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High Energy Astrophysics

• Nobel Prize 2002:
– Riccardo Giacconi “for pioneering contributions to 

astrophysics, which have led to the discovery of cosmic X-
ray sources”



High Energy Astrophysics

• Nobel Prize 2017:
– Rainer Weiss, Barry C. Barish and Kip S. Thorne “for 

decisive contributions to the LIGO detector and the 
observation of gravitational waves”



High Energy Astrophysics

• Nobel Prize 2020:
– Roger Penrose "for the discovery that black hole formation

is a robust prediction of the general theory of relativity", to 
Reinhard Genzel and Andrea Ghez "for the discovery of a 
supermassive compact object at the centre of our galaxy."



Outline

• HE gamma astrophysics
– General Introduction

• “The concepts”
– Multi-wavelength astrophysics
– Multi-messenger astrophysics

• MeV Astrophysics 
– Detector techniques 
– Fermi/GBM, COSI … 

• GeV Astrophysics
– Detector techniques
– AGILE , Fermi/LAT

• The “near” future
– GammaAstrophysics in the MWL and MM context …
– Where to … ?  



“Historical” Introduction



High Energy astrophysical sources



Introduction 

Pulsar
Active Galactic Nucleus

Unidentified Source



Introduction

Gamma Ray Pulsars



Introduction

Active Galactic Nuclei



Introduction

Unidentified Sources



Introduction



The framework



Accretion and Jets



Superluminal motion

see e.g. Ghisellini astro-ph/9905181



1st order Fermi mechanism

• Basic principles:
– Strong shock
– Scattering by irregularities
– Isotropic with respect to the shock frame
– Relativistic transformations
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Gamma-Ray sky



Emission Processes

Synchrotron radiation

Matter Antimatter Annihilation

High Energy Collisions

Nuclear decay

Bremssthralung

Inverse Compton Scattering

Nuclear Fusion



GalProp: results



GalProp: results



Multifrequency Astronomy



Introduction



X-ray telescopes



Gamma-ray Telescopes



VHE Gamma-ray telescopes



The Galaxy



the deep sky





Multimessenger Astrophysics



UHECR detectors



UHECR

Fargion et al 2024



Neutrino detectors



Neutrino searches



GW detectors



Short GRB
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MeV Gamma Ray Astrophysics



Scintillator Detectors



Scintillation Detectors



Detector Response Matrix



CGRO

CGRO/BATSE  (20 keV÷10 MeV)



The BATSE instrument

§ NaI scintillators
§   20 keV – 10 MeV
§   FoV 4p (LAD) – 2 MeV
§   SD spectroscopy – 10 MeV



Gamma-Ray Bursts

Temporal behaviour Spectral shape

Spatial distribution



BeppoSAX (1995 - 2002 )



BeppoSAX (1995 - 2002 )



AGILE MCAL (2007-2024)



AGILE MCAL (2007-2024)



MCAL GRB Catalog

https://www.ssdc.asi.it/mcal2grbcat/



Fermi/GBM detector (2008 -- ..)

GBM
BGO

Detector

GBM 
NaI

Detector

LAT



Fermi/GBM Detectors
Bismuth Germanate (BGO)

 Scintillation Detector

Major Purpose
– Provide high-energy spectral 

coverage (150 keV – 25 MeV) to 
overlap LAT range over a wide FoV

(12) Sodium Iodide (NaI)
 Scintillation Detectors

Major Purposes
– Provide low-energy spectral coverage in 

the typical GRB energy regime over a 
wide FoV (10 keV – 1 MeV)

– Provide rough burst locations over a wide 
FoV

Provides spectra for GRB from 10 keV to 30 MeV.

Provides wide sky coverage (8 sr)



GBM GRB Catalog

Von Kienlin et al (2020)



Compton Imaging

55





CGRO

COMPTEL
- 0.05-30 MeV 
- Radioactive elements map, pulsars, a flaring black hole 
candidate, blazars, solar flares 



Sensitivity



Compton Telescopes



Compton Imaging



Compton Imaging



Compton Imaging
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MEGA

https://www.mpe.mpg.de/35072/MEGA

MEGA was planned as a telescope for 
Medium Energy Gamma-Ray Astronomy 
in the energy range between 400 keV and 50 MeV. 
In this energy range MEGA exploited the two dominating 
interaction mechanisms for gamma rays: 
Compton scattering and Pair creation. 
MEGA had two detectors: A tracker, consisting of 
double-sided silicon strip detectors, 
and a calorimeter, consisting of highly segmented CsI(Tl) 
bars. In the tracker the Compton and Pair interactions take 
place and the direction and energy of the participating 
electrons and positrons is measured. 
In the calorimeters the Compton scattered gamma 
rays are stopped and thus their energy and 
direction is determined. 



