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Key QuestionsKey Questions

What is a pulsar?What is a pulsar?

How do pulsars accelerate particles?How do pulsars accelerate particles?

How does a pulsar generate a wind nebula?How does a pulsar generate a wind nebula?

What is puzzling about gammaWhat is puzzling about gamma--ray pulsars and ray pulsars and 
their nebulae?their nebulae?

What can we learn about pulsars and pulsar What can we learn about pulsars and pulsar 
wind nebulae from gammawind nebulae from gamma--ray observations?ray observations?



OverviewOverview

Radio pulsarsRadio pulsars

Detecting gammaDetecting gamma--ray pulsars with EGRETray pulsars with EGRET
pair production telescopespair production telescopes

Discovering new pulsarsDiscovering new pulsars

Pulsar wind nebulaePulsar wind nebulae



Radio PulsarsRadio Pulsars



Pulsars are defined by radio Pulsars are defined by radio 
observations*observations*

A pulsar is a star that emits radio pulsesA pulsar is a star that emits radio pulses

Pulses of radio waves occur regularlyPulses of radio waves occur regularly
Typically a few times per second, but some Typically a few times per second, but some 
pulse a few hundred times a secondpulse a few hundred times a second

Pulses are fast and so their source has to Pulses are fast and so their source has to 
be small be small 

Radio pulsars are rapidly rotating neutron Radio pulsars are rapidly rotating neutron 
starsstars

*except for when they are not*except for when they are not



Neutron star reviewNeutron star review

Remnant of a supernova explosionRemnant of a supernova explosion

Gravitational collapse causes protons and Gravitational collapse causes protons and 
electrons to bind into neutronselectrons to bind into neutrons

Energy goes into Energy goes into 
Supernova explosion (last week)Supernova explosion (last week)

Some may go into rotation of the neutron starSome may go into rotation of the neutron star

(Note: not all supernova remnants produce neutron (Note: not all supernova remnants produce neutron 
stars and not all neutron stars are pulsars)stars and not all neutron stars are pulsars)



Why pulsed and not steady?Why pulsed and not steady?

The neutron star is an The neutron star is an 
electric generator electric generator 
turning rotational turning rotational 
energy into electron energy into electron 
(and positron) (and positron) 
currentscurrents
It generates a beam It generates a beam 
of radio wavesof radio waves
We only see the We only see the 
beam when it is beam when it is 
pointing toward uspointing toward us

Magnetic field linesMagnetic field lines

Rotation AxisRotation Axis

Radio beamRadio beam

12 km12 km

Neutron star ~2 x Mass SunNeutron star ~2 x Mass Sun



Synchrotron radiation from Synchrotron radiation from 
electronselectrons

Electrons traveling in a magnetic field produce Electrons traveling in a magnetic field produce 
photonsphotons
The photon wavelength depends on the strength The photon wavelength depends on the strength 
of the magnetic field (B)of the magnetic field (B)
Typically radio photons, but in very strong Typically radio photons, but in very strong 
magnetic fields, Xmagnetic fields, X--ray photonsray photons

BB

ee--
Synchrotron Synchrotron ’s’s



Pulsars are particle acceleratorsPulsars are particle accelerators

Radio measurements can be used to find Radio measurements can be used to find 
synchrotron emissionsynchrotron emission

Those with XThose with X--ray synchrotron emission ray synchrotron emission 
have very strong magnetic fieldshave very strong magnetic fields

Can pulsars generate gammaCan pulsars generate gamma--ray ray 
emission?emission?



A simple modelA simple model

Accelerator + Target = gamma raysAccelerator + Target = gamma rays

The pulsar is accelerating electronsThe pulsar is accelerating electrons

If there are enough lower energy photon If there are enough lower energy photon 
targets, we can see gamma rays from targets, we can see gamma rays from 
inverse Compton scatteringinverse Compton scattering

ee--

Scattered Scattered 



Pulsar powerPulsar power

PulserPulser energy is from rotationenergy is from rotation
Energy Energy µµ Spin rateSpin rate

Pulsar spin rate slows down over timePulsar spin rate slows down over time
30,000 yrs to slow down 1 thousandth of a second30,000 yrs to slow down 1 thousandth of a second

Rotational energy loss goes into acceleration and Rotational energy loss goes into acceleration and 
radiationradiation

Pulsar power Pulsar power µµ Spin rate x Spin rate decreaseSpin rate x Spin rate decrease
~1000 x energy output of the Sun for young energetic pulsars~1000 x energy output of the Sun for young energetic pulsars
A few % of this power is enough to make a visible gamma ray A few % of this power is enough to make a visible gamma ray 
signalsignal

Young pulsars with high spin rates are the most Young pulsars with high spin rates are the most 
powerful and the most likely to produce gamma rays.powerful and the most likely to produce gamma rays.



