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MotivationMotivation

Gamma rays indicate sites of powerful Gamma rays indicate sites of powerful 
explosions and extreme environments in our explosions and extreme environments in our 
universe universe –– violent places. violent places. 

Violent places in the universe offer a sensitive Violent places in the universe offer a sensitive 
study of fundamental physics and astrophysical study of fundamental physics and astrophysical 
processesprocesses

GammaGamma--ray telescopes are now revealing a ray telescopes are now revealing a 
critical view of the most energetic regions in our critical view of the most energetic regions in our 
galaxy and in the universe.  galaxy and in the universe.  



Key QuestionsKey Questions

What are gamma rays?What are gamma rays?

Where do they come from?Where do they come from?

How do we “see” them?How do we “see” them?

What do gamma rays tell us about the violent What do gamma rays tell us about the violent 
places in the universe?places in the universe?

How do observations of sources of gamma How do observations of sources of gamma 
rays address unanswered questions in rays address unanswered questions in 
physics and astrophysics?physics and astrophysics?



Gamma ray basicsGamma ray basics



What What ISIS a gamma ray?a gamma ray?

Isn’t gamma radiation what Isn’t gamma radiation what 
caused Bruce Banner to caused Bruce Banner to 
become the Incredible become the Incredible 
Hulk?Hulk?

The term gamma ray The term gamma ray 
describes the shortest describes the shortest 
wavelengths of lightwavelengths of light



Gamma ray definitionGamma ray definition

Electromagnetic radiation with frequency greater than Electromagnetic radiation with frequency greater than 
10101919 HzHz
Very high energy photons are produced by particle Very high energy photons are produced by particle 
interactions and radioactive decay interactions and radioactive decay 

Compare to sound waves: orchestras tune to 440 HzCompare to sound waves: orchestras tune to 440 Hz

Increasing frequencyIncreasing frequency

Increasing wavelengthIncreasing wavelength

RadioRadio
million Hzmillion Hz
micrometermicrometer

Visible light  Visible light  
trillion Hztrillion Hz
500 nanometer500 nanometer

XX--rays rays 
quadrillion Hzquadrillion Hz
1 nanometer1 nanometer

Gamma rays Gamma rays 
billionbillion--billion Hzbillion Hz
picometerpicometer



The gamma ray spectrumThe gamma ray spectrum
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Some historySome history

Discovered in 1900 by French scientist Paul Discovered in 1900 by French scientist Paul VillardVillard
Observed the element radium emitting rays that were Observed the element radium emitting rays that were 
more penetrating than Xmore penetrating than X--rays  rays  

Ernest Rutherford dubbed the 3 types of emission Ernest Rutherford dubbed the 3 types of emission 
from radium alpha, beta, and gamma raysfrom radium alpha, beta, and gamma rays

We now know these are helium nuclei, electrons, and We now know these are helium nuclei, electrons, and 
gamma ray photonsgamma ray photons

RadiumRadium Absorber Absorber 
e.g. Leade.g. Lead

Photographic Photographic 
PlatePlate



From protonsFrom protons
PionPion decaydecay

Accelerated protons (p) interact with matterAccelerated protons (p) interact with matter
p  p  X + p  p  X + 00   

Proton Synchrotron EmissionProton Synchrotron Emission
Highly energetic protons in a strong magnetic Highly energetic protons in a strong magnetic 
fieldfield
Energy Energy µµ Magnetic field (B)Magnetic field (B)

How to make gamma raysHow to make gamma rays
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How to make gamma raysHow to make gamma rays

From electronsFrom electrons

Inverse Compton ScatteringInverse Compton Scattering
Collide highly relativistic electrons with photons Collide highly relativistic electrons with photons 
from stars or the microwave backgroundfrom stars or the microwave background

e- + Low E  e- + 

E µ ( Lorentz)2 E Iow E

Lorentz = 1/ (1 - ve
2/c2)

ee--

Scattered Scattered 



Arthur Holly ComptonArthur Holly Compton

Professor at the University of Professor at the University of 
Chicago 1923Chicago 1923--19441944

