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Gamma-ray Astrophysics 

!  The gamma rays cover a huge swath of  the 
electromagnetic spectrum 

!  High-Energy gamma-rays probe the non-thermal 
universe 
!  Explore extreme environments hosting powerful particle 

accelerators 

Gamma-ray  X-ray UV visible IR Microwav
e 

Radio 
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γ-rays Probe the  
Extreme, Non-Thermal, Universe  

Dark Nebula Dim, young star Our Sun Globular Cluster 

CMB Accretion Disk 

Thermal Processes Extreme Universe 
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Non-thermal γ ray emission 

Energy source Acceleration  
mechanism 

γ-ray production 
 mechanism 

γ rays Foreground absorption 4 



Energy sources 

Explosions Accretion Strong B-fields 

Exotic 
particle  

rest mass 
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Charged particle 
acceleration mechanisms 

!  Charge layer separation 

!  Rotation 

!  Poynting fluxes 

!  Magnetic reconnection 

!  Shock acceleration 
!  Diffuse (Fermi acceleration) 
!  2nd order (magnetic reflection) 

Few of these mechanisms are well understood!!! 
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γ-ray emission mechanisms 

proton 

synchotron radiation 
inverse Compton scattering 

bremsstrahlung radiation 

All of these mechanisms also create non γ-ray radiation 

pion production & decay 
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How to “see” gamma rays 
Gamma rays are scattered and 

absorbed in matter 
(troublesome for standard   
focusing techniques) 

Cross section depends on 
material and energy 

!  Coherent Scattering (electron 
remains bound to atom) 

!  Photoelectric Effect 

!  Compton Scattering 

!  e- e+ Pair Production 

Gamma rays in Germanium 
Credit: Richard Kroeger 
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A problem for astronomy 

Cannot directly observe gamma rays from the ground 
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Pair production 

!  Gamma-ray energy is converted to an electron and 
positron in the presence of  a nucleus 

!  Larger cross-section for heavier nuclei 

e-"

e+"

γ"
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Several solutions 
!  Solution I: put detectors in the upper atmosphere 

or above it 
!  Balloons and rockets 

!  Space probes 

!  Solution II: this is not a problem; the atmosphere is 
also a detector! 
!  Build instruments on the ground that collect the 

absorption by-products 
!  VHE (very high energy) gamma-ray observatories 

!  Whipple, Milagro, H.E.S.S., VERITAS, MAGIC, HAWK, CTA 
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Gamma-ray Spectrum 
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High Energy Very High Energy Med-
ium 

“Low” Energy 
Gammas 

Nuclear 
Decay Lines 

•  Space-based 
•  Collimator / Coded 

Aperture + Simple 
Calorimeter 

•  Compton Telescope 

Exotic Particle Decay? 

Relativistic Boosting & Shock Acceleration 

Rotational Acceleration 

•  Space-based 
•  Silicon strip 

tracker + 
hodoscopic 
calorimeter 

•  Ground-based 
•  Optical 

detectors 
•  Water tank 

scintillators 12 



(Very) Brief  History of  
Space-based  

Gamma-ray Astronomy 
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Space-Based Detectors 
Gamma rays with energy below ~50 GeV must be 

detected in space 

!  Using the Compton Effect:  keV – MeV 
!  Below a few hundred keV, can use X-ray techniques, 

such as coded masks 

!  Using pair production: MeV – GeV 
!  Above ~50 GeV there are so few gamma rays that 

satellite detectors, with areas ~ m2, are too small 
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Historical note: Discovery of  GRBs by 
the Vela satellites 

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

First indication of powerful, very 
short timescale cosmic 
explosions 
 
Neutron stars in our Galaxy? 
Not clear until later that these 
were extragalactic 
 

Vela 5B Credit: NASA HEASARC 
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SAS 2 mission 

!  Mapped the high energy 
gamma-ray sky in detail 

!  Measured high energy 
gamma-ray background 

!  Confirmed that gamma rays 
come from dense regions of  
the Galaxy 

!  First detection of  Geminga 

Small Astronomy Satellite 
November 1972 - June 1973  

Credit: NASA HEASARC 16 



COS-B mission 

!  First catalog of  gamma-ray 
sources 

!  Complete map of  the 
gamma-ray distribution along 
the Galactic disk 

!  Significant focus on Cygnus 
X-3 

August 1975 - April 1982 
Gamma-Ray Telescope  

Credit: ESA 17 



The Compton Gamma Ray Observatory 

Credit: NASA 

" EGRET - High energy detector 
" Pair conversion (in gas) 
" >270 sources (many 

unidentified)  

