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The (astro-)physical processes of the TeV Sky

Synchrotron radiation

Inverse Compton

Particle collisions-
cascades
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A
PO

D
 2

4 
Ju

l 2
02

0

B
e- γ

Radio to gamma-rays 

gamma-rays GeV-TeV

gamma-rays GeV-TeV-PeV

Particle 
acceleration

Gamma-ray 
emission

Matter (CO clouds, winds, ISM,…)
Radiation field (high density)

P (CR)
π+

π0

γ

γ

𝛎 Neutrinos  TeV-PeV

e-

e- γ

γ

e-

A
cc

el
er

at
ed

 p
ar

ti
cl

es

Interaction with 
the ambient

‣B-field
‣Density
‣Location
‣Size

Particle energy distribution
Particle identification
CR-connection Multifrequency and 

multi messenger

Seeds: IR-opt-X



The (astro-)physical processes of the TeV Sky

Synchrotron radiation

Inverse Compton

Particle collisions-
cascades

3

WHAT CAN WE LEARN WITH TEV OBSERVATIONS

A
PO

D
 2

4 
Ju

l 2
02

0

B
e- γ

Radio to gamma-rays 

gamma-rays GeV-TeV

gamma-rays GeV-TeV-PeV

Particle 
acceleration

Gamma-ray 
emission

Matter (CO clouds, winds, ISM,…)
Radiation field (high density)

P (CR)
π+

π0

γ

γ

𝛎 Neutrinos  TeV-PeV

e-

e- γ

γ

e-

A
cc

el
er

at
ed

 p
ar

ti
cl

es

Interaction with 
the ambient

‣B-field
‣Density
‣Location
‣Size

Particle energy distribution
Particle identification
CR-connection

Diagnostics
multi-band observations and 
correlations, SEDs, variability, 

light curves, morphology

Sources 
novae, SNe, SNR, star 
clusters, PWN, pulsars, 

magnetars, mQSO, blazars, 
GRBs, AGN, galaxy clusters, 

star-forming SB.
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CTAO: a diverse array
• Extended energy range (20 GeV-300 TeV) with telescopes of 3 sizes.
• Improved sensitivity, up to 5-10 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

Alpha configuration



La timeline della scienza di CTAO

• Step 0: il Science Data Challenge (SDC) -> fine 2026 


• Step 0-1: guaranteed early science, LST north, SST south: —> 2027. 


• Step 1: Open Early science con gli LST e MST sito nord: —> 2029 (AO call)


• Early science al sito sud MST-SST: —> 2029  (LST to be approved first)


• Step 2: inizio KSP -> 2032

2029 2030 2031 2032

Early Science 
OP 1

Early Science 
OP 2

Early Science 
OP 3 OP1

La preparazione della early science e, soprattutto dei KSP (che hanno 
un indirizzo legato alla money matrix/IKC) richiede una 

preparazione scientifica e strategica da parte di INAF e Italia

Guaranteed 
Early Science 

2027



GRB 221009A: the most extreme GRB

★ TeV (afterglow) emission: key findings 
✓ GRB engine accelerates photons up to TeV 
✓ Evidence of a second energetic component 
✓ Energy budget and time evolution similar to the 

optical-X-ray component 
✓ TeV flux follows closely the X-ray flux 
✓ Constraints on the surrounding medium 
✓ TeV emission can last days 
✓ Gamma-rays up to 12 TeV from the GRB 221009A! 
✓ Indication on jet structure
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GRB 221009A

2025

l i g h t c u r v e
LST Collaboration - ApJL (2025)

Results on GRB 221009A with 

LST-1 first CTAO telescope in 

operation!

Jet break → jet angle ~1o

4.1𝜎 excess 
Limit on models

Constraints on models!

Struct.jet 
models

1 
2 
3

And possibly on the location 
of the  emission region
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GRB 221009A

2025

l i g h t c u r v e
LST Collaboration - ApJL (2025)

Results on GRB 221009A with 

LST-1 first CTAO telescope in 

operation!

Jet break → jet angle ~1o

4.1𝜎 excess 
Limit on models

Constraints on models!

Struct.jet 
models

1 
2 
3

And possibly on the location 
of the  emission region

to be submitted soon



TEV Transients with IACTs
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Gamma 
ray Fermi/LAT 

~1 m2

✓ Big effective area ➠ photon statistics 
✓ Low energy threshold (~50 GeV) 
✓ Repositioning speed ~7 deg/s; automatic repointing  
✓ Observations in moon-time

8

Haunting for transients: IACTs have the required performances 

Aeff~105 m2

>104 25 GeV

Integration time (exposure) [s]

Extended "spectral arm leverage" 
High statistics (=precision) on flares
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High statistics (=precision) on flares
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The Role of Off-axis Observations and structured Jet

GeV-TeV emission is expected from the relativistic 
outflow (structured jets) 

In GW-counterparts, the jet is seen preferentially 
off-axis: small Lorentz factor 

➡ intensity weaker 10-4 to 10-6  times than on-axis 
emission 

➡ light curve delayed (hours/days/months, 
depending on 𝜃view and jet structure)
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Branchesi, AS et al. 2022 
(From Troja et al 2018)

Off-axis observer

On-axis observers: 
standard GRB

Jet

Jet

What do we expect in the TeV band?