MEGA



Compton Astrophysics
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Compton Astrophysics



Solar Flares lines



COSI

https://cosi.ssl.berkeley.edu/



COSI

https://cosi.ssl.berkeley.edu/



COSI



COSI



COSI



COSI
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GeV Gamma-ray Astrophysics



Photon Interactions
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Detector Project

78



HE Gamma-ray Astrophysics
The EGRET legacy



EGRET Gamma-ray Sources



Challenge  # 1

• Need simultaneous multiwavelength data to study variability and 
emission processes



Models of AGN Gamma-ray Production

(credit:J. Buckley)

(from Sikora, Begelman, and Rees (1994))



Challenge # 2

• Need more exposure and optimal timing (and radio monitoring) to 
discover more gamma-ray PSRs.



Pulsars



Challenge # 3

• Need fast timing for gamma-ray detection (improving EGRET deadtime, 
100 msec → 100 microsec or less).

Delayed Emission (GRB 940217)

Prompt Emission (GRB 930131)



The GRB fireball model



Challenge # 4

• Need arcminute positioning of gamma-ray sources (improving 
EGRET error box radii by a factor of 2-10).



SNR



Challenge # 5

• Need improvements in Spectral Resolution fo check for DM 
signals



Dark Matter



Detector Project
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Detector Project
•   Instrument must measure the direction, energy, and arrival time of high
    energy photons (from approximately 20 MeV to greater than 300 GeV):
      - photon interactions with matter in GLAST
        energy range dominated by pair conversion:
 determine photon direction
 clear signature for background rejection      

g

e+ e– calorimeter  
(energy measurement)

particle tracking 
detectors

conversion foil

anticoincidence
shield

Pair-Conversion Telescope

Energy loss mechanisms:

- limitations on angular resolution (PSF)
            low  E: multiple scattering => many thin layers
            high E: hit precision & lever arm

•  must detect g-rays with high efficiency 
   and reject the much larger (~104:1) flux
   of background cosmic-rays, etc.;
•  energy resolution requires calorimeter
   of sufficient depth to measure buildup
   of the EM shower. Segmentation useful 
   for resolution and background rejection.



g

e+ e–

Detector Project

Energy range and energy 
resolution requirements 
bound the thickness of 
calorimeter

Effective area and PSF 
requirements drive the 
converter thicknesses and 
layout.  PSF requirements 
also drive the sensor 
performance, layer 
spacings, and drive the 
design of the mechanical 
supports.

Field of view sets the 
aspect ratio (height/width)

Time accuracy provided by electronics 
and intrinsic resolution of the sensors.

Electronics

Background rejection requirements 
drive the ACD design (and influence 
the calorimeter and tracker layouts).

On-board transient detection requirements, 
and on-board background rejection to meet 
telemetry requirements, are relevant to the 
electronics, processing, flight software, and 
trigger design.

Instrument life has an impact on detector technology 
choices.
Derived requirements (source location 
determination and point source sensitivity) are a 
result of the overall system performance.



After a long story ...



EGRET 
(1991-2000)
Phases 1-5

LAT 
(2008- >2013)

Cygnus region (150 x 150), Eg > 1 GeV

Technology impact -- PSF

Spark chamber
• sense electrode spacing ~mm
• sensitive layer depth ~cm

• up to 28 hit over >1m 

Si-strip detectors
• sense electrode spacing ~0.2mm

• better single hit resolution
• sensitive layer depth ~0.4mm 

• up to 36 hit over 0.8m
• converter proximity to minimize 
MCS 



Technology impact - FoV

AGILE gamma-ray sky

3C 454.3

Cygnus region



AGILE



AGILE 
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AGILE instrument



AGILE: inside the cube…

ANTICOINCIDENCE

INAF-IASF-Mi

HARD X-RAY IMAGER 
(SUPER-AGILE)

INAF-IASF-Rm

GAMMA-RAY IMAGER 

SILICON TRACKER

INFN-Trieste

(MINI) CALORIMETER

INAF-IASF-Bo, Thales-Alenia 
Space (LABEN)



Sriharikota launch base (India)

PSLV-C8 launch, April 23, 2007

The AGILE launch



The AGILE sky



AGILE sources

Bulgarelli et al. 2019 



AGILE sources

Bulgarelli et al. 2019 



Challenge  # 1 – AGN

Donnarumma  et al. 2009

Joint campaign with MAGIC and 
VERITAS on Mkn 421



Challenge  # 2 – Pulsar

Pellizzoni  et al. 2009

High Precision 
Timing (eg. 
Crab PSR)



Challenge  # 3 – GRB 

Giuliani et al. 2008



Challenge  # 4 – Unidentified

Chen   et al. 2011



Challenge  # 5 – Spectral resolution

Giuliani et al. 2011



Surprises! TGF !

