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Key QuestionsKey Questions

What are the types of objects that emit What are the types of objects that emit 
gamma rays?gamma rays?

What might we discover in the future?What might we discover in the future?

How can we improve future gammaHow can we improve future gamma--ray ray 
telescopes?telescopes?

What are gamma rays telling us about our What are gamma rays telling us about our 
Galaxy and the Universe?Galaxy and the Universe?



OverviewOverview

Review of gammaReview of gamma--ray source typesray source types

Goals for the futureGoals for the future
GLAST space telescopeGLAST space telescope

GroundGround--based telescopesbased telescopes

New views of air showersNew views of air showers



A Brief ReviewA Brief Review



Galactic SourcesGalactic Sources

Most are related to remnants of massive stars or Most are related to remnants of massive stars or 
massive stars that will die in spectacular waysmassive stars that will die in spectacular ways

Areas containing many massive starsAreas containing many massive stars

Supernova remnant blast wavesSupernova remnant blast waves

Supernova remnant interaction with molecular cloudsSupernova remnant interaction with molecular clouds

SN 1006 XSN 1006 X--ray imageray image Massive WolfMassive Wolf--RayetRayet star star 
ejecting hot materialejecting hot material



Pulsars and wind nebulaePulsars and wind nebulae

Some pulsars emit strong periodic gamma ray Some pulsars emit strong periodic gamma ray 
signalssignals

Rotational energy mostly goes into surrounding Rotational energy mostly goes into surrounding 
nebula and not the pulsar’s pulsenebula and not the pulsar’s pulse

Magnetic field linesMagnetic field lines

Rotation AxisRotation Axis

Pulse beamPulse beam

Small dense Small dense 
neutron starneutron star

Combined radio, optical Combined radio, optical 
and Xand X--ray images of the ray images of the 

Crab nebulaCrab nebula



Binary systemsBinary systems

Some systems with a pulsar or a black Some systems with a pulsar or a black 
hole and a massive star companion emit hole and a massive star companion emit 
periodic gammaperiodic gamma--ray signalsray signals

Artistic rendition of a binaryArtistic rendition of a binary GammaGamma--ray signal strength of a pulsar ray signal strength of a pulsar 
orbiting a massive starorbiting a massive star



The Galactic CenterThe Galactic Center

Site of a very massive black holeSite of a very massive black hole
But what produces the gamma rays?But what produces the gamma rays?

Artist’s image of the Milky WayArtist’s image of the Milky Way Infrared image of central Infrared image of central 
light years of the Galaxy light years of the Galaxy 



BlazarsBlazars

SupermassiveSupermassive black holes in the centers of other black holes in the centers of other 
galaxies that produce extended and very energetic galaxies that produce extended and very energetic 
particle jetsparticle jets

Jets pointing at us produce intense and variable signalsJets pointing at us produce intense and variable signals
How often do flares happen and how do they occur? What is the How often do flares happen and how do they occur? What is the 
relationship between the jet and the black hole?relationship between the jet and the black hole?

JetJet

Dusty Dusty TorusTorus
Accretion DiskAccretion Disk

Black HoleBlack Hole

Clouds of gasClouds of gas

XX--ray image of 3C 273ray image of 3C 273



GammaGamma--ray burstsray bursts

Caused by stellar explosions and merging pairs Caused by stellar explosions and merging pairs 
of neutron stars and black holesof neutron stars and black holes
Seen all over the sky; they occur in other Seen all over the sky; they occur in other 
galaxies, some very distantgalaxies, some very distant
What are  highest energy photons?What are  highest energy photons?
What causes the repeated                            What causes the repeated                            
flares seen in some bursts?flares seen in some bursts?
How long do gammaHow long do gamma--ray                                                ray                                                
signals last after                                              signals last after                                              
a burst?a burst?



GammaGamma--ray backgroundray background

Implies unresolved sourcesImplies unresolved sources

Traces galactic cosmic ray populationTraces galactic cosmic ray population

Map of high energy gammaMap of high energy gamma--ray sky from EGRETray sky from EGRET



Goals for the FutureGoals for the Future



How to build a better gammaHow to build a better gamma--ray ray 
telescopetelescope

See more photonsSee more photons
Telescopes that can see more photons from the same Telescopes that can see more photons from the same 
object in shorter periods of timeobject in shorter periods of time

Locate photons more accuratelyLocate photons more accurately
Telescopes with improved angular resolutionTelescopes with improved angular resolution

Extend observations into unexplored photon Extend observations into unexplored photon 
energy rangesenergy ranges

EGRET observed up to ~30 EGRET observed up to ~30 GeVGeV, ground, ground--based based 
telescopes observe above 100 telescopes observe above 100 GeVGeV