Nobel Prize in Physics 1927Nobel Prize in Physics 1927
scattering of photons by scattering of photons by 
electrons demonstrated the electrons demonstrated the 
particle nature of particle nature of 
electromagnetic radiationelectromagnetic radiation

This and inverse mechanism are This and inverse mechanism are 
responsible for much of gamma responsible for much of gamma 
ray production and detectionray production and detection

AIP Center for History of PhysicsAIP Center for History of Physics
http://http://www.aip.orgwww.aip.org/history//history/



How to make gamma raysHow to make gamma rays

From electronsFrom electrons
BrehmsstrahlungBrehmsstrahlung (braking radiation)(braking radiation)

Electron deceleration by a nucleusElectron deceleration by a nucleus
Highly relativistic electrons emit gamma rays Highly relativistic electrons emit gamma rays 
in atomic or molecular materialin atomic or molecular material
EnergyEnergy ~ ~ EnergyEnergyee

ee--

NucleusNucleus

BrehmsstrahlungBrehmsstrahlung



Other ways to make gamma rays?Other ways to make gamma rays?

Topological defects left over from the Big Topological defects left over from the Big 
Bang?Bang?

Hypothesis: Black holes formed with the Hypothesis: Black holes formed with the 
Universe decay to gamma ray signalsUniverse decay to gamma ray signals

ByBy--product of dark matter interactions?product of dark matter interactions?
Hypothesis: If dark matter is weakly Hypothesis: If dark matter is weakly 
interacting massive particles (interacting massive particles (WIMPsWIMPs), then ), then 
they can interact to produce gamma rays: DM they can interact to produce gamma rays: DM 
+ DM  + DM  



The bottom lineThe bottom line

Most highMost high--energy gammaenergy gamma--ray production requiresray production requires
An AcceleratorAn Accelerator

A TargetA Target

There are differences in accelerators and targets, There are differences in accelerators and targets, 
but in any scheme the matter is highly relativisticbut in any scheme the matter is highly relativistic

Gamma ray astronomy reveals the extraordinary Gamma ray astronomy reveals the extraordinary 
relativistic objects that make up the violent relativistic objects that make up the violent 
universeuniverse



Why look for cosmic gamma rays?Why look for cosmic gamma rays?

Supernova explosions release radioactive Supernova explosions release radioactive 
isotopesisotopes

Cosmic rays are mostly protonsCosmic rays are mostly protons

Radio and later XRadio and later X--ray observations ray observations 
Synchrotron emission from populations of accelerated Synchrotron emission from populations of accelerated 
electrons  electrons  

Infrared, optical, and UV observations Infrared, optical, and UV observations 
Target material and low energy photon populationsTarget material and low energy photon populations



Easy to detectEasy to detect

Interactions with matter happen readilyInteractions with matter happen readily

Interactions are easy to recognizeInteractions are easy to recognize

Good technology to detect gamma rays Good technology to detect gamma rays 
existed in the 1950’sexisted in the 1950’s



Gamma Ray Detection Gamma Ray Detection 
TechniquesTechniques



How to “see” gamma raysHow to “see” gamma rays

A hint from Paul A hint from Paul VillardVillard… … 
Gamma rays are Gamma rays are 
absorbed by matterabsorbed by matter
Where does the energy Where does the energy 
go?go?

Coherent ScatteringCoherent Scattering
Photoelectric EffectPhotoelectric Effect
Compton ScatteringCompton Scattering
ee-- ee++ Pair ProductionPair Production

We can detect the byWe can detect the by--products of the absorption products of the absorption 
and scattering processes!and scattering processes!
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Pair productionPair production

Gamma ray energy is converted to an Gamma ray energy is converted to an 
electron and positron in the presence of a electron and positron in the presence of a 
nucleusnucleus

ee--

NucleusNucleus ee++



A problem for astronomyA problem for astronomy

Wait a minute…If gamma rays are absorbed by matter, Wait a minute…If gamma rays are absorbed by matter, 
doesn’t that mean they are absorbed by the atmosphere?doesn’t that mean they are absorbed by the atmosphere?



