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Key questionsKey questions

What is a supernova remnant and how What is a supernova remnant and how 
does it form?does it form?
Why do we see gamma rays coming from Why do we see gamma rays coming from 
some supernova remnants?some supernova remnants?
How do we detect very high energy How do we detect very high energy 
gamma rays?gamma rays?
What do gamma rays tell us about cosmic What do gamma rays tell us about cosmic 
rays?rays?



Death of a Star; Birth of a Death of a Star; Birth of a 
Supernova RemnantSupernova Remnant



What is a Supernova?What is a Supernova?

A supernova is a very powerful explosion A supernova is a very powerful explosion 
of a starof a star

It’s bright!It’s bright!

170,000 light years 170,000 light years 
away away SanduleakSanduleak --69° 69° 
202a transforms into202a transforms into

SN 1987aSN 1987a

beforebeforeafterafter



Types of SupernovaeTypes of Supernovae

Stars explode in two basic waysStars explode in two basic ways
Gravitational collapse Gravitational collapse 

Thermonuclear explosionThermonuclear explosion

Both types of explosions have similar Both types of explosions have similar 
energy outputsenergy outputs

10105151 ergs, as much energy output as the sun ergs, as much energy output as the sun 
in a lifetimein a lifetime



Which stars form supernovae?Which stars form supernovae?

Massive starsMassive stars
Mass > 8 x MMass > 8 x M¤¤ (mass of our Sun)(mass of our Sun)

When nuclear fusion ends, the outward When nuclear fusion ends, the outward 
pressure of the star drops and gravity winspressure of the star drops and gravity wins

The core may form a dense neutron star The core may form a dense neutron star 
((BaadeBaade & & ZwickyZwicky, 1934) or if the star is very , 1934) or if the star is very 
massive, a black holemassive, a black hole



Which stars form supernovae?Which stars form supernovae?

White dwarf starsWhite dwarf stars
Mass close to or less than MMass close to or less than M¤¤

Dead star that has already shed outer layers Dead star that has already shed outer layers 
leaving a dense core leaving a dense core 
Accretes material from a neighboring star and Accretes material from a neighboring star and 
exceeds the critical mass limit ( 1.4 x Mexceeds the critical mass limit ( 1.4 x M¤¤ ) for ) for 
a nuclear chain reactiona nuclear chain reaction
Mass limit found by Chandrasekhar in 1931Mass limit found by Chandrasekhar in 1931
Supernova type Supernova type IIaa



The beginning of the endThe beginning of the end

Stars are a finely tuned balance of the outward Stars are a finely tuned balance of the outward 
force of pressure and the inward force of weightforce of pressure and the inward force of weight

When nuclear fusion ends, the pressure dropsWhen nuclear fusion ends, the pressure drops
Outer layers of star collapseOuter layers of star collapse

Core compresses and heats upCore compresses and heats up

Core reboundsCore rebounds

Outer layers are blown into spaceOuter layers are blown into space

Core transforms to a neutron starCore transforms to a neutron star

Animation from NASA Imagine the UniverseAnimation from NASA Imagine the Universe
http://http://imagine.gsfc.nasa.govimagine.gsfc.nasa.gov



An expanding An expanding blastwaveblastwave

The shock wave from the The shock wave from the 
explosion expands rapidlyexplosion expands rapidly

Sweeps up interstellar Sweeps up interstellar 
gas for the next few gas for the next few 
hundred yearshundred years

Eventually slows and Eventually slows and 
dissipates, ~ 1000 yrsdissipates, ~ 1000 yrs

>10 million miles/hour (3% speed of light)>10 million miles/hour (3% speed of light)

Compact coreCompact core



Historical SupernovaeHistorical Supernovae

The brightest and closest can be seen by eyeThe brightest and closest can be seen by eye
1 per ~501 per ~50--100 yrs in our galaxy100 yrs in our galaxy

Chinese recorded the appearance of ‘guest Chinese recorded the appearance of ‘guest 
stars’stars’

For example, SN 1054 (Crab Nebula)For example, SN 1054 (Crab Nebula)

More recentlyMore recently
SN 1572 (SN 1572 (TychoTycho))
SN 1604 (SN 1604 (KeplerKepler))
SN 1987A (in the Large SN 1987A (in the Large MagellanicMagellanic Cloud)Cloud)



Stars that explode: Stars that explode: 
Where are they now?Where are they now?

