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What other eyes do we have?
• UHECR
• GAMMA RAYS finish origin of cosmic rays
• X-rays
• ACE, stereo
• Parker probe

• Other 
• Gravitational waves
• CALET
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Vocabulary review charged particles

• Electron the very light particle that orbits the nucleus

with charge -1
• Proton the nucleus of a hydrogen atom, charge +1
• Nuclei the nucleus of many atoms in the periodic table

• Helium an atom with charge 2 and mass 3 or 4
• Alpha particle the nucleus of a helium atom

• Anti-proton  just like a proton but with charge -1
• Pions, p-mesons.   p+, p- po.  particles that carry the nuclear force

the po have extremely short lives
• Muons, µ-mesons.  µ+, µ- particles that do not interact with the 

nuclear force; they are like heavy electrons
they penetrate through the atmosphere
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All these guys are photons



Vocabulary review - photons
• Photon an electromagnetic wave that carries energy

and momentum but has no charge
Boundaries are fuzzy

• Gamma-ray a very high energy photon > 1 MeV
• X-ray somewhat less energetic photon >250 eV = .25 keV
• Ultraviolet still less energetic photon >3 eV
• Visible
• Infrared 0.7 µ-meters (700 nmeters) – 1 mm
• Millimeter waves 1 – 10 mm (30-300 GHz)
• Microwave 300 µ-meters – 1 meter (1-30 GHz)
• Radio
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Why did NASA care about the High 
Energy Universe?
Scientific curiosity?

Not really. Studies were politically 
motivated by space race, peaceful 

competition vs. nuclear war.  Needed to 
understand the radiation environment in 

space 
(astronaut safety). 



Cosmic rays don’t point back to their 
source
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Distant sources of cosmic rays

Charged cosmic ray Gamma Ray
not deflected by magnetic
fields – points to source

Magentic Field of the Earth and trapping of Cosmic rays in
Van-Allen belts.

Most of the cosmic rays trapped in Van-Allen Belt are Solar Cosmic Rays

They are of relatively low energies. 

They are mostly protons and/or electrons 

If a space vehicle spends time in a Van-Allen belt region then the
space vehicle gets a lot of low energy radiation – so much so that
instruments have to be turned off and astronauts have to be protected
against radiation – by staying inside the space shuttle.



Particle zoo
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collision
p+p -> p+ + p- + po

p+ -> µ+ and p- -> µ-

po -> 2g

The spectrum of the 
gamma-rays has a peak 
at the mass of the po, 
900 MeV

unstable particles decay

The muons proceed to 
penetrate the atmosphere 
and into the ground.

But now there is plenty of time for 
all the unstable secondary to decay. 
p+ -> µ+ -> n + e+

p- -> µ- -> n + e-
po -> 2g
We should be able to see electrons, 
positrons, and most interesting, 
gamma-ray photons coming from 
the gas and dust in the galaxy.



Maybe gamma rays can find the 
sources of cosmic rays?
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Should see gamma-ray photons from cosmic rays colliding 
with interstellar gas and dust.

Maybe we can see sites of origin of cosmic rays around 
supernova remnants.
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OSO-3, SAS-2 & COS-B

SAS-2: Nov. 15, 1972: Crab, Vela, Geminga
Fichtel et al., 1975, ApJ, 198, 163

OSO 3: Mar. 8, 1967
Kraushar et al., 1972, 
Astrophysical Journal, 177, 341

COS-B Aug. 9, 1975
25 sources, 3C279



OSO 3 shows gamma rays from 
Milky Way
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Galactic latitude Galactic longitude



Compton scattering
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Ein

Eout < Ein

e- takes away the 
difference in energy.



Inverse Compton scattering
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Ein E
out < E

in

High energy incident e- gives its Energy to a low energy photon.

This happens 
a lot in space.

Microwave
photon

High energy gamma ray

High Energy electron, e-
Low Energy electron, e-
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microwavemicrowave

gamma ray

p,p

A,p -> A’,p

Electron gives its 
energy to the photon.