" OSSE – Soft gamma-rays 
" 4 NaI+CsI detectors 

" COMPTEL – Medium Energy 
" Compton technique 

" BATSE – Wide-field gamma-ray 
burst detectors 
" 2704 γ-ray bursts 

1991-2000  4 instruments span 30 keV - 30 GeV 
Deployed by the space shuttle      
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CGRO Gamma-ray Bursts 

Credit: NASA/BATSE 
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A close-up of  EGRET 

From CGRO Science Support Center 

"   Direction 
"   Energy 
"   Time 

Tantalum 
Foil 

Detecting a gamma ray 

Gas 
(e.g. 

Neon- 
ethane 

mix) 

Calorimeter: 8 radiation lengths 
of NaI(Tl) 

γ 

e- e+ 

Tracking Layers  
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The High Energy Sky circa 
2000 

Apr. 16, 2013 
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Large Area Telescope (LAT) 
Observes 20% of the sky at any instant, views entire sky every 3 hrs 
20 MeV - 300 GeV - includes unexplored region between 10 - 100 GeV  

Gamma-ray Burst Monitor (GBM) 
Observes entire unocculted sky 
Detects transients from 8 keV - 40 MeV 

The Fermi Observatory 

Gamma-ray  X-ray UV visibl
e 

IR Microwav
e 

Radio 

GBM LAT 
22 



Fermi-LAT Detector 
!  Anti-Coincidence 

Detector 
!  Charged particle veto 

!  18-layer Si Tracker 
!  Silicon wafers 

interleaved with 
tungsten foil 

!  Pair-production and 
particle tracking 

!  8-layer hodoscopic 
Cesium-Iodide crystal 
calorimeter 

!  Data rate ~ 400 Hz 
!  Gamma rate ~ 2 Hz 
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LAT Detects Individual γ rays  
(and Cosmic Rays) 

Nearly ideal γ-ray candidate: 
1.  Starts in middle of TKR 
2.  Extra hits near track 
3.  CAL axis aligned with track 
4.  CAL energy confined near axis 

1 

2 

3 

4 

Nearly ideal proton candidate: 
1.  Starts at top of TKR 
2.  Few extra hits near track 
3.  CAL axis not-aligned with track 
4.  CAL energy “lumpier” 
5.  Signal in the ACD (not shown) 

1 
2 

3 
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Fermi Survey mode 

!  Rocks north for one orbit and south for the next 

!  Cover entire sky and always keep LAT FoV away from the Earth limb 

!  Can repoint for transient follow-up 

!  Slews to point at source position when target is not occulted 25 



All-Sky Coverage 

!  In survey mode, LAT observes the entire sky every 
two orbits (~3 hrs) 

Fermi-LAT view of 
the gamma-ray 

sky over two 
orbits 
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LAT Records Individual Events 
!  Pertinent details recorded for each event detected 

!  Energy, direction, time, instrument angles, conversion layer, etc. 

!  Very sparse data (sometimes only a few hundred photons) requires 

special analysis techniques  

!  Maximum Likelihood analysis (future lecture) 

2
7 
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How did our understanding of  the 
gamma-ray sky improve? 

Apr. 16, 2013 
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The Fermi-LAT Sky 

Seven years, all photons > 1 GeV   
Aitoff projection in Galactic Coordinates  29 



The Fermi-LAT Sky 

Seven years, all photons > 10 GeV   
Aitoff projection in Galactic Coordinates  30 



Terrestrial γ-ray Flashes 

Fermi Reveals the Very High Energy Universe 

GRBs 

Fermi Bubbles 

Nova SNRs & PWN 

Blazars 

Radio Galaxies 

LMC & SMC Starburst Galaxies 

γ-ray Binaries 

Globular Clusters 

Sun: flares & CR interactions 

Pulsars: isolated, binaries, & MSPs 

Unassociated Sources 
(1010 of 3033) 

e+e- spectrum 



Spectral Shape 

Use log parabola or 
broken power law if it 
gives a better fit 

Pulsars appear 
best fit with an 
exponentially 
cutoff power law 

Power law 

Spectral shape is a contributing factor in whether 
or not a source is significantly detected 