Kepler’sKepler’s 403 yrs403 yrs

SN 1987A 20 yrsSN 1987A 20 yrs

SN 1006 1001 yrsSN 1006 1001 yrs

Tycho’sTycho’s 435 yrs 435 yrs 

G11.2G11.2--0.3 1621 yrs0.3 1621 yrs

Crab Nebula 953 yrsCrab Nebula 953 yrs

Images from NASA’s Chandra X-ray Observatory; Crab images from Hubble and Spitzer Space Telescopes



A Cosmic Ray ConnectionA Cosmic Ray Connection



Cosmic ray accelerationCosmic ray acceleration

Cosmic rays are energetic nuclei seen coming Cosmic rays are energetic nuclei seen coming 
from all directions in spacefrom all directions in space

They travel at close to the speed of light They travel at close to the speed of light 

They have hundreds and thousands times more They have hundreds and thousands times more 
energy than we can give them in laboratoriesenergy than we can give them in laboratories

Somewhere between the stars, where elements Somewhere between the stars, where elements 
form, and here something dramatic is happeningform, and here something dramatic is happening



The leading candidateThe leading candidate

Supernova explosions release the right Supernova explosions release the right 
amount of energy to explain the energy of amount of energy to explain the energy of 
cosmic rayscosmic rays

Supernova remnants provide the Supernova remnants provide the 
environment favored by theoretical models environment favored by theoretical models 
for acceleration to very high energies, a for acceleration to very high energies, a 
strong shockstrong shock



Diffusive shock accelerationDiffusive shock acceleration

Just have to take some diffusion Just have to take some diffusion 
coefficients, include some relativistic coefficients, include some relativistic 
effects, and solve a differential equation…effects, and solve a differential equation…



Hollywood versionHollywood version

From “Strange Case of the Cosmic Rays”, 1957From “Strange Case of the Cosmic Rays”, 1957



The bottom lineThe bottom line

Shocks + strong magnetic fields increase Shocks + strong magnetic fields increase 
the energy of cosmic rays over timethe energy of cosmic rays over time

Models predict some specific thingsModels predict some specific things
Energies and numbers of cosmic rays Energies and numbers of cosmic rays 
measured at the Earthmeasured at the Earth

Good agreementGood agreement

Energies and numbers of secondary gamma Energies and numbers of secondary gamma 
rays produced by cosmic rays at the rays produced by cosmic rays at the 
acceleration siteacceleration site



From protonsFrom protons

PionPion decaydecay
Accelerated protons (p) interact with matterAccelerated protons (p) interact with matter

p + matter  p + matter  0 0 + other stuff+ other stuff

00   + + 
PionPion decays to gamma raysdecays to gamma rays

How to make gamma raysHow to make gamma rays



Connection to gamma raysConnection to gamma rays

Gamma rays are the best test that cosmic Gamma rays are the best test that cosmic 
rays really are accelerated where we rays really are accelerated where we 
suspect they should besuspect they should be

There are other places than Supernovae There are other places than Supernovae 
that shocks occur, and the gamma ray that shocks occur, and the gamma ray 
connection is the sameconnection is the same

We need to search for gamma rays to We need to search for gamma rays to 
understand cosmic rays!understand cosmic rays!



A specific testA specific test

Goal:Goal: Detect gamma rays coming from a young Detect gamma rays coming from a young 
energetic supernova remnantenergetic supernova remnant
Question:Question: Are the gamma rays we see a Are the gamma rays we see a 
secondary product of cosmic rays?secondary product of cosmic rays?
Test:Test: Measure the gamma ray spectrum (divide Measure the gamma ray spectrum (divide 
gamma rays up by energy and count)gamma rays up by energy and count)
Compare the measured spectrum to model Compare the measured spectrum to model 
predictions. Which fits better?predictions. Which fits better?
Warning: 9/10 times the result is that you need Warning: 9/10 times the result is that you need 
more data at a different wavelengthmore data at a different wavelength



Particle Showers in the Particle Showers in the 
AtmosphereAtmosphere



The gamma ray spectrumThe gamma ray spectrum

keVkeV MeVMeV GeVGeV TeVTeV PeVPeV EeVEeV

10101717 10102020 10102323 10102626 10102929 10103232 HzHzFrequencyFrequency

EnergyEnergy

Ultra High Ultra High 
EnergyEnergy

UndetectedUndetected

LowLow--
MediumMedium
EnergyEnergy

Very Very 
HighHigh

EnergyEnergy

HighHigh
EnergyEnergy



A problem for astronomyA problem for astronomy

Gamma rays are absorbed by the atmosphereGamma rays 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



Very high energy gamma ray Very high energy gamma ray 
in the atmospherein the atmosphere

Absorption processesAbsorption processes
Pair productionPair production

Electron Electron bremsstrahlungbremsstrahlung

ProduceProduce
ElectronsElectrons

PositronsPositrons

PhotonsPhotons

ee--

ee++

AtmosphereAtmosphere



erenkoverenkov lightlight

Electrons in the cascade Electrons in the cascade 
are very relativistic, are very relativistic, 
traveling at nearly speed traveling at nearly speed 
of lightof light

