) Increase the capacity of spectroscopic follow-up, critical fro transient ID; (b) invest in 
integrating medium-to-small observatories and observation capabilities around the globe; (c) avoid duplication of efforts by 
means of improved communication protocols; (d) train machine-learning models for event / source ID an classification. 

Telescope Coordination - (a) Adoption of common formats for all observatories to report previous or planned observations; 
(b) offer joint MWL proposal opportunities to avoid “double jeopardy and logistic difficulties in coordination challenges. 

ToO Implementation - (a) Treat ToOs as part of the requirements definition process in the early stages of new facilities 
planning; (b) implement science-driven rather than “programatic considerations” on location and availability of ToO time 
whenever possible; (c) make choice allocation process of ToO time transparent; (d) limit data proprietary time for ToOs; (d) 
rapid availability of data products provision and software products needed for publication-quality results.

https://arxiv.org/pdf/2007.05546.pdf
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Towards the 
UHE Regime
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from TeV → PeV

from 10s GeV → 100 TeV

Long exposure and 

excellent background 

determination.

MILAGRO
HAWC

LHAASOFrom W. Hofmann



A new piece in the MM board
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LHAASO                                  
EAS WCD+km2 array 
Sichuan (China) 
@ 4410 m a.s.l.

Z. Cao et al., Science  8 Jul 2021

Z. Cao et al., Science 8th Jul 2021

PeV gamma-rays from the Crab.

Wide-Field - circa 1 sr of the sky, 
with 100% duty cycle. 

UHE energies & muon array - 
Nearly background free above 100 
TeV, unique view to PeV gamma-rays 

VHE monitor - Unprecedented 
monitoring potential below 10 TeV 
for transient discoveries.



Gamma-ray Observatories Worldwide
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Luz Cherenkov na Atmosfera 
“Chernobyl”, série HBO

CTA-N

CTA-S

HAWC

VERITAS

HESS

MAGIC LHAASO

Galactic Equator

SWGO
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A Wide-Field Experiment in the South
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LMW ~ 1040 erg/s

Ep ~ 1056 erg

LEdd ~ 1044 erg/s
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A Wide-Field Experiment in the South

7

LMW ~ 1040 erg/s

Ep ~ 1056 erg

LEdd ~ 1044 erg/s

TRANSIENT SCIENCE & VHE 
TRIGGER / MONITORING

FULL-SKY SKY SURVEY IN THE 
VHE-UHE REGIMES

LEADING TECHNIQUE 
ABOVE 40 TEV 
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Observatory Concept

9

Design Options

13

⌾Exploring three concepts for the detector units
→Tanks (like HAWC), Artificial Pond (like LHAASO) and Natural Lake

⌾…as well unit dimensions, photosensors, +++
→Performance/cost optimisation

Link to Talk
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→Performance/cost optimisation

Link to Talk

Science Benchmarks for the SWGO Ulisses Barres de Almeida

Science Case Design Drivers Benchmark Description

Transient Sources:
Gamma-ray Bursts

Low-energy sensitivity &
Site altitude0

Min. time for 5f detection:
F(100 GeV) = 10�8 erg/cm2.s,
PWL index = -2., F(t) / C�1.2

Galactic Accelerators:
PeVatron Sources

High-energy sensitivity &
Energy resolution1

Maximum exp-cuto� energy de-
tectable 95% CL in 5 years for:
F(1TeV) = 5 mCrab, index = -2.3

Galactic Accelerators:
PWNe and TeV Halos

Extended source sensitivity
& Angular resolution2

Max. angular extension detected
at 5f in 5-yr integration for:
F(>1TeV) = 5⇥10�13 TeV/cm�2.s

Di�use Emission:
Fermi Bubbles

Background rejection Minimum di�use cosmic-ray
residual background level.
Threshold: < 10�4 level at 1 TeV.

Fundamental Physics:
Dark Matter from GC Halo

Mid-range energy sensitivity
Site latitude3

Max. energy for 11̄ thermal relic
cross-section limit at 95% CL in
5-years, for Einasto profile.