Detecting GammaDetecting Gamma--Ray PulsarsRay Pulsars



The gammaThe gamma--ray spectrumray spectrum
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GammaGamma--ray pulsars detected by ray pulsars detected by 
EGRETEGRET

7 confirmed pulsars (1 at lower energy than this map)...more uni7 confirmed pulsars (1 at lower energy than this map)...more unidentified?dentified?

High energy gammaHigh energy gamma--ray map of the skyray map of the sky



How do we know they are How do we know they are 
pulsars?pulsars?

The gammaThe gamma--ray signal is from the location of a radio pulsarray signal is from the location of a radio pulsar
The signal is periodicThe signal is periodic

Gamma Gamma 
RayRay

XX--rayray

OpticalOptical

RadioRadio

Credit: D.J. Thompson (NASA / GSFC)Credit: D.J. Thompson (NASA / GSFC)



EGRETEGRET

High energy gammaHigh energy gamma--ray telescope on the ray telescope on the 
Compton Gamma Ray Observatory (1991Compton Gamma Ray Observatory (1991--
2000)2000)

30 30 MeVMeV –– 30 30 GeVGeV

Detected >270 sourcesDetected >270 sources



A closeA close--up of EGRETup of EGRET

From CGRO Science Support CenterFrom CGRO Science Support Center

DirectionDirection

EnergyEnergy

TimeTime

FoilFoil

Detecting a gamma rayDetecting a gamma ray

GasGas

Total Absorption Shower Counter Total Absorption Shower Counter 
(energy measurement)(energy measurement)

ee-- ee++

Tracking Layers (direction)Tracking Layers (direction)



Compare angular resolutionCompare angular resolution

EGRET located sources within ~1 degree EGRET located sources within ~1 degree 
GroundGround--based gammabased gamma--ray telescopes: ray telescopes: 
~0.1 degree~0.1 degree
Radio telescopes: Radio telescopes: AreciboArecibo < 0.1 deg, < 0.1 deg, 
Green Bank < 0.01 degGreen Bank < 0.01 deg
XX--ray telescopes: XMMray telescopes: XMM--Newton, Chandra Newton, Chandra 
< 0.001 deg< 0.001 deg
Optical: Hubble << 0.001 degOptical: Hubble << 0.001 deg



Discovering New PulsarsDiscovering New Pulsars



GemingaGeminga: an early riddle: an early riddle

GemingaGeminga was one of the early was one of the early 
unidentified gammaunidentified gamma--ray ray 
sources sources 

It is brighter in gamma rays It is brighter in gamma rays 
than at any other wavelengththan at any other wavelength

No radio pulse is observedNo radio pulse is observed

Why not?Why not? Gamma Gamma 
RayRay

XX--rayray

OpticalOptical

RadioRadio

Some pulsars are primarily gamma ray objectsSome pulsars are primarily gamma ray objects



Radio quiet pulsarsRadio quiet pulsars

This is a big questionThis is a big question
Some pulsars will be faint because of where we Some pulsars will be faint because of where we 
are relative to their beam or just because are relative to their beam or just because 
emission levels are too lowemission levels are too low
But what about pulsars without radio signals that But what about pulsars without radio signals that 
have gammahave gamma--ray and Xray and X--ray signalsray signals

Are the gamma rays and XAre the gamma rays and X--rays produced in a rays produced in a 
different part of the pulsar?different part of the pulsar?
Can some pulsars suppress radio emission?Can some pulsars suppress radio emission?
We don’t know yet…stay tunedWe don’t know yet…stay tuned



Pulsar GeometryPulsar Geometry

Magnetic field linesMagnetic field lines

Rotation AxisRotation Axis

Radio beamRadio beam

12 km12 km



Discovering radio pulsars with Discovering radio pulsars with 
gamma raysgamma rays

1.1. Find a variable source Find a variable source 
near the galactic plane near the galactic plane 
with a gammawith a gamma--ray ray 
space telescopespace telescope

2.2. See it again with better See it again with better 
angular resolutionangular resolution

3.3. ReRe--analyze the dataanalyze the data
4.4. Hunt for XHunt for X--ray sources ray sources 

in archival datain archival data
5.5. Take a deep radio Take a deep radio 

telescope observationtelescope observation
6.6. Take new XTake new X--ray dataray data

2 EGRET sources2 EGRET sources

1 EGRET source with only 1 EGRET source with only 
>1GeV photons>1GeV photons

2 X2 X--ray sourcesray sources

A recipe for finding a needle in a moving haystackA recipe for finding a needle in a moving haystack

Pulsar J2021Pulsar J2021

Chandra XChandra X--ray Imageray Image



Isn’t there a better way!?Isn’t there a better way!?



Pulsar Wind NebulaePulsar Wind Nebulae



Isn’t that image blurred?Isn’t that image blurred?

