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TeV observations in a 
multi-wavelength and 
multi-messenger context
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The TeV gamma-ray sky 
(E>~50 GeV-100 TeV)

http://tevcat.uchicago.edu

308 sources in total 
93 are AGN-blazars/radiogalaxies 
5 Gamma-RAY Burst GRB

Most of these TeV sources are 
variable (minutes-to-months)

http://tevcat.uchicago.edu
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The TeV gamma-ray sky 
(E>~50 GeV-100 TeV)

http://tevcat.uchicago.edu

Most of these TeV sources are 
variable (minutes-to-months)

GRB221009A

GRB201216CGRB180720B

GRB190114C

GRB190829A

GRB160821B

308 sources in total 
93 are AGN-blazars/radiogalaxies 
5 Gamma-RAY Burst GRB

http://tevcat.uchicago.edu
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Fermi/LAT

2019

MAGIC Coll. et al., Nature,575,459-463(2019) LHAASO Coll. et al., Science,9,46 (2023) 

2023

GRB 221009A
S E D

2019

H.E.S.S. Coll., Science, 372 (2021) 

GRB 190114C

VHE

X-Ray

2019

GWs and GRBs at TeV energies 
GRB 190114C★Detection of the TeV (afterglow) emission 

✓GRB engine accelerates photons up to TeV 
Gamma rays up to 12 TeV from the GRB 221009A! 

✓Energy budget and time evolution similar to the 
optical-X-ray component: TeV flux follows closely 
the X-ray flux

GRB 190829A
Swift

l i g h t c u r v e



Cherenkov telescopes are most sensitive 
to transient and flaring sources

104 25 GeV

Integration time (exposure) [s]
https://www.ctao.org/for-scientists/performance/

≈ 300 m

Huge effective area ➠ High statistics

Cherenkov light
Gamma-ray

Particle 
shower

Fermi/LAT

Aeff ~ 1 m2

Aeff ~ 105 m2

Cherenkov 
image

IACT: Imaging Atmospheric 
Cherenkov Telescope

IACT

Fl
ux
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Constraining the neutrino sources 
with Cherenkov telescopes
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>100 GeV 
MAGIC

MAGIC UL

Neutrino 
spectrum

V. A. Acciari et al 2019 ApJ 883 135

Fermi/LAT

TXS0506+056 
associated to 
IC170922A

Icecube coll., 2022 Science 378

NGC1068 first evidence of 
neutrino emission from a AGNThe interplay between 

X-ray and TeV 
emissions are key to 
constrain neutrino 

driven models 

Neutrino 
spectrum

Hadronic 
Neutrino-

associated Leptonic

X-ray
𝜸-ray
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IACTs in the Swift era 

Check poster 
session for 

further 
connections 

between TeV and 
X-ray studies
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The Cherenkov 
Telescope Array 
Observatory
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CTAO: a distributed facility
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CTAO: a diverse array
• Extended energy range 20 GeV300 TeV) with telescopes of 3 sizes. 
• Improved sensitivity, up to 510 times than current IACTs. 
• Improved angular resolution 3’ and energy resolution 7% 1 TeV.

1 km 

2 km 

0.3 km 
CTAO Northern array

CTAO Southern array
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Northern site: La Palma 
13 telescopes: 4 Large, 9 Medium

Southern Site: Paranal, Chile 
51 telescopes: 14 Medium, 37 Small

Alpha configuration
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Northern site: La Palma 
13 telescopes: 4 Large, 9 Medium

Southern Site: Paranal, Chile 
51 telescopes: 14 Medium, 37 Small 

+ 2 Large + 5 SST *

*CTA+ Italian project NRRP Improved Alpha configuration
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North site: LST-1(4) Telescope(s) at La Palma (Spain)

South site: Atacama (Chile) 

Computing Center at DESY (Germany)

The CTAO team
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An astronomical observatory
An open proposal-driven observatory
• Proposals will be evaluated only on their 

scientific merit 
• Data with a proprietary period of 1 yr after that 

fully open

HOST  
GUARA 
NTED 
TIME 
20%

CTAO  
contributing  

parties

D
D

T 3%

40%  
KSP TIME

HOST 
countries In

te
rn

.

integrated over 10 yr

37%  
OPEN TIME



LACT first 8 tel
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CTAO in the TeV landscape
2025

CTAO intermediate configurations 

2026 2027 2028 2029 2030 2032

CTAO Beta configuration

LHAASO

HAWC

SWGO staged                                                              

H.E.S.S.