Cosmic-rays:
Mass-resolved dipole /
multipole anisotropy

Muon counting capability4 Max. dipole energy at 10�3 level;
Log-mass resolution at 1 PeV –
goal is A={1, 4, 14, 56}; Maxi-
mum multipole scale > 0.1 PeV

Table 1: SWGO Science Benchmarks. 0Site altitude to be greater than 4.4 km above sea level. 1Energy
resolution < $ (30%) throughout core energy range 1-100 TeV. 2Angular resolution ⇠ 0.15� throughout core
energy range 1-100 TeV. 3Site latitude not constraining among candidate sites under consideration. 4WCD
units with muon identification capability for W/hadron discrimnation.

3. Science Benchmarks for SWGO

The ultimate goal of a new observatory is to discover novel astrophysical phenomena that
expand the frontiers of knowledge. Since these cannot be constrained beforehand, experimental
design must proceed on the basis of reasonable extrapolations from current understanding (the
known unknowns). To this purpose, a set of core science cases has been defined, as detailed in [9],
which aim to guide the definition of options for the R&D studies, and later to benchmark the final
observatory design. They reflect the minimum set of science goals aimed for by the Observatory,
and directly translate into detector performance requirements.

Table 1 briefly lists the core science goals discussed in Section 2, and their associated design
characteristics, which imply a number of basic performance requirements: (i) a dense array core
and excellent W/hadron separation for low-energy detection threshold, < 300GeV; (ii) an extended
sparse array with peak point source sensitivity at ⇠ 100 TeV; (iii) muon tagging capability at WCD
units for cosmic-ray studies and improved background suppression; and (iv) improved angular
(⇠ 0.15�) and energy (< 30%) resolutions throughout the core energy range 1-100 TeV. A set of
quantitative benchmarks were derived which will be used to assess and compare the performance
of the di�erent SWGO candidate array configurations under investigation during the R&D Phase.

6
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A Wide-field Gamma-ray 
Observatory in the South

Pampa La Bola, Chile - 4770 m

Cerro Vecar, Argentina - 4820 m

Sibinacocha, Peru - 4900 m

Imata, Peru - 4450 m

2020-21: Site Candidacies 
2022-23: Site Characterization 
2024 (July): Site Selection! 

Pampa La Bola, Chile - 4770 m

13º S

24º S
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Phase Space Exploration

20

1 TeV 1 PeV
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Phase Space Exploration

20

1 TeV 1 PeV

The detector configuration (M5) 

Construction may accommodate
several funding scenarios along
the years

A scalable array of Mercedes WCDs

Phase I   – very high fill factor,  
area up to 20 000 m2

Phase II  – low fill factor, 
area up to 1 km2

Phase III – high fill factor, 
area up to 80 000 m2

(Phase IV – very low fill factor, 
area up to 5 km2 )

5

2250  m

1200  m

! Potential Expansion towards the 
PeV energy scale 
✓ achieved with O(km2) area array
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Phase Space Exploration

20

1 TeV 1 PeV

! Angular Resolution? 
✓ Goal is to achieve 
unprecedented resolution at UHE 
regime

Resolution?

Goal à
unprecedented 
resolu-on for a 
wide field VHE-
UHE instrument

Hofmann (2020) Astropar1cle Physics 123, 102479

21

Current 
IACTs LHAASO, Crab



Transients with SWGO 
!  Short-timescale sensitivity of ground-particle detectors is much 

worse than IACTs at low E! But room for improvement < 1 TeV 

!  And a number of other advantages… 
→100% duty cycle ! higher rate and monitoring capability of transients ! 

bridging the gap with satellite facilities 
→Serendipitous view - observation of onset / prompt emission of GRBs 
→A trigger instrument! 
✓ Blind searches and offline checks for afterglow triggers 

• Critical synergy with IACTs and other MWL + MM instruments 

62

✧  SWGO can bring the 10s deg2 error boxes (GBM, GW) down to ~ deg2 

Observational Panorama 

3 

� Cherenkov Atmospheric 
Telescopes 
o  20% duty-cycle 
o  Pointing (few degrees FoV) 
o  Energy threshold down to 10s GeV 
o  Good energy and angular resolution 