Particles traveling faster Particles traveling faster 
than the speed of light in than the speed of light in 
the air (slower than in the air (slower than in 
vacuum) cause vacuum) cause erenkoverenkov
lightlight

ee--

ee++

Number Number erenkoverenkov photons photons µµ --ray energyray energy



Portrait of an air showerPortrait of an air shower

erenkoverenkov cameracamera

At 12 miAt 12 mi
First interaction First interaction 

At 5 miAt 5 mi
Peak of shower Peak of shower 

Sea levelSea level

The shower is over in The shower is over in 
a few nanosecondsa few nanoseconds



Imaging Atmospheric Imaging Atmospheric erenkoverenkov
TelescopesTelescopes

We can’t collect and focus gamma rays We can’t collect and focus gamma rays 
directlydirectly
The atmosphere converts very high The atmosphere converts very high 
energy gamma rays into a large pool of energy gamma rays into a large pool of 

erenkoverenkov light on the groundlight on the ground
Collect and focus using a large mirrorCollect and focus using a large mirror
Take pictures (at night) using a very fast Take pictures (at night) using a very fast 

erenkoverenkov cameracamera



An image from VERITASAn image from VERITAS

One of the VERITAS telescopes at One of the VERITAS telescopes at 
Fred Lawrence Whipple Observatory Fred Lawrence Whipple Observatory 

in Arizonain Arizona

10 ns exposure of an 10 ns exposure of an 
air showerair shower

3.5 degrees3.5 degrees
Compare with size Compare with size 

of the moonof the moon



GammaGamma--ray observations of ray observations of 
supernova remnantssupernova remnants

GroundGround--based telescopes detected 3 shell based telescopes detected 3 shell 
remnants before 2004remnants before 2004

Cassiopeia A : 230 hrs of exposure = very Cassiopeia A : 230 hrs of exposure = very 
faint!faint!

SN 1006 : Not confirmed with later SN 1006 : Not confirmed with later 
observationsobservations

RXJ1713.7RXJ1713.7--3946 3946 

Particle acceleration to ~1 Particle acceleration to ~1 TeVTeV occurs in portions of some occurs in portions of some 
supernova remnant shells, but are they electrons or nuclei?supernova remnant shells, but are they electrons or nuclei?



Our galaxy, the Milky WayOur galaxy, the Milky Way

��� ��������	H.E.S.S.Milagro

Supernova shell remnants with detected gamma raysSupernova shell remnants with detected gamma rays

Radio observations tell us there are a couple hundred supernova Radio observations tell us there are a couple hundred supernova 
remnants in our Galaxy. Most are near the galactic planeremnants in our Galaxy. Most are near the galactic plane



Gamma ray shellsGamma ray shells

Images made by High Images made by High 
Energy Stereoscopic Energy Stereoscopic 
System (H.E.S.S.) System (H.E.S.S.) 
gammagamma--ray telescoperay telescope

General structure General structure 
matches Xmatches X--raysrays

contour lines are from contour lines are from 
ASCA XASCA X--ray telescoperay telescope

RX J1713.7RX J1713.7--39463946



Protons or electrons?Protons or electrons?

>30 >30 TeVTeV gammas! gammas! 
particles accelerated particles accelerated 
to ~100 to ~100 TeVTeV

Origin inconclusiveOrigin inconclusive
Proton and electron Proton and electron 
models make models make 
predictions that fit the predictions that fit the 
data within errorsdata within errors
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Increasing EnergyIncreasing Energy

VHE VHE rayrayHigh Energy High Energy rayray

Energy spectrum for RXJ1713Energy spectrum for RXJ1713
Proton modelsProton models

ElectronElectron
modelmodel



Recent observationsRecent observations

2 shell remnants imaged with spectacular results2 shell remnants imaged with spectacular results

Popular Northern remnants now being observed Popular Northern remnants now being observed 
by new sensitive telescopesby new sensitive telescopes

Continued mapping of the galactic plane in Continued mapping of the galactic plane in 
progressprogress

Some detections where gamma rays are from Some detections where gamma rays are from 
the core and not the shell of the remnantthe core and not the shell of the remnant



SummarySummary

Supernova explosions are the most powerful events that Supernova explosions are the most powerful events that 
occur in our Galaxyoccur in our Galaxy
Blast wave expands over hundreds of years and may Blast wave expands over hundreds of years and may 
provide the primary acceleration for cosmicprovide the primary acceleration for cosmic--ray nucleiray nuclei
GroundGround--based gammabased gamma--ray telescopes can image ray telescopes can image 

erenkoverenkov light to make detailed maps and energy light to make detailed maps and energy 
measurements of supernova remnantsmeasurements of supernova remnants
GammaGamma--ray observations indicate particles are ray observations indicate particles are 
accelerated to energies close to a hundred accelerated to energies close to a hundred TeVTeV
Which particles? Still need definite proof of acceleration Which particles? Still need definite proof of acceleration 
of cosmic ray nucleiof cosmic ray nuclei
Detections of different shell remnants and future highDetections of different shell remnants and future high--
energy observations will helpenergy observations will help