VERITAS

VH
E 

ga
m

m
a-

ra
y 

as
tr

on
om

y MAGIC

The end dates of the facilities are just indicative: the fate of these instruments is currently under discussion 4

LACT full configuration

ASTRI full configuration

2035
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MAGIC
VERITAS

H.E.S.S.

HAWC

Galactic equator

ASTRI

CTAO-North

CTAO-South

ALPACA

LHAASO

SWGO

CTAO in the TeV landscape

ASTRONET 
Roadmap 
2022-2035
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Northern sky

CTAO Performance
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Full sky

CTAO Performance
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Full sky

CTAO Performance
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Early-Science 
with CTAO
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The prototype LST-1 is  
already producing science

LST coll 2024 – LST1 performance paper

Credits to M. Teshima & the LST collaboration
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Intermediate array configurations

Towards the first CTAO data

CONCEPT 
Intermediate array configurations: incremental array configurations that become  
progressively operative 

• array elements fully integrated with the intermediate releases of the software packages 
• array elements include telescopes but also calibration devices and atmospheric  

characterization  instruments 

MID-PERIOD PLAN (3 yr long) BASED ON THE CONSTRUCTION SCHEDULE  
built accounting for the inputs of the in-kind contribution teams 
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CTAO Northern array

In 3 years from now
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CTAO Northern array

In 3 years from now
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With respect to current 
IACT arrays: 
• Sensitivity up to a 

factor of two better 
• Angular resolution up 

to 40% improvement
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CTAO Northern array

In 3 years from now
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Planned  
First MST

August 2024
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Science Data Challenge 
Blind and open! … coming soon 

• 7 yr of simulated CTAO observations provided  
as science-ready data sets (DL3)  

• Goal #1: allow the gamma-ray community as  
well as the broad astronomical community to 
explore the CTAO scientific capabilities  

• Goal #2: allow the users to familiarize with the 
technicalities of the analysis as well as with the 
CTAO science analysis tools, based on 
gammapy 

28



Key Takeaways
✓ Several complementary ground-based instruments will drive the advancements in gamma-ray 

astronomy in the (tens of) GeV to PeV range in the near future.

✓CTAO is a key player, enhancing: 
✓sensitivity (more sources, high-precision spectral measurements).
✓angular resolution (morphological studies).
✓Field of view (galactic and extragalactic surveys).
✓Energy range, from 20 GeV (expanding the explored volume of the Universe) to 300 TeV.

✓CTAO is well suited to time-domain astronomy studies in a multi-frequency and multi-
messenger context.

✓The first CTAO data is expected within the next three years, with performance capabilities 
already twice as good as existing facilities.

✓Transient phenomena will be explored at maximum capability within the next three years.

29https://www.ctao.org

https://www.ctao.org
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30https://www.ctao.org
Eager to hear your feedback and to involve you in the SDC next year!

https://www.ctao.org






Science cases of the VHE astronomy

sub-TeV TeV multi-TeV

• Transients 
• Cosmological  

sources 
• Pulsars 

• EBL 
• Dark Matter 
• diffuse emission 
• morphological  

studies 
• surveys 

• PeVatrons 
• SFRs 

20 GeV 500 GeV 10 TeV 300 TeV1 TeV
MAGIC coll. Nature 2020

H.E.S.S. coll. Nature 2023

LHAASO coll. Nature 2021

GPS VERITAS + H.E.S.S.

HAWC coll. Nature 2018



  Antonio Stamerra (INAF-OAR)                                                                                   High-Energy Astrophysics and Cosmology in the era of all-sky surveys (HEACOSS 2024) - Yerevan                                                                   7-11 October 2024

Why an extragalactic survey at TeV energies? 

• The extragalactic TeV sky is biased due to non-uniform observations, 
primarily driven by target-based monitoring and triggers on flaring 
sources in other wavelengths.

34

R. Zanin&R. Mukherjee ed. Advances in very 
high energy Astrophysics (in press)

Sensitivity  ~1% Crab 
~10-12 erg/cm2/s

Typical exposures:   few 
to tens of hours

Typical Field of View of 
current IACTs: 3-5 deg
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Planned surveys with the Cherenkov 
Telescope Array Observatory CTAO
• Unbiased survey on 1/4 of the sky, 1000 hours. Sensitivity 6 mCrab (~3x1012 ph/cm2/s >125 GeV)
✓ derive the LogN-LogS and Luminosity function of TeV blazars
✓ Detect sources in flaring state —> Duty cycle
✓ Serendipitous new sources; extreme blazars; exotic:dark sources; GRB

Fermi sources > 50 GeV (2FHL) 

Field of view of CTAO 
telescopes: ~8 deg



  Antonio Stamerra (INAF-OAR)                                                                                   High-Energy Astrophysics and Cosmology in the era of all-sky surveys (HEACOSS 2024) - Yerevan                                                                   7-11 October 2024

Why an extragalactic survey at TeV energies? 