AGN typically show 
a power law 

spectrum 
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•  Divide data set into time bins based on the type of variability 
you are looking for, and the source significance 
–  Bright flares can be visible on daily timescales 
–  Faint sources require more integration time 
–  Avoid timescales that occur in the data, but are not intrinsic 

to the source 
•  93 min orbital period 
•  3.1 hour rocking profile (north + south) 
•  1 day cycle of particle backgrounds  
•  28 day lunar cycle 
•  53 day orbital precession period 
•  1 year solar cycle 

•  Fermi-LAT point source catalogs use 30 day bins 
–  May miss small amplitude short-duration flares 
–  Variable source catalog (FAVA) available! 

Variability 
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Terrestrial γ-ray Flashes 

Fermi Reveals the Very High Energy Universe 

GRBs 

Fermi Bubbles 

Novae SNRs & PWN 

Blazars 

Radio Galaxies 

LMC & SMC Starburst Galaxies 

γ-ray Binaries 

Globular Clusters 

Sun: flares & CR interactions 

Pulsars: isolated, binaries, & MSPs 

Unassociated Sources 
(1010 of 3033) 

e+e- spectrum 



Time-Variable Gamma-ray Sources 

•  Gamma-ray Bursts 
–  Bright, quick, essentially zero background 

•  Active Galactic Nuclei 
•  Pulsars 
•  Gamma-ray Binaries 

–  High-mass X-ray Binaries 
–  “Transitional Pulsars” 
–  Stellar Novae 

•  Soft Gamma Repeaters 
•  Solar Flares 

–  Help map the propagation of charged particles from the sun 
•  Terrestrial Gamma-ray Flashes 

–  Require specialized processing to detect 
•  Crab Pulsar Wind Nebula 
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Gamma-Ray Bursts 

•  Extragalactic Transients: Gamma-Ray Bursts (GRBs) 
–  Rapid, very energetic events at extreme distances 
–  Very short timescales (seconds to 100s of seconds) 
–  Seen frequently by GBM (>1600) 
–  A subset of these are seen by the Fermi-LAT (>100) 

•  Must have a high-energy component 
•  Must be within the LAT field of view (FOV) 

–  Can affect analysis if near the source of interest 
–  c 

Circles: 
    In Field-of-view of  
    LAT (<70˚): 275 
    Out of the FOV 
Squares: 
    LAT detections 
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Terrestrial Gamma-ray Flashes 

•  Terrestrial Gamma-Ray Flashes 
(TGFs) 
–  Several-microsecond events 

associated with thunderstorms 
on the Earth 

–  Two types seen by GBM 
•  Bursts of gamma-rays from 

sub-satellite thunderstorms 
•  Positron annihilation from 

magnetically connected 
thunderstorms 



Gamma-Ray Burst Monitor 

•  GBM is the most prolific detector of Gamma-Ray Bursts and 
Terrestrial Gamma-ray Flashes (thunderstorms) currently in orbit 
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Active Galactic Nuclei 

•  The most numerous class in the LAT data! 

39 



AGN Structure 

40 
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Detecting LAT Blazars 

•  Blazar detectability is affected by both spectral and temporal 
characteristics 
–  BL Lacs and FSRQs have spectral peaks in different energy 

ranges (spectral index varies widely) 
–  Flux varies significantly with time 

41 



           Pulsars 

•  Rapidly rotating stellar core 
(neutron star) 
–  Left behind after a supernova 

explosion 
–  Magnetic axis offset from 

rotational axis 
•  Emits in multiple bands 

–  Radio emission from the open 
field lines at the polar caps 

–  Sometimes gamma rays from 
curvature radiation 

–  Sometimes X-ray too 
•  Bounded by “light cylinder” 

–  Charged particles cannot move 
faster than light 
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Pulsar Magnetic Fields 

•  Current sheets get folded back on themselves 
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Young Pulsars 