� Particle Detector Arrays 
→ 100% duty-cycle 
→ Wide-field of View (~ steradian) 
→ Energy range 100s GeV up to 100s TeV 
→ Continual view and accurate 

background determination 
LHAASO

HESS

MAGIC

VERITAS

ULISSES BARRES DE ALMEIDA - APRIL 2024



Thank you!
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Extra Slides
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Astroparticle Physics

65

meV … eV … keV … MeV … GeV … TeV … PeV … EeV … ZeV
Radio to sub-m

m

IR to UV

X-rays
Gamma-rays

Astrophysical neutrinos

UHE cosmic-rays

Astronomy with photons

Neutrino signals

Cosmic particle spectra

1 particle per m2 sec

Ankle
1 particle per km2 yr

Knee
1 particle per m2 yr

1010 1012 1014 1016 1018 1020

10-28

10-24

10-20

10-16

10-12

10-8

10-4

100

104

Energy (eV)LHC LHCTevatron
coll.

1 particle per
km2 century

c

ν
CRs

steeply falling spectra,
low fluxes at high energies

require huge detectors

γ

 13

C

C C
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The Status of CTA arrays

66

Omega Configuration
The Definitive CTA array configuration

o North: 4 LSTs, 15 MSTs
o South: 4 LSTs, 25 MSTs, 70 SSTs

Alpha Configuration
The starting (funding-secured) point

o North: 4 LSTs, 9 MSTs
o South: 0 LSTs, 14 MSTs, 37 SSTs
(For transients, slewing times and E threshold increased)

Beware of possible beta configuration with LSTs in South! 
 

Telescope arrays

November 29, 2021Th. Stolarczyk - GRB detections in CTA - First results7

Omega 
The ultimate goal

Alpha
The starting (funded) point

Note: 
• Not the “finalµ arrays – optimisation is ongoing
• Alpha layout is not a strict subset of Omega 
• Slight variations in telescope simulations

¾ North: 4 LSTs, 9 MSTs

¾ South: 0 LST, 14 MSTs, 37 SSTs 
� Slewing times and  E-thresholds increased

¾ North: 4 LSTs, 15 MSTs

¾ South: 4 LSTs, 25 MSTs, 70 SSTs
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GW COSMoS (Patricelli et al. 2018)

67

Investigate the capability of CTA to detect EM counterparts to GW events, using detailed simulations of BNS 
mergers accompanied by short GRBs.

• Based on GW detection expectations for (next) run O4
• Populations synthesis: assumes that all BNS associated with short GRBs (Ghirlanda et al. 2016)

Light-curve modeled according to X-ray afterglow for short GRBs
Spectrum: power-law with photon index ~ -2.2 (GRB 190114C)

• Principal GRB detectability factors: GW alert latency (~ mins) + CTA alert response (~ 30 s), positional uncertainty of GW. 

Prospects for detection are overall promising:

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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• For t ~ T0+30s; c. 90% (on-axis) / 50% (off-axis) GRBs detectable 
with exposure < 30 min

• For t0 ~ T0+10 min; c. 90% (on-axis) / 50% (off-axis) GRBs 
detectable with exposure ~ few hours

Introduction
The simulated catalog of astrophysical sources

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

Conclusions

The method
Results

GRB detectability - Results

✓view < 45�

CTA South CTA North

For both CTA sites:

• for t0 ⇠ 30 s, ⇠ 52 % of the GRBs can be detected with Texp  30 minutes

• for t0 ⇠ 10 min, ⇠54 % of the GRBs can be detected with Texp ⇠ few hours

11 / 14

On-axis Off-axis

Introduction
The simulated catalog of astrophysical sources

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

Conclusions

The method
Results

GRB detectability - Results

✓view < 10�

CTA South CTA North

For both CTA sites:

• for t0 ⇠ 30 s, ⇠ 94 % of the GRBs can be detected with Texp  30 minutes

• for t0 ⇠ 10 min, ⇠ 92 % of the GRBs can be detected with Texp ⇠ few hours

10 / 14
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Neutrino FIRESONG (Tung et al. 2021)
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High-energy Neutrino counterparts
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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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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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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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FIRESONG
First Extragalactic Simulation of Neutrinos and Gamma-rays

https://pos.sissa.it/395/975/pdf

Following SFR
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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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neutrino alerts
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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.

High-energy Neutrino counterparts
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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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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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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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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. 