Marisaldi et al. 2010



Surprises! Cygnus X3 !

Tavani et al. 2009



Surprises! The Flaring Crab !

Tavani et al. 2011



Follow up of GW events

Verrecchia et al 2017



Follow up of GW events

Verrecchia et al 2017



AGILE

https://agile.ssdc.asi.it/



Fermi LAT



e+ e–
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Overview of LAT

• Precision Si-strip Tracker (TKR) 
18 XY tracking planes.  Single-sided 
silicon strip detectors (228 µm pitch) 
Measure the photon direction; gamma 
ID.

• Hodoscopic CsI Calorimeter(CAL)      
Array of 1536 CsI(Tl) crystals in 8 
layers.  Measure the photon energy; 
image the shower.

• Segmented Anticoincidence Detector 
(ACD)  89 plastic scintillator tiles.     
Reject background of charged cosmic 
rays;  segmentation removes self-veto 
effects at high energy.

• Electronics System Includes flexible, 
robust hardware trigger and software 
filters.

Systems work together to identify and measure the flux of cosmic gamma 
rays with energy 20 MeV -  >300 GeV.

Calorimeter

Tracker

ACD 
[surrounds 4x4 
array of TKR 
towers]



Cable Plant
UCSC

Tower Structure SSD Procurement, Testing
Japan, Italy, SLAC

Electronics

Tower Assembly and Test

Tray Assembly 
and Test

SSD Ladder 
Assembly

Composite Panel & Converters

2592

10,368

342

648

342
18



GLAST silicon tracker tray

Silicon Detectors



Launch!

• Launch from Cape Canaveral 
Air Station 11 June 2008 at 
12:05PM EDT

• Circular orbit, 565 km altitude 
(96 min period), 25.6 deg 
inclination.



• Two instruments:

– LAT: 
• high energy (20 MeV –  >300 GeV)

– GBM: 
• low energy (8 keV – 40 MeV)

• Huge field of view
– LAT: 20% of the sky at any instant; in sky survey mode, expose all 

parts of sky for ~30 minutes every 3 hours.  GBM: whole unocculted 
sky at any time.

•  Huge energy range, including largely unexplored band 10 GeV - 
100 GeV

•  Large leap in all key capabilities.  Great discovery potential.

Large Area Telescope (LAT)

Gamma-ray Burst Monitor (GBM)

Key Features 

Spacecraft Partner: 
General Dynamics



The Observatory

GBM
BGO

Detector

GBM 
NaI

Detector

LAT



GN

HEASARC

-

-

DELTA
7920H •

White Sands

TDRSS SN
S & Ku

LAT Instrument 
Science 

Operations Center 
(SLAC))

GBM Instrument 
Operations Center

GRB 
Coordinates Network

• Telemetry 1 kbps
•

-
•

S

Alerts

Data, Command Loads

Schedules

Schedules

Mission Operations 
Center (MOC)

Fermi Science 
Support Center

• µsec
•

•

•

Fermi Spacecraft

Large Area Telescope
& GBMGPS

Fermi MISSION ELEMENTS



Challenge # 1 – AGN

Aharonian et al. 2009

Joint campaign on PKS 2155 with HESS



Pulses at
1/10th true rate

Challenge # 2 – Pulsars Blind Search

Abdo et al..2010



q This GRB is a perfect case for studying 
Lorentz Invariance Violation
q z = 0.9 (5.381 Gyr)
q Emission of 31 GeV photon after 859 ms 

since the trigger
q Only conservative assumption!

q the HE photon is not emitted before the 
LE photons, at different events.

Challenge # 3 – GRB



130

Challenge # 4 – Unidentified

Abdo et al. 2008

CTA 1 Discovery



Challenge # 5 – Spectral Resolution



Fermi/LAT

https://fermi.gsfc.nasa.gov/ssc/



Fermi/LAT

https://glast.sites.stanford.edu/



Data Dissemination

https://fermi.gsfc.nasa.gov/ssc/data/access/
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The future



GW 170817A



TXS 0506+056 



Where to ..? 

R.Caputo @ 2nd CTAO symposium 



Where to …? 

R.Caputo @ 2nd CTAO symposium 



Where to …? 



Where to …? 
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