
Lecture 7Lecture 7
The GammaThe Gamma--Ray Ray 
Burst HuntersBurst Hunters

Elizabeth HaysElizabeth Hays

The Quest for Gamma Rays:The Quest for Gamma Rays:
Exploring the Most Violent Places Exploring the Most Violent Places 

in the Universein the Universe

The 65The 65thth Compton Lecture SeriesCompton Lecture Series



May 12, 2007 E. Hays

Key QuestionsKey Questions

What is a gammaWhat is a gamma--ray burst (GRB)? ray burst (GRB)? 

Where do Where do GRBsGRBs come from?come from?

How long do How long do GRBsGRBs last?last?

How do we find them?How do we find them?

How do we look for very high energy How do we look for very high energy 
gamma rays from gamma rays from GRBsGRBs??
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OverviewOverview

GammaGamma--ray burst basicsray burst basics
DefinitionDefinition

What we know about What we know about GRBsGRBs

What we suspect about their sourcesWhat we suspect about their sources

Hunting for Hunting for GRBsGRBs

Wide field gammaWide field gamma--ray telescopesray telescopes



GammaGamma--Ray Burst BasicsRay Burst Basics
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The gammaThe gamma--ray spectrumray spectrum
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What is a gammaWhat is a gamma--ray burst?ray burst?

GammaGamma--ray bursts (ray bursts (GRBsGRBs) are the most ) are the most 
powerful explosions in spacepowerful explosions in space

They last only a few secondsThey last only a few seconds
Most of the energy goes into Most of the energy goes into 
low energy gamma rayslow energy gamma rays
SpaceSpace--based gammabased gamma--ray ray 
telescopes are used to find telescopes are used to find 
themthem
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GRBsGRBs appear all over the skyappear all over the sky

Extremely powerful explosions happening in galaxies Extremely powerful explosions happening in galaxies 
throughout the Universethroughout the Universe
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How often do How often do GRBsGRBs happen?happen?

A few hundred A few hundred 
are detected in a are detected in a 
yearyear

The SWIFT The SWIFT 
satellite satellite 
detected 2 last detected 2 last 
week (update: week (update: 
make that 3!)make that 3!)

http://http://grb.sonoma.edugrb.sonoma.edu
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How long do they last?How long do they last?

Two time domains Two time domains 
for burstsfor bursts

Short Short GRBsGRBs
Milliseconds to Milliseconds to 
secondsseconds

Long Long GRBsGRBs
Several seconds Several seconds 
to ~30 seconds to ~30 seconds 
longlong

NakarNakar 2007 (data from BATSE, peak fits 2007 (data from BATSE, peak fits 
from Horvath 2002)from Horvath 2002)

Length of Burst (seconds)Length of Burst (seconds)
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How long do we see them?How long do we see them?

Each burst has two Each burst has two 
phasesphases

PromptPrompt
Immediate Immediate 
Fractions of a second for Fractions of a second for 
short burstsshort bursts
Seconds for long burstsSeconds for long bursts

AfterglowAfterglow
Extended fadeExtended fade
GRB dims over minutes GRB dims over minutes 
to weeksto weeks

Short GRB exampleShort GRB example

Long GRB exampleLong GRB example NakarNakar 20072007
Seconds after BurstSeconds after Burst
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What are What are GRBsGRBs??

Two time domains  Two physical originsTwo time domains  Two physical origins

Long Long GRBsGRBs

CollapsarCollapsar

Extreme supernova Extreme supernova 
explosionexplosion

Also good for generating Also good for generating 
neutrinosneutrinos

Short Short GRBsGRBs

Binary mergerBinary merger

Neutron star or neutron Neutron star or neutron 
star/black hole collision star/black hole collision 

Also good for generating Also good for generating 
gravitational wavesgravitational waves
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A super supernovaA super supernova

Very energetic supernova explosionsVery energetic supernova explosions

1.1. Massive star stops burning Massive star stops burning 
and loses outward pressureand loses outward pressure

2.2. Inner core collapses to a Inner core collapses to a 
black holeblack hole

3.3. Winds and jets of particles Winds and jets of particles 
stream out at speed of light stream out at speed of light 
through stellar materialthrough stellar material

4.4. Black hole consumes Black hole consumes 
remaining nearby materialremaining nearby material Credit: Swift/NASACredit: Swift/NASA
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A merging of neutron starsA merging of neutron stars

Merges between two neutron stars or  a Merges between two neutron stars or  a 
neutron star and a black holeneutron star and a black hole

Credit: Swift/NASACredit: Swift/NASA
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A generic GRB modelA generic GRB model

Explosion produces a jet directed toward usExplosion produces a jet directed toward us
If that much energy went out into space in all If that much energy went out into space in all 
directions then explosion would far exceed the most directions then explosion would far exceed the most 
powerful supernovapowerful supernova