• 1st LHAASO catalogue with exposure: 1.5 yrs
• 90 sources; 4(5) blazars

• Limiting flux ~1% Crab at >1 TeV
• Severe EBL absorption 

• WCDA:>1 TeV, KM2A:>25 TeV

36

Zhen Cao et al 2024 ApJS 271 25
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CTAO Southern array

In 3 years from now

off-axis @ 3º  critical for surveyson-axis

@10 TeV 
• as good as LHAASO  
• 80% better than ASTRI
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Introducing the concept of the event 
types

Improved Alpha configuration 

credits to L. Baldini 2014

… learning from Fermi LAT

credits to J. Bernete-Medrano et alcredits to J. Bernete-Medrano et al

Non la metterei a meno che non abbia 
senso ‘politicamente'
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exploiting the machine-learning 

Improved Alpha configuration 

... using a hybrid likelihood,  
machine-learning 
algorithm

There is more room 

What does this imply  

for science?

credits to G. Schwefer et al. Credits to G. Schwefer et al. 
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GW interferometers - scientific runs

• Run 01 (2x LIGO)
Sept 2015 - Jan. 2016 

First GW (BH-BH) event!

• Run 02 (LIGO + VIRGO)
2016-2017; 6 months; Virgo: Aug. 2017

First e.m. counterpart of BNS merger!

• Run 03 (LIGO + VIRGO) -advan. phase
February 2019; 1 year  - O3a / O3b 

First NS-BH events!
March 27th: stop due to COVID19...

• Run O4 - (LIGO+VIRGO+KAGRA)
Started 24 May 2023 until 2025, June 9th 

• Run O5 - AdV+ phase (LIGO+VIRGO+KAGRA + LIGO-India)
2027-2030

GW150914

GW170817 COVID19

GW190814

We are here

https://observing.docs.ligo.org/plan/

Run O5 matches the current CTAO timeline

First CTAO-
South precursors 
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Gravitational Wave 
counterparts at TeV energies 

Abdalla et al. (HESS coll), 2017

AS, Salafia O. S., et al. 2021a, PoS, 944 H.E.S.S. coll., 2020 ApJL, 894

Early-time light-curve

SED and spectral models 
@~200 days from T0No detection of GeV-TeV emission from the 

counterpart of GW170817/GRB170817A

But, GRBs have been detected at TeV energies since 2019
GRB190114C, GRB190825A, GRB201216C, GRB180720B, GRB221009A

In GW-counterparts, the jet is seen preferentially off-axis:
small Lorentz factor -> weaker intensity and delayed peak in light-curve MAGIC Coll. et al., Nature,575,459-463(2019) 

GRB 190114C
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EBL absorption of TeV photons

�obs
� (E) = �source

� (E)⇥ e�⌧(E� ,z)

EBL: extragalactic Background Light

Background radiation fields

gamma-ray horizon (z<~1 E>100 GeV)

TeV

photons

opacity

Blazar

intrinsic spectrum (no cutoff)

observed spectrum
small z

high z

z=0.425z=0.654 z=0.078

Adapted from E. Pueschel, ICRC2017 
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The TeV gamma-ray sky 
(E>~50 GeV-100 TeV)

http://tevcat.uchicago.edu

Most of these TeV sources are 
variable (minutes-to-months)

GRB221009A

GRB201216C
GRB180720B

GRB190114C

GRB190829A

GRB160821B

308 sources in total 
93 are AGN-blazars/radiogalaxies 
5 Gamma-RAY Burst GRB

http://tevcat.uchicago.edu


Angular & energy 
resolution
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Improved Alpha configuration 

Two observation stations,  
one unique observatory

CTAO Southern array

150m 

CTAO Northern array

1 km 

150m 

0.3 km 
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When will the scientific  
impact begin?

2 LST

2 LST + 1 MST

1 MST + 5 SST

5 SST

Angular resolution up to  
40% improvement with  
respect to current IACT  
arrays
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Full sky

CTAO Performance
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Source localization of the order of 15-30 arcsec!

Angular resolutionH.E.S.S.3 TeV