•  Highly energetic pulsars have long been known to be gamma-ray 
emitters 
–  Typically discovered by applying known radio ephemerides to the 

gamma rays 
–  Can also be discovered in the gamma-ray data (~45 with Fermi ) 
–  Non-varying, with highly curved spectra 
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Recycled Pulsars 

•  Over time young energetic 
pulsars slow down 
–  Power for pulsations 

comes from rotation  
–  Once energetics are no 

longer favorable, 
pulsations cease 

•  Pulsars in binaries can get 
a second life through 
mass transfer 
–  Increase in angular 

momentum produces 
millisecond periods 
and high energetics 
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Millisecond Pulsars 

•  A number of new millisecond pulsars (MSPs) have been found 
in the Fermi-LAT data 
–  Radio searches in non-variable LAT sources that lack 

counterparts 
–  Significant increase in Galactic MSPs                                             

(~60 + 40 from LAT unassociated sources) 
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Pulsar Populations 

•  The Fermi-detected pulsars are typically referred to by their 
discovery method 
–  “Radio-selected” used known radio ephemerides to find the 

gamma-ray pulsations 
–  “Gamma-selected” were discovered by folding the gamma-

ray data (blind searches), and are usually radio-quiet (or 
very radio-faint) 

–  Nearly all gamma-ray MSPs were all found using radio 
ephemerides 

•  One MSP has been discovered using blind search techniques 

•  Soft gamma-ray 
repeaters 
–  Several seen by 

GBM during mission 
–  Not detected by LAT 
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Pulsar Populations 

•  The Fermi-detected pulsars are typically referred to by their 
discovery method 
–  “Radio-selected” used known radio ephemerides to find the 

gamma-ray pulsations 
–  “Gamma-selected” were discovered by folding the gamma-

ray data (blind searches), and are usually radio-quiet (or 
very radio-faint) 

–  Nearly all gamma-ray MSPs were all found using radio 
ephemerides 

•  One MSP has been discovered using blind search techniques 

•  Soft gamma-ray 
repeaters 
–  Several seen by 

GBM during mission 
–  Not detected by LAT 



“Transitional” Pulsars 

•  New source class  
–  Identified in the last 

few years 
•  Binary MSPs still 

evolving 
•  Flip between accretion 

and rotation-powered 
•  Have seen pulsars 

transition in both 
directions 
–  Several have gone 

BOTH directions 
–  Duty cycle now 

being investigated 
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Globular Clusters 

•  Globular clusters have long been known to contain numerous 
MSPs 
–  Fermi-LAT detects 15 sources coincident with globular clusters 
–  In one instance (J1823-3021A) a single luminous gamma-ray 

pulsar has been found to be responsible for the entire LAT-
detected emission from the cluster 



Galactic Binaries 

•  The Fermi-LAT team detects 
periodic signals from four 
HMXBs: 
–  Cyg X-3 
–  LS 5039 
–  LSI +61 303 

•  LSI +61 303 orbital signal 
appears to have slowly 
disappeared since the 
beginning of the mission 

–  1FGL 1018.6-5856  

•  Several other possible 
detections claimed  

Folded light curve in 6-month intervals 
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Colliding Winds 

•  Eta Carinae is the only colliding wind binary seen by Fermi 
–  Periodic modulation seen, though low-level 
–  Spectral variations during consecutive periastrons 
–  Still unsure of mechanism producing gamma rays 

•  May be related to gamma-ray production in transitional pulsars 
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Galactic Novae 

•  Several Galactic transients have been seen by the LAT since 
Fermi started science operations  
–  May be flares by background AGN 

•  Six(+?) galactic novae detected by the LAT 
–  Material accreting onto white dwarf explodes into surrounding 

medium 
–  Creates a shock front that generates gammas 
–  Medium may be dust in the system, or companion star, or...? 
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Supernova Remnants /  Pulsar Wind Nebulae 

•  Third most numerous known source class behind blazars and 
pulsars 
–  3FGL has ~83 SNRs/PWNe associations in a very narrow 

distribution along the galactic ridge 
–  Some positively identified by matching their extension to 

that in other wavebands 
•  Compare result of analysis with extended spatial templates to 

point source hypothesis 
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The Variable Crab! 

•  The Crab pulsar + SNR is used as a calibration source in high-
energy astronomy 

Variability from the 
nebular component 
was quite a surprise! 