Relativistic JetsRelativistic Jets

Jet is beamed Jet is beamed 
toward ustoward us

Black hole accretes Black hole accretes 
leftoversleftovers

Jet collides with blown Jet collides with blown 
off star materialoff star material
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New SegmentNew Segment

Cosmic Explosion of the WeekCosmic Explosion of the Week
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In the news: SN 2006gyIn the news: SN 2006gy

Most energetic supernova Most energetic supernova 
observedobserved

September 2006September 2006
Normal supernova x 100Normal supernova x 100

Host GalaxyHost Galaxy

Galaxy coreGalaxy core

SN 2006gySN 2006gy

Chandra XChandra X--rayray

Lick InfraredLick Infrared

Credit: NASA/CXC/UC Berkeley/Credit: NASA/CXC/UC Berkeley/N.SmithN.Smith et al. et al. 

Too weak in XToo weak in X--ray; not a GRB.ray; not a GRB.

Did the massive star lose energy to Did the massive star lose energy to 
internal pair production (photons internal pair production (photons 
convert to electronconvert to electron--positron pairs)?positron pairs)?



Hunting for GammaHunting for Gamma--Ray BurstsRay Bursts
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Discovery of Discovery of GRBsGRBs by the Vela by the Vela 
satellitessatellites

Nuclear weapons test monitoring satellites Nuclear weapons test monitoring satellites 
detect >70 bursts in the 1960’sdetect >70 bursts in the 1960’s

First indication of powerful, First indication of powerful, 
very short timescalevery short timescale cosmic cosmic 

explosionsexplosions

Neutron stars in our Galaxy? Neutron stars in our Galaxy? 
Not clear until later that Not clear until later that 
these were extragalacticthese were extragalactic
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The BATSE eraThe BATSE era

Credit: NASACredit: NASA

GRBsGRBs frequentfrequent
detected 1 per daydetected 1 per day

Seen all over the skySeen all over the sky
no preferred direction!no preferred direction!

Two durationsTwo durations
two types?two types?

8 GRB detectors on the Compton 8 GRB detectors on the Compton 
Gamma Ray ObservatoryGamma Ray Observatory
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BeppoSAXBeppoSAX detects Xdetects X--rays rays 
following a GRBfollowing a GRB

Wide field XWide field X--ray telescope on the same satelliteray telescope on the same satellite

Credit: Credit: BeppoSAXBeppoSAX SDC and the SDC and the AgenziaAgenzia SpazialeSpaziale ItalianaItaliana
XX--ray image after 8 hrsray image after 8 hrs After 2 daysAfter 2 days

First detection of low First detection of low 
energy counterpartenergy counterpart

Distance measured Distance measured 
using low energy using low energy 

spectrum (spectrum (redshiftredshift))

GRBsGRBs are far are far 
away!away!
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Getting the word outGetting the word out

The GammaThe Gamma--ray burst Coordinates Networkray burst Coordinates Network

Global notification Global notification 
within secondswithin seconds

High Speed Astronomy!High Speed Astronomy!

Robotic telescopes on Robotic telescopes on 
the ground can point at the ground can point at 
GRB locations within GRB locations within 
seconds to minutesseconds to minutes
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First optical image of a GRBFirst optical image of a GRB

Frame 1Frame 1 Frame 2Frame 2 Frame 3Frame 3

Frame 4Frame 4 Frame 5Frame 5 Frame 6Frame 6

Credit: Los Alamos National Laboratory's ROTSE Credit: Los Alamos National Laboratory's ROTSE 
(Robotic Optical Transient Search Experiment) (Robotic Optical Transient Search Experiment) 

A unique opportunityA unique opportunity
No prompt optical light seen No prompt optical light seen 

for most for most GRBsGRBs
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Credit: Dr. Michael Briggs, Credit: Dr. Michael Briggs, 
NASA/Marshall NASA/Marshall 

GRB 990123
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SwiftSwift

MultiwavelengthMultiwavelength, fast pointing GRB observatory, fast pointing GRB observatory
Distance measurementsDistance measurements
Watch afterglowsWatch afterglows

Credit: Spectrum Credit: Spectrum AstroAstro
Credit: NASA/Swift TeamCredit: NASA/Swift Team
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AfterglowsAfterglows

XX--ray afterglows fade out over daysray afterglows fade out over days
Time structure sometimes complexTime structure sometimes complex

Multiple explosions?Multiple explosions?
Black hole swallowing Black hole swallowing 
remnants of the star?remnants of the star?
Several layers of Several layers of 
shocks expanding?shocks expanding?
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Seconds after burstSeconds after burst

Afterglow fadeAfterglow fade

Giant XGiant X--ray flareray flare

2 min2 min 2 days2 days2 hr2 hr

GRB 050502b GRB 050502b FalconeFalcone et al. (2006)et al. (2006)

Afterglows show what Afterglows show what 
happens after the blasthappens after the blast
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Very high energy photons from Very high energy photons from 
GRBsGRBs??