Chandra has excellent Chandra has excellent 
angular resolutionangular resolution
The dark feature is real, not The dark feature is real, not 
poor visionpoor vision
XX--rays are coming from the rays are coming from the 
pulsar and also from the area pulsar and also from the area 
surrounding the pulsarsurrounding the pulsar
The shape looks very similar The shape looks very similar 
to other young pulsarsto other young pulsars

Pulsar J2021Pulsar J2021

Chandra XChandra X--ray Imageray Image



Pulsar wind nebula structurePulsar wind nebula structure

Small inner nebula gives off XSmall inner nebula gives off X--rays from the highest rays from the highest 
energy particles close to the pulsarenergy particles close to the pulsar
Large outer nebula of lower energy emission from lower Large outer nebula of lower energy emission from lower 
energy particles that travel further from the pulsarenergy particles that travel further from the pulsar

pulsarpulsar

TorusTorus of energetic particlesof energetic particlesPolar jets from pulsarPolar jets from pulsar

Gamma rays?Gamma rays?

XX--raysrays

Lower energy photonsLower energy photons



The Crab Pulsar and NebulaThe Crab Pulsar and Nebula

2 kinds of 2 kinds of 
emissionemission
Pulsed from Pulsed from 
the rotating the rotating 
neutron starneutron star
Steady from Steady from 
nebula nebula 
formed by formed by 
wind of wind of 
energetic energetic 
particlesparticles

XX--rayray OpticalOptical

Credit: XCredit: X--ray: NASA/CXC/ASU/ray: NASA/CXC/ASU/J.HesterJ.Hester et al.; Optical: et al.; Optical: 
NASA/HST/ASU/NASA/HST/ASU/J.HesterJ.Hester et al.et al.

Images taken over a few monthsImages taken over a few months

1 light year1 light year



Remnant evolutionRemnant evolution

Supernova remnant containing  pulsar and Supernova remnant containing  pulsar and 
nebula (not to scale)nebula (not to scale)



Zoom into a supernova remnantZoom into a supernova remnant

Optical image of Optical image of 
large large remnant,ICremnant,IC 443443

Radio overlay (green)Radio overlay (green)
XX--ray overlay (blue)ray overlay (blue)

Zoom in 4x to PSR Zoom in 4x to PSR 
J0617 and nebulaJ0617 and nebula

Radio and XRadio and X--rayray
XX--ray (blue)ray (blue)

Zoom out to full Zoom out to full 
remnantremnant

Credit: Chandra X-ray: NASA/CXC/B.Gaensler et al;
ROSAT X-ray: NASA/ROSAT/Asaoka & Aschenbach;
Radio Wide: NRC/DRAO/D.Leahy; 
Radio Detail: NRAO/VLA;
Optical: DSS

0.75 deg0.75 deg



The puzzle of Vela XThe puzzle of Vela X

Gamma rays are not Gamma rays are not 
coming from the pulsar coming from the pulsar 
positionposition

There are also XThere are also X--rays that rays that 
are not from the pulsar are not from the pulsar 
positionposition

Are the gamma rays and Are the gamma rays and 
the Xthe X--rays associated with rays associated with 
the pulsar?the pulsar?

pulsarpulsar
XX--ray featureray feature

GammaGamma--ray image from H.E.S.S.ray image from H.E.S.S.
(16 hr exposure) with X(16 hr exposure) with X--ray ray 

contours from ROSATcontours from ROSATWhy is it offset?Why is it offset?



Remnant evolution revisedRemnant evolution revised

Add a reverse shock waveAdd a reverse shock wave



Remnant evolution reRemnant evolution re--revisedrevised

Add nonAdd non--uniform density around the remnantuniform density around the remnant



What are all those very high What are all those very high 
energy gammaenergy gamma--ray sourcesray sources

��� ��������	H.E.S.S.Milagro

Supernova remnant shellsSupernova remnant shells EGRET pulsarsEGRET pulsars

Extended, galactic sources…pulsar wind nebulae?Extended, galactic sources…pulsar wind nebulae?
G12.82G12.82--0.02 supernova remnant and new pulsar candidate0.02 supernova remnant and new pulsar candidate



Discovering new pulsars with Discovering new pulsars with 
erenkoverenkov telescopestelescopes

Survey regions of the galactic planeSurvey regions of the galactic plane

Look for matches in existing radio and XLook for matches in existing radio and X--
ray catalogsray catalogs

Observe unidentified sources with an XObserve unidentified sources with an X--
ray telescoperay telescope

Observe a candidate XObserve a candidate X--ray source with ray source with 
radio telescopesradio telescopes



SummarySummary

There are only 7 confirmed gammaThere are only 7 confirmed gamma--ray pulsars, ray pulsars, 
but we have good reason to think there are more but we have good reason to think there are more 
out thereout there
The gammaThe gamma--ray signals help determine where ray signals help determine where 
acceleration happens near the pulsaracceleration happens near the pulsar
Pulsars also power wind nebulae that allow us to Pulsars also power wind nebulae that allow us to 
locate some radio quiet pulsars using gamma locate some radio quiet pulsars using gamma 
raysrays
Studying the shape of a nebula with XStudying the shape of a nebula with X--rays and rays and 
gamma rays reveals how the supernova gamma rays reveals how the supernova 
remnant evolvedremnant evolved