Off-axis observer and 
STRUCTURED JET

Jet profile

Hydrodynamical simulation of a 
short GRB (Lazzati+2018)

Hydrodynamical simulation of a 
short GRB (Lazzati+2018)



A Dedicated Study 
on the CTAO’s 

Prospects on GW 
follow-ups in an 
evolved multi-

messenger 
scenario on GWs 
and TeV-GRBs.
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Optimise the observing strategy 
✦ Maximise the detection rate 
✦ Maximise the physical interpretation return 
✦ Evaluate the amount of observing time

Explore the parameter space of the     
GW-GRBs detectable by CTAO 

✦ Physical parameters (luminosity, jet opening angles 
and jet orientation, spectral slope) 

✦ Observational parameters (time delays, exposures)

Compute the joint GW and CTAO 
detection rates from binary neutron 

star (BNS) mergers associated to 
GRBs (GW-GRBs)

G O A L S
Being submitted!



A long journey and a 
complex construction 

of a full chain of 
simulations, from the 
GW event up to the 
CTAO response and 

scheduling.
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Observation optimisation 
and scheduler   

CTAO observing strategy

Simulation of BNS mergers  and 
GW signal in local universe

Synthetic GW-GRBs 
Phenomenological model of VHE 

emission of short-GRB

Simulation of CTAO response 
(set of IRFs)

M E T H O D S

Jarred

Lara

Barbara

Monica
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Observation optimisation 
and scheduler   

CTAO observing strategy

Simulation of BNS mergers  and 
GW signal in local universe

Synthetic GW-GRBs 
Phenomenological model of VHE 

emission of short-GRB

Simulation of CTAO response 
(set of IRFs)

GW skymap

Gravitational wave catalogue of simulated 
binary neutron star (BNS) mergers from 
Petrov et al. 2022 for O5

S i m u l a t i o n  c h a i n
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Observation optimisation 
and scheduler   

CTAO observing strategy

Simulation of BNS mergers  and 
GW signal in local universe

Synthetic GW-GRBs 
Phenomenological model of VHE 

emission of short-GRB

Simulation of CTAO response 
(set of IRFs*) gammapy

Consistency checks 

Correlation LTeV-EISO 
(Follows the one observed in X-ray)

GW170817

Jet energy 
distributions 

(Respect to NS mass)

Phenomenological simulation of afterglow emission from 
short GRBs.
• Jet opening angle inferred from short-GRBs seen on-axis, average:~14deg
• Viewing angle from the inclination of the BNS
• Lightcurve: follows deceleration phase + similar temporal decay as in X-rays
• Spectrum: Photon index ~-2; Density of the external medium ~0.1 cm-3

• Jet structure: Gaussian distribution for both energy and Lorentz factor

S i m u l a t i o n  c h a i n
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Observation optimisation 
and scheduler   

CTAO observing strategy

Simulation of BNS mergers  and 
GW signal in local universe

Synthetic GW-GRBs 
Phenomenological model of VHE 

emission of short-GRB

Simulation of CTAO response 
(set of IRFs*)

* IRF: Instrument 
Response 
Function

ID 1378 exposure 16s 
delay: 63 s

Credit: Fabio Pintore, 
gammapy

• Computation of CTAO 
sensitivity tailored on the 
GW-GRB models, including 
EBL absorption

• CTAO Alpha configuration
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Afterglow light curves as seen from various viewing angles                      

S i m u l a t i o n  c h a i n

Time from merger [s]
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Observation optimisation 
and scheduler   

CTAO observing strategy

Simulation of BNS mergers  and 
GW signal in local universe

Synthetic GW-GRBs 
Phenomenological model of VHE 

emission of short-GRB

Simulation of CTAO response 
(set of IRFs)

CTAOtiling

• Realistic observing conditions for CTAO are considered 
(Seglar-Arroyo et al. 2019)

• Based on Tilepy code (M. Seglar-Arroyo et al. - APJS - 2024)

Observing strategy:

• Optimal: Scheduler iterates on the best visible positions, with 
increasing, sensitivity-dependent, exposures. If the true source 
position is covered, by construction, it is detected.