A hard question to answerA hard question to answer
Telescopes not pointed at a burst when it happensTelescopes not pointed at a burst when it happens

EGRET saw high energy gamma rays from 5 EGRET saw high energy gamma rays from 5 GRBsGRBs

Highest energy photon observed was 18 Highest energy photon observed was 18 GeVGeV

A World Famous High Energy PhotonA World Famous High Energy Photon

Hurley et al. 1994Hurley et al. 1994
Updated plot from J.E. Updated plot from J.E. McEneryMcEnery
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GroundGround--based gammabased gamma--ray burst ray burst 
searchessearches

Plan A: Slew several story multiPlan A: Slew several story multi--ton Cerenkov ton Cerenkov 
telescope to target within a minute telescope to target within a minute 

If it is darkIf it is dark

If the moon is not too brightIf the moon is not too bright

Might be too late! Prompt phase lasts secondsMight be too late! Prompt phase lasts seconds

BuildingsBuildings

About two About two beansbeans highhigh
MAGIC telescope MAGIC telescope 

at the Canary at the Canary 
IslandsIslands

(in real time)(in real time)



Wide field gammaWide field gamma--ray telescopesray telescopes



May 12, 2007 E. Hays

Particle air showersParticle air showers

Particle cascadeParticle cascade
ElectronsElectrons

PositronsPositrons

High energy photonsHigh energy photons
Intensity peaks around 8 km Intensity peaks around 8 km 
above sea levelabove sea level

At mountain altitudes At mountain altitudes TeVTeV
energy showers can be energy showers can be 
detecteddetected

At sea level only ultraAt sea level only ultra--high high 
energy showers can be energy showers can be 
detecteddetected

ee--

ee++

AtmosphereAtmosphere
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Detecting particles with waterDetecting particles with water

WaterWater

erenkoverenkov light from particles traveling close to the speed of lightlight from particles traveling close to the speed of light

Light DetectorsLight Detectors

MuonMuon in an air shower in an air shower 
from a cosmic rayfrom a cosmic ray

ElectronElectron
Air shower from a gamma rayAir shower from a gamma ray
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What does an air shower look What does an air shower look 
like?like?

Simulation MovieSimulation Movie
View is from the sideView is from the side
Particle shower hits the water and interactsParticle shower hits the water and interacts
Electrons and positrons emit Electrons and positrons emit erenkoverenkov photonsphotons
Secondary gamma rays (formed in the air shower) Secondary gamma rays (formed in the air shower) 
produce electronproduce electron--positron pairs positron pairs 

Color codeColor code
Electrons/PositronsElectrons/Positrons
Secondary gammasSecondary gammas
Cerenkov photonsCerenkov photons
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MilagroMilagro, a water Cerenkov , a water Cerenkov 
telescopetelescope

Light sensorLight sensor

Repair RaftsRepair Rafts
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A groundA ground--based telescope that based telescope that 
never sleepsnever sleeps

MilagroMilagro observes day and nightobserves day and night
about 8000 hours total in a single yearabout 8000 hours total in a single year

Constantly watching for Constantly watching for TeVTeV transientstransients

Also can search archived data for Also can search archived data for GRBsGRBs
detected by satellitesdetected by satellites

Searches locations of Searches locations of GRBsGRBs detected by detected by 
BATSE, Swift, and othersBATSE, Swift, and others
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High energy hintsHigh energy hints

Evidence for Evidence for TeVTeV photons from a BATSE photons from a BATSE 
GRB?GRB?

Duration of burst from BATSEDuration of burst from BATSE

Atkins et al. 2000Atkins et al. 2000
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Start time of burst from BATSEStart time of burst from BATSE
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Question remainsQuestion remains

What are the highest energy photons produced in What are the highest energy photons produced in 
gammagamma--ray bursts?ray bursts?

We’re keeping our eyes open!We’re keeping our eyes open!
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SummarySummary

GammaGamma--ray bursts are usually brightest in low energy ray bursts are usually brightest in low energy 
gamma raysgamma rays
We know much more than we did when CGRO launched We know much more than we did when CGRO launched 
in 1991 thanks to fast in 1991 thanks to fast multiwavelengthmultiwavelength response and the response and the 
burst networkburst network
GRBsGRBs occur two waysoccur two ways

CollapsarCollapsar supernova explosionsupernova explosion
Merging compact objects, neutron stars or black holesMerging compact objects, neutron stars or black holes

We can see them at very large distancesWe can see them at very large distances
Now looking with several telescopes for the first Now looking with several telescopes for the first 
detection of very high energy gamma rays from a GRBdetection of very high energy gamma rays from a GRB


