


What is the most energetic photon* we have ever detected?

all baryonic matter in 
the observable Universe

m ~ 1053 kg

(a) 1,000x the energy 
of a Sun photon (b) 1,000,000x

(c) 1,000,000,000x (d) 1,000,000,000,000x

(e) 1,000,000,000,000,000x

[Note: A single green photon from the Sun: ~2eV]
[Photon: unit of light.]
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What is the most energetic photon we have ever detected?

all baryonic matter in 
the observable Universe

m ~ 1053 kg

[Note: A single green photon from the Sun: ~2eV]

(e) 1,000,000,000,000,000x
LHASSO

à In 2024, LHAASO announced the detection of a 2.5 PeV 
gamma ray! Over a quadrillion times more energetic!

The LHC comparison

LHC accelerates 
particles up to 0.01 PeV 

(per particle)

250x in a *single* 
photon



We talk in electron-volts (eV).

Radio astronomers: 2.4 x 1014 Hz (242 THz)
Optical/IR astronomers: 1240 nm (near-IR)
Stellar/plasma physicists: 11,600 K
Joules? 1.6 x 10-19 J
X-ray astronomer/particle physicists: 1 eV

Side note on units (energy)
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The true electromagnetic spectrum

all baryonic matter in 
the observable Universe

m ~ 1053 kg

radio MW IR UV X-ray

Gamma-ray

~5 decades ~1 ~3

~0.3

~1 ~2

>12 decades

• Upper bound: no limit (except those implied by detection techniques)

• Lower bound: endless (?) but instructive – debate on the boundary between X-rays 
and gamma rays
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The true electromagnetic spectrum
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the observable Universe

m ~ 1053 kg

Question: at which energy ends 
the X-ray and begins the 

gamma-ray domain?

A plausible answer: 
20 keV. 

Thermal emission.
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Astrophysics: How hot can a glowing object be?

all baryonic matter in 
the observable Universe

m ~ 1053 kg

Step 3: combine the two (for some macro mass)

Stable star

R²T⁴ ≤ const x mass R ≥ rs

Black hole



Astrophysics: How hot can a glowing object be?

à There is a maximum temperature beyond which a self-
gravitating thermal source cannot exist (it would either 
collapse into a black hole or blow itself up) – 20 keV.



Astrophysics: How hot can a glowing object be?

à There is a maximum temperature beyond which a self-
gravitating thermal source cannot exist (it would either 
collapse into a black hole or blow itself up) – 20 keV.

à If you see a photon with energy > 20 keV, you need 
non-thermal physics.

Non-thermal physics = proxy of gamma-ray astronomy.
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1. Particle acceleration (synchrotron, inverse Compton)

blazars

pulsars



Fermi-LAT Collaboration



Fermi-LAT Collaboration
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Fermi-LAT Collaboration

blazars
NASA's Scientific Visualization Studio

pulsars
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COSI (scheduled for 2027)
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Atomic Hydrogen

2.4 – 2.7 GHz

Molecular Hydrogen

Mid-infrared

Mid Infrared

Near Infrared

Optical

X-ray

Gamma-ray

Radio continuum (408 MHz)



Observing techniques

all baryonic matter in 
the observable Universe

m ~ 1053 kg

Problem: you cannot 
focus gamma rays.

- their wavelength is 
smaller than any inter-
atomic distances in any 
solid à they pass right 
through

Solution: 
exploit the ways gamma 
rays destroy themselves 
when they interact with 
matter.
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20 keV – 1 MeV

Compton Telescopes

dominating interaction: 
Compton scattering

0.3–30 MeV

https://heasarc.gsfc.nasa.gov/docs/cgro/cgro/comptel.html
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Pair Production Telescopes

dominating interaction: 
Pair production

0.3–30 MeV

20 MeV – 300 GeV



Pair Production Telescopes

Spark chambers (1991)



1. From left: Fermi/LAT Principle Investigator Peter Michelson, Fermi/LAT co-creator Bill 
Atwood and Steven Ritz, project scientist at NASA. (Credit: Steven Ritz/UC Santa Cruz.) 2. 
Fermi Operations team sporting their colorful unofficial uniforms. (Courtesy Jana Thayer.) 3. 
Putting the Large Area Telescope together.  (Photo courtesy SLAC Communications.) 4. The view 
of the launch from Cocoa Beach. (Courtesy SLAC Communications.) 5. The team that put the 
Large Area Telescope together at SLAC. (Courtesy SLAC Communications.)
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Pair Production Telescopes



1968, Orbiting Solar Observatory, OSO-3 (~50 MeV)



2000, COMPTEL (onboard CGRO), 1—30 MeV



2000, EGRET (onboard CGRO), above 100 MeV



2000, LAT (onboard Fermi ), above 500 MeV



20 keV – 1 MeV

Ground-based Observations

dominating interaction: 
Electromagnetic cascades

0.3–30 MeV

20 MeV – 300 GeV
50 GeV – TeV
Whipple Telescope 1986
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It’s 1995.
We’ve been detecting gamma-ray bursts for over twenty 
years, and we still don’t know what they are. 

This is one of the biggest open questions in astrophysics.



Are gamma-ray bursts galactic or 
extragalactic?

Baird Auditorium, Smithsonian Natural History Museum, April 20, 1995.

The Distance Scale to Gamma-Ray Bursts 
Great Debate in 1995
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The Distance Scale to Gamma-Ray Bursts 
Great Debate in 1995



Exibit 1: The BATSE Sky Map

Main argument: we should see 
this in Andromeda. We don’t. 

Cosmology: 1
Galaxy: 0



Exibit 2: The Log N – Log S

Main arguments:
 - (cosmological) at large 
distances, cosmological effects 
(redshift, time dilation, non-
Euclidian geometry) naturally 
suppress the number of faint 
sources
- (galactic) we're seeing the 
edge of the halo — sources 
beyond ~200–400 kpc simply 
don't exist, so the faint end 
drops off.

Cosmology: 1
Galaxy: 0



Exibit 3: The energy problem

If GRBs are cosmological, say at z = 1, how much energy 
does a typical burst release?

Typical burst fluence: ~10-6 erg/cm2
Luminosity distance: ~2 x 1028 cm

E ~ 4πd² × fluence 
~10⁵¹ erg

Cosmology: 1
Galaxy: 1Galactic halo only requires 10³⁸–10⁴² erg per burst



Galactic Extragalactic



• Two years after this debate, on February 28, 1997, 
the Italian-Dutch satellite BeppoSAX detected GRB 
970228 and its fading X-ray afterglow. 
• Ground-based telescopes found an optical counterpart 
sitting on a faint, distant galaxy. 
• Three months later, GRB 970508 gave us the first 
spectroscopic redshift: z = 0.835. 

Cosmological. Case closed. It took 24 years from the 
first detection to settle the question

The resolution
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● Intermediate Missions: Fermi, NuSTAR and now COSI 
● MIDEX and SMEX: Swift and NICER 
● Technology: a robust technology development program 

(SiPMs, new scintillators, upgraded silicon detectors, etc) 
● Balloons (+ CubeSats!): long duration balloons enabled 

COSI, LEAP, etc. 
● Data Analysis & Theory: mainly supported through GI 

programs 
● TeV Astronomy: VERITAS, HESS, HAWC, and MAGIC.



[insert your space-based gamma-ray wish list]