• Fixed: Tiling with fixed exposures (1, 5, 20 min)

S i m u l a t i o n  c h a i n
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Optimise the observing strategy 
✦ Maximise the detection rate 
✦ Maximise the physical interpretation return 
✦ Evaluate the amount of observing time

Explore the parameter space of the     
GW-GRBs detectable by CTAO 

✦ Physical parameters (luminosity, jet opening angles 
and jet orientation, spectral slope) 

✦ Observational parameters (time delays, exposures)

Compute the joint GW and CTAO 
detection rates from binary neutron 

star (BNS) mergers associated to 
GRBs (GW-GRBs)

R e s u l ts

Variable/Adaptive

~3-4% of the sampled BNS mergers are detectable. 
Expected yearly rate depends greatly on the BNS rate 

(largely uncertain!)

Observing strategies: 

✓ Optimal (adaptive) exposure 

• Fixed strategies (tiling with 
fixed   exposure 1, 5, 20 min)
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Optimise the observing strategy 
✦ Maximise the detection rate 
✦ Maximise the physical interpretation return 
✦ Evaluate the amount of observing time

Explore the parameter space of the     
GW-GRBs detectable by CTAO 

✦ Physical parameters (luminosity, jet opening angles 
and jet orientation) and other (GW area, distance) 

✦ Observational parameters (time delays, exposures)

Compute the joint GW and CTAO 
detection rates from binary neutron 

star (BNS) mergers associated to 
GRBs (GW-GRBs)

R e s u l ts
Detectable events
NOT Detectable events

Isotropic Energy, EISO

GW area

Jet opening angle

Distance

“Effective” angle 
= view-angle —


Jet-opening

Delay



Constraining the neutrino sources with Cherenkov telescopes
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Neutrino 
spectrum

V. A. Acciari et al 2019 ApJ 883 135

Fermi/LAT

TXS0506+056 
associated to 
IC170922A 
At 3𝝈 level Icecube coll., 2022 Science 378

NGC1068 first evidence of 
neutrino emission from a AGN

The interplay between X-
ray and TeV emissions are 
key to constrain neutrino 

driven models 
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Open questions in the MM field at TeV energies - GRB/GW

•  Do all GRB exhibits a second high-energy component (Gev-TeV)?  
🥰 

• Is this component significant or even dominant, as observed in 
GRB 190114C and GRB221009A? Under what conditions? 

•What is the connection between this emission and the GRB 
progenitor or its environment? 

•  Is SSC the dominant emission mechanism? What roles do 
external Compton, pure synchrotron, or hadronic processes play? 

•Next observational breakthrough: unambigous TeV detection 
from short-GRB!  GW (BNS)!  NS-BH and BBH still uncharted 
territory… (see upcoming LST-Magic paper on followup of 2 BBH events) 

•Which observational strategies in the TeV band are best suited 
for detecting GW counterparts? 
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TeV observations can:

✓ Clarify the structure of the 
environment (density, winds)

✓ Better constrain SED modeling 
and parameters

✓ Identify/discard dominant 
emission processes in afterglow 

✓ Identify and shed light on the 
prompt emission physics.



Open questions in the MM field at TeV energies - neutrinos

• Which classes of neutrino sources? Seyfert, blazars (BL-Lac? 
FSRQ?)? 

• Which emission region? Corona emission? Base of jet / 
standing shocks? Outflow winds? 

• Confirm the physical connection between neutrino and 
gamma-ray emission and the interplay with the environment. 

• Identify TeV hadronic-driven emission processes in the 
observed SED 

• Which models? How to better constraint their parameters? 
Needs precision and MWL measurements.

21

skymapMAGIC
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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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CTAO Northern array

CTAO North (LST)
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CTAO Northern array

CTAO North (LST)
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2027-2028 early science

September 2025
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CTAO Northern array

The current landscape
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With respect to current 
IACT arrays: 
• Sensitivity up to a 

factor of two better 
• Angular resolution up 

to 40% improvement

CTAO Northern array

In 3 years from now
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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

The full CTAO array 
improved alpha configuration 
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Image Cherenkov telescopes 
(IACT) as ideal transient detectors



Imprint of IGMF on the GeV-TeV gamma rays

31

Excess at lower energies

Neronov et al. 2009

γCMB

γEBL

e+

e-
TeV

GeV
Indirect detection of the IGMF

● Extended γ-rays halos 

● Spectral features (cascade spectrum) 

● Time delayed γ-ray emission

B-field 
IGMF 

Credit: Paolo Da Vela - INAF Bologna
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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
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EBL absorption of TeV photons
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�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

GRB

z=0.425 z=0.078

intrinsic spectrum (no cutoff)

observed spectrum small z

high z

Adapted from E. Pueschel, ICRC2017 

z=0.654 z=0.425 z=0.078

EBL 
absorbtion

100 GeV 10 TeV