Several solutionsSeveral solutions

Solution I: put detectors in the upper Solution I: put detectors in the upper 
atmosphere or above itatmosphere or above it

Balloons and rocketsBalloons and rockets

Space probesSpace probes

Solution II: this is not a problem; it’s a Solution II: this is not a problem; it’s a 
detector!detector!

Build instruments on the ground that collect Build instruments on the ground that collect 
the absorption bythe absorption by--productsproducts



Solution ISolution I

High energy (30 High energy (30 keVkeV -- 50 50 GeVGeV) gamma rays ) gamma rays 
are detected in spaceare detected in space

Using the Compton Effect:  Using the Compton Effect:  keVkeV -- MeVMeV

Using Pair Production: Using Pair Production: MeVMeV –– GeVGeV

Above 50 Above 50 GeVGeV there are so few gamma rays there are so few gamma rays 
that satellite detectors, area ~ mthat satellite detectors, area ~ m22, are too , are too 
smallsmall



Solution IISolution II

Pair production in the atmosphere produces Pair production in the atmosphere produces 
large showers of electrons, positrons, and large showers of electrons, positrons, and 
optical photonsoptical photons

Easy to cover a large areaEasy to cover a large area

Hard to separate gamma rays from more Hard to separate gamma rays from more 
common cosmic rayscommon cosmic rays

Very high energy gamma rays (100 Very high energy gamma rays (100 GeVGeV and and 
up) are detected using groundup) are detected using ground--based based 
telescopestelescopes



Early SearchesEarly Searches



TheTopTheTop 5 Reasons 5 Reasons 
to look for gamma raysto look for gamma rays

•• Explosions!Explosions! When stars go supernova, they When stars go supernova, they 
release large amounts of energetic matter that release large amounts of energetic matter that 
can produce gamma rayscan produce gamma rays

•• Background levels Background levels should be low, sources should be low, sources 
should stand outshould stand out

ŽŽ Four words: “primordial black hole decay”Four words: “primordial black hole decay”
Probe of Probe of exotic physicsexotic physics

•• Find the origin of cosmic rays: Unlike cosmic Find the origin of cosmic rays: Unlike cosmic 
rays, gamma rays rays, gamma rays travel in straight linestravel in straight lines



The number one reason The number one reason 
to look for gamma raysto look for gamma rays

ŒŒYou’re the US military looking for You’re the US military looking for WMDsWMDs



The first detections of cosmic The first detections of cosmic 
gamma raysgamma rays

Explorer XI (1961)Explorer XI (1961)
First First --ray detection satelliteray detection satellite

Detected 22 Detected 22 --rays (energy > 50 rays (energy > 50 MeVMeV))

VELA satellites (1969VELA satellites (1969--
1979) 1979) 

Military mission to monitor Military mission to monitor 
nuclear weapon testingnuclear weapon testing

Detected 73 bursts of Detected 73 bursts of 
cosmic cosmic --rays (rays (keVkeV energy energy 
bursts last  ~1 sec or less!)bursts last  ~1 sec or less!)



A couple decades later…A couple decades later…

1970’s and 80’s: ~30 1970’s and 80’s: ~30 
sources and much sources and much 
confusionconfusion
1989: First high 1989: First high 
significance detection of significance detection of 
a gamma ray source by a a gamma ray source by a 
groundground--based telescope, based telescope, 
Whipple 10Whipple 10--mm
1991: NASA launches a 1991: NASA launches a 
gammagamma--ray observatoryray observatory



The bad newsThe bad news

Gamma rays are rare and many sources Gamma rays are rare and many sources 
are relatively weakare relatively weak

Gamma rays with energies greater than 50 Gamma rays with energies greater than 50 
GeVGeV don’t travel very far because they can don’t travel very far because they can 
be absorbed by lower energy photonsbe absorbed by lower energy photons

Gamma rays are not as easy to “see” as Gamma rays are not as easy to “see” as 
was originally thoughtwas originally thought



A gamma ray source catalogA gamma ray source catalog

Compton Gamma Ray Observatory Compton Gamma Ray Observatory 
(1991(1991--2000)2000)

4 instruments span 30 4 instruments span 30 keVkeV -- 30 30 GeVGeV

Deployed by shuttleDeployed by shuttle

>270 sources>270 sources

2704 2704 --ray burstsray bursts

Many sources of gamma rays. What are they?Many sources of gamma rays. What are they?