Detect more gammaDetect more gamma--ray objectsray objects

GoalsGoals
See more of the same objects and find new See more of the same objects and find new 
types of objectstypes of objects
Separate the unique from the typicalSeparate the unique from the typical

How?How?
More sensitive telescopes that can see fainter More sensitive telescopes that can see fainter 
objectsobjects
Observations in the ‘energy gap’ between Observations in the ‘energy gap’ between 
space and ground telescopesspace and ground telescopes



GammaGamma--ray variabilityray variability

Study brightness changesStudy brightness changes
Pulsars, binaries, Pulsars, binaries, blazarblazar galaxiesgalaxies
GammaGamma--ray burstsray bursts

How?How?
Collect more photons per timeCollect more photons per time

Large groundLarge ground--based telescopesbased telescopes
More efficient detectorsMore efficient detectors

Watch large parts of the skyWatch large parts of the sky
Telescopes with a large field of viewTelescopes with a large field of view



GLASTGLAST

A new gammaA new gamma--ray space ray space 
missionmission

More photonsMore photons
Better angular resolutionBetter angular resolution

Carries a large telescope for Carries a large telescope for 
mapping the skymapping the sky

More photons at higher More photons at higher 
energiesenergies
Scans the entire sky every 3 Scans the entire sky every 3 
hourshours

Carries several gammaCarries several gamma--ray ray 
burst detectorsburst detectors

Credit: NASA E/PO, Sonoma State Credit: NASA E/PO, Sonoma State 
University, University, AuroreAurore SimonnetSimonnet



What will GLAST do?What will GLAST do?

Many Many blazarblazar galaxiesgalaxies
Other galaxies?Other galaxies?
Galactic sources  Galactic sources  

We know they are there, but what are they?  Pulsars? We know they are there, but what are they?  Pulsars? 
Pulsar wind nebulae? Binaries? Supernova Pulsar wind nebulae? Binaries? Supernova 
remnants? Winds from massive stars? remnants? Winds from massive stars? 

What else?  And how will we know?What else?  And how will we know?

1000’s of new sources 1000’s of new sources 
predictedpredicted



GeVGeV--TeVTeV connectionsconnections

Current Current TeVTeV groundground--based telescopes based telescopes 
important for studying GLAST (important for studying GLAST (GeVGeV) ) 
sourcessources

Better locations Better locations –– easier to identify sourceseasier to identify sources

Extend energy spectrumExtend energy spectrum

Study variability Study variability –– groundground--based telescopes based telescopes 
can see changes over a few minutes for bright can see changes over a few minutes for bright 
objectsobjects



Future Future TeVTeV telescopestelescopes

Basic goalsBasic goals
Improve angular resolutionImprove angular resolution
See more photonsSee more photons

Great for variable sources like flaring Great for variable sources like flaring blazarblazar galaxiesgalaxies
Great for supernova remnantsGreat for supernova remnants

Know better where the gamma rays are produced Know better where the gamma rays are produced –– blast wave, blast wave, 
surrounding material, pulsar nebula?surrounding material, pulsar nebula?

Find undiscovered faint sourcesFind undiscovered faint sources
How?How?

Many telescopes (cover a large area)Many telescopes (cover a large area)
Efficient camerasEfficient cameras
Get rid of unwanted background lightGet rid of unwanted background light



New Views of Air ShowersNew Views of Air Showers



CosmicCosmic--ray connectionsray connections

Gamma rays help find cosmic rays in other Gamma rays help find cosmic rays in other 
parts of the Galaxyparts of the Galaxy

Acceleration sitesAcceleration sites

Places where accelerated cosmic rays run Places where accelerated cosmic rays run 
into gasinto gas

Diffuse gamma rays Diffuse gamma rays 
from regions near the from regions near the 

Galactic CenterGalactic Center

XX--rays from the rays from the 
shell of a shell of a 

supernova supernova 
remnantremnant



CosmicCosmic--ray flavorsray flavors

A cosmic ray is an A cosmic ray is an 
atom stripped of atom stripped of 
electrons leaving the electrons leaving the 
nucleusnucleus
Relative amounts of Relative amounts of 
give clues to where give clues to where 
they came from and they came from and 
how they got herehow they got here
Cosmic rays run into Cosmic rays run into 
the Earth from all the Earth from all 
directions all the timedirections all the time
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The bad newsThe bad news

Cosmic rays at the Earth make it hard to Cosmic rays at the Earth make it hard to 
see gamma rayssee gamma rays

Both interact in air and produce showers Both interact in air and produce showers 
detected by grounddetected by ground--based gammabased gamma--ray ray 
telescopestelescopes
Cosmic rays outnumber gamma raysCosmic rays outnumber gamma rays
Finding ways to identify (and avoid!) recording Finding ways to identify (and avoid!) recording 
cosmiccosmic--ray showers means more gamma ray ray showers means more gamma ray 
showersshowers