High-energy Neutrino counterparts
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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].

1

ar
X

iv
:1

90
3.

04
50

4v
1 

 [a
st

ro
-p

h.
H

E]
  1

1 
M

ar
 2

01
9

http://skatelescope.org/
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CTA Synergies with X-rays
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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. 

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
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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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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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Link to Talk

Up to ultra-high energies, > 100 TeV, 
complementary to CTA measurements

Prospects for PeVatrons

12

⌾PeVatron detection can be done by spectral investigation.
→Understand which spectral cutoff energies can be detected with 

SWGO.
→Estimate number of PeVatron sources that can be detected / 

identified with SWGO when final IRFs are available.

A Wide-Field Experiment in the South
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Link to Talk

Up to ultra-high energies, > 100 TeV, 
complementary to CTA measurements.

27

⌾The goal is to achieve sensitivity to cover the entire WIMP mass 
range, at least for the Galactic Center and Halo.

Building the benchmarks:  
Dark Matter

��

¾ &Žƌ�ŵĂƐƐĞƐ�х�ϭϬ�dĞs͕�^t'K�ĐĂŶ�ďĞ�ĐŽŵƉůĞŵĞŶƚĂƌǇ�ƚŽ��d��Ͳх��ĐŽŶĨŝƌŵĂƚŝŽŶ�ŽĨ�Ă�
ƐƉĞĐƚƌƵŵ�ĐƵƚͲŽĨĨ��

�s͕�,͘�^ĐŚŽŽƌůĞŵŵĞƌ͕ ��͘��ůďĞƌƚ͕�
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,ŝŶƚŽŶ�:��W�ϮϬϭϵ�
Ăƌyŝǀ͗ϭϵϬϲ͘Ϭϯϯϱϯ�

Sites which favour visibility for the GC 
(towards lower latitudes, c. 30 
degrees) are slightly favoured.

2x Strawman

• Design goal # 1    Sensitivity in the mid-range from 1-100 TeV

• Design goal # 2    Resolving power and sensitivity to diffuse 
emission for background ID

Reference design model: 

We consider a slight improvement of the 
strawman by a factor of c. 2x, and, aiming to 
perform at the highest energies beyond CTA.  

Energy resolution of 30% in the 1-100 TeV 
desirable.

arXiv:1906.03353

A Wide-Field Experiment in the South

+ other DSphs in the Southern Sky
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! Transient Synergies with CTA-S 
✓ relevant piece in the multi-
messenger scenario  

6

SWGO

HAWCGRB190114C

• This GRB would have been 
detected even by HAWC up to 1 
minute after T0. 


• SWGO (10xBetter sensitivity) would 
have been capable of detecting up 
to 15 minutes after T0 .

Edna Ruiz-Velasco.                                                    SWGO sensitivity to GRBs.                                   2nd Collaboration Meeting.13.05.2020
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• SWGO (10xBetter sensitivity) would 
have been capable of detecting up 
to 15 minutes after T0 .

Edna Ruiz-Velasco.                                                    SWGO sensitivity to GRBs.                                   2nd Collaboration Meeting.13.05.2020

A Wide-Field Experiment in the South
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Neutrino Synergies

⌾SWGO+LHAASO
→ Full sky map of TeV-PeV emission

⌾Strongly complements new 
generation of neutrino instruments
→Mapping out diffuse emission / 

separating IC + pion decay emission 
+++

27

! Neutrino Synergies 
✓ complementary to new generation of 
experiments 
✓ mapping diffuse emission and separating 
IC / pion-decay components 

! Together with LHAASO 
✓ full sky-map of TeV-PeV emission sources

Neutrino Synergies

⌾SWGO+LHAASO
→ Full sky map of TeV-PeV emission

⌾Strongly complements new 
generation of neutrino instruments
→Mapping out diffuse emission / 

separating IC + pion decay emission 
+++

27

A Wide-Field Experiment in the South

8

 

⌾  Access to the Galactic plane and Galactic center,

⌾  Complementary with LHAASO and HAWC     → Niche for SWGO.

Science Case: 
https://arxiv.org/
abs/1902.08429

+ updates in ICRC 2021 
https://pos.sissa.it/395/