Sources of Sources of MeVMeV--GeVGeV gamma raysgamma rays

Galactic ObjectsGalactic Objects
PulsarsPulsars
Supernova remnantsSupernova remnants
??????

Extragalactic ObjectsExtragalactic Objects
BlazarBlazar galaxiesgalaxies
Radio galaxyRadio galaxy
GammaGamma--ray burstsray bursts
??????

2/3 of detected sources 2/3 of detected sources 
are unidentified!are unidentified!



GroundGround--based telescopesbased telescopes

GroundGround--based telescopesbased telescopes
Very high energy, 200 Very high energy, 200 GeVGeV –– 50 50 
TeVTeV

New sensitive instruments with New sensitive instruments with 
good source localizationgood source localization

~40 sources and counting…~40 sources and counting…



Our galaxy, the Milky WayOur galaxy, the Milky Way

��� ��������	H.E.S.S.Milagro



The Milky Way in very high energy The Milky Way in very high energy 
gamma raysgamma rays

VHE gamma ray

Some old friends…Some old friends…
And some surprises!And some surprises!

Supernova RemnantsSupernova Remnants

Pulsar Wind NebulaePulsar Wind Nebulae

MicroquasarMicroquasar

??????

DiffuseDiffuse



Sources of Sources of TeVTeV gamma raysgamma rays

Galactic ObjectsGalactic Objects
Supernova remnantsSupernova remnants
Pulsar wind nebulaePulsar wind nebulae
Pulsar binary systemsPulsar binary systems
MicroquasarMicroquasar
A few unidentified sourcesA few unidentified sources

Extragalactic ObjectsExtragalactic Objects
BlazarBlazar galaxies (but not the same ones detected by galaxies (but not the same ones detected by 
Compton Gamma Ray Observatory)Compton Gamma Ray Observatory)
Radio galaxyRadio galaxy



The gamma ray universe as we The gamma ray universe as we 
know it today (stay tuned)know it today (stay tuned)

Galactic ObjectsGalactic Objects
PulsarsPulsars
Supernova remnantsSupernova remnants
Pulsar wind nebulaePulsar wind nebulae
MicroquasarsMicroquasars
Compact binary systemsCompact binary systems
Massive stars?Massive stars?

Extragalactic ObjectsExtragalactic Objects
GammaGamma--ray bursts ray bursts 
BlazarBlazar galaxiesgalaxies
Radio galaxiesRadio galaxies



SummarySummary

Gamma rays are the highest energy photonsGamma rays are the highest energy photons

Gamma rays identify and carry information about Gamma rays identify and carry information about 
violent places that produce cosmic rays and violent places that produce cosmic rays and 
contain ultracontain ultra--relativistic processesrelativistic processes

Although gamma rays are harder to see than Although gamma rays are harder to see than 
first expected, telescopes in space and on the first expected, telescopes in space and on the 
ground have located hundreds of gammaground have located hundreds of gamma--ray ray 
sources and seen thousands of gammasources and seen thousands of gamma--ray ray 
burstsbursts



Next weekNext week

GammaGamma--ray astronomy has changed ray astronomy has changed 
dramatically in the last 15 years…it’s dramatically in the last 15 years…it’s 
become a mature astronomy!become a mature astronomy!

What brought on this rapid expansion of the What brought on this rapid expansion of the 
field now after decades of effort?field now after decades of effort?
Why so many kinds of gammaWhy so many kinds of gamma--ray telescopes ray telescopes 
and what are they?and what are they?
What do observations at different gamma ray What do observations at different gamma ray 
energies reveal about the violent universe?energies reveal about the violent universe?