Anatomy of a gammaAnatomy of a gamma--ray air showerray air shower

Absorption processes for high Absorption processes for high 
energy photons and electronsenergy photons and electrons

Pair productionPair production

Electron Electron bremsstrahlungbremsstrahlung

ProduceProduce
ElectronsElectrons

Positrons (electron with              Positrons (electron with              
positive charge)positive charge)

High energy photonsHigh energy photons

ee--

ee++

AtmosphereAtmosphere



Anatomy of a cosmicAnatomy of a cosmic--ray air showerray air shower

Air Shower ComponentsAir Shower Components
Shower coreShower core of nuclear particlesof nuclear particles

NucleonsNucleons (protons and neutrons)(protons and neutrons)
PionsPions (decay to gamma rays)(decay to gamma rays)

SubshowersSubshowers that look like gammathat look like gamma--ray ray 
air showersair showers

Dominated by Dominated by electronselectrons, , positronspositrons, , 
and high energy and high energy photonsphotons

MuonsMuons (like electrons but         (like electrons but         
heavier and more              heavier and more              
penetrating)penetrating)
Neutrinos (very penetrating,        Neutrinos (very penetrating,        
these can pass through the Earth)these can pass through the Earth)

Cosmic RayCosmic Ray

ee--

ee++

AtmosphereAtmosphere

pion Nucleon

Neutrino

Muon



Air shower movieAir shower movie

Viewpoint is looking up and watching  Viewpoint is looking up and watching  
shower develop through atmosphereshower develop through atmosphere

Color schemeColor scheme
Electrons/Positrons/Photons (not Electrons/Positrons/Photons (not erenkoverenkov))

MuonsMuons

PionsPions

Protons/NeutronsProtons/Neutrons

Other Other –– nuclear fragmentsnuclear fragments
Credit: M. MoralesCredit: M. Morales



erenkoverenkov light from cosmic rayslight from cosmic rays

About 12 miAbout 12 mi
First interaction First interaction 

About 5 miAbout 5 mi
Peak of shower Peak of shower 

Sea levelSea level

4 views of the same 4 views of the same erenkoverenkov flashflash

Cosmic rayCosmic ray

Combined shower images Combined shower images 
for 4 telescopesfor 4 telescopes

Direct light (cosmic ray flavor)Direct light (cosmic ray flavor)

Air Shower lightAir Shower light
(cosmic ray (cosmic ray 

energy)energy)



A cosmicA cosmic--ray shower in VERITASray shower in VERITAS

Air shower viewed by Air shower viewed by 
VERITAS telescopesVERITAS telescopes

Light from air shower Light from air shower 
particles roughly particles roughly 
ellipticalelliptical
Light from original Light from original 
cosmic ray in one bright cosmic ray in one bright 
pixelpixel
Three telescopes at Three telescopes at 
good viewing angles, good viewing angles, 
the other is notthe other is not

Direct light from Direct light from 
cosmic ray cosmic ray 

at high altitudeat high altitude

Credit: S.A. Credit: S.A. WisselWissel

Light from air showerLight from air shower



The Track Imaging The Track Imaging erenkoverenkov
Experiment (Experiment (TrICETrICE))

Experimenting with Experimenting with 
small pixelssmall pixels
Goals for a high Goals for a high 
resolution cameraresolution camera

Measure the type of Measure the type of 
cosmic raycosmic ray
Improve ability to Improve ability to 
separate cosmicseparate cosmic--ray ray 
and gammaand gamma--ray air ray air 
showersshowers

MirrorsMirrors

ElectronicsElectronics

CameraCamera
BoxBox

Flat Flat 
MirrorMirror

and Lensand Lens



The cameraThe camera

BackBack FrontFront



An air shower in An air shower in TrICETrICE

Turning up the magnification of an airTurning up the magnification of an air--
shower imageshower image



SummarySummary

There are many different sources of gamma raysThere are many different sources of gamma rays
But we have not seen them all!But we have not seen them all!

New telescopes in space and on the ground continue to New telescopes in space and on the ground continue to 
improve the view of the gammaimprove the view of the gamma--ray sky and are closing ray sky and are closing 
the energy gapthe energy gap
Upcoming observations with GLAST and VERITAS will Upcoming observations with GLAST and VERITAS will 
answer questions and bring new phenomena to lightanswer questions and bring new phenomena to light
Development of new techniques and telescopes Development of new techniques and telescopes 
continuescontinues
The deeper we look, the better we will understand the The deeper we look, the better we will understand the 
most violent places in the Universe and how they have most violent places in the Universe and how they have 
had an impact on everything around ushad an impact on everything around us