E = mc2

g
e+

e-
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Pair production
Eg = mec2 + KE of me
When the gamma ray has the 
energy of 2 electrons, it can make 
a “pair”.  It has to take place in 
the electric field near a nucleus.

e-

Block of matter

E = mc2;

An electromagnetic cascade.
Energy measured in the block is
easily related to the energy of
the incident gamma ray.

Where there are energetic 
electrons in space there 
will be high-energy 
gamma-ray photons.

Where there are high-
energy gamma-ray photons 
in space there will be high-
energy electrons.
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microwavemicrowave

gamma ray

p,p

A,p -> A’,p

Electron gives its 
energy to the photon.

E = mc2

Where there are energetic 
nuclei colliding in space 
there will be high-energy 
gamma-ray photons

and there will be neutrinos 
from the decay of muons 
into electrons and 
neutrinos.



Source physics
• Any source that produces high energy electrons or 

protons can start an electromagnetic cascade
– Protons interact with protons and give po; po -> 2g
– Electrons interact with photons and give g

• Need additional information to discriminate and correctly 
model how the sources work.

• Possible discriminators are
– Radio waves result from electrons spiraling in magnetic fields
– p + nuclear interactions produce neutrinos
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See a gamma-ray from a source,
you don’t know its origin



A gamma-ray telescope
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g

e+ e– calorimeter  
(energy 
measurement)

particle tracking 
detectors

conversion 
foil

anticoincidence shield



EGRET launch
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Compton Gamma-ray Observatory
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Launched from 
Space Shuttle

The first of 4
Great Observatories.



Milky Way: Aitoff projection
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Earth based observer coordinates
Right ascension (RA) and declination

24 hours and 180 deg (+/-)
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Transformation to galactic 
coordinates
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24 hr day
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Measuring g-rays we can trace the 
gas and dust in the Milky Way.
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Plane of the Milky Way galaxy.
Peak gamma-ray intensity shown in white.



EGRET discovers Gamma ray sources
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EGRET All  Sky Map (>100 MeV)
Cygnus
Region

3C279

Geminga

Vela

Cosmic Ray
Interactions
With ISM

LMC

PKS 
0528+134

PKS 0208-512

Crab

PSR B1706-44



EGRET pulsar time profiles
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Gamma-Ray Pulsar Multiwavelength Light Curves

The telescopes on the Compton Gamma Ray Observatory identified
seven or more gamma-ray pulsars, some with very high confidence and
others with less certainty. Figure 1 shows the light curves from the
seven highest-confidence gamma-ray pulsars in five energy bands: radio,
optical, soft X-ray (<1 keV), hard X-ray/soft gamma ray (∼10 keV - 1
MeV), and hard gamma ray (above 100 MeV). Based on the detection
of pulsations, all seven of these are positive detections in the gamma-
ray band. The weakest (PSR B1951+32) has a statistical probability of
occurring by chance of ∼10−9.

Some important features of these pulsar light curves are:
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Figure 1. Light curves of seven gamma-ray pulsars in five energy bands, from left to
right in order of characteristic age. Each panel shows one full rotation of the neutron
star. The X-ray and gamma-ray references are those from Fig. 1 of Thompson (2001),
with the addition of the X-ray data for PSR B1706−44 from Gotthelf, Halpern, and
Dodson (2002). Radio references (left to right): Manchester, 1971; Ulmer et al.,
1993; Kanbach et al., 1994; Johnston et al., 1992; Kulkarni et al., 1988, Kuz’min
and Losovskii, 1997; Fierro et al., 1993. Optical references: Crab, Groth, 1975; Vela,
Manchester et al., 1980; Geminga, Shearer et al., 1998.



What’s new?
• Discovered quasars, known to radio astronomy, were 

also gamma-ray sources with tremendous outputs of 
energy
– Came to be known as blazers, a subset of Active Galactic 

Nuclei, objects powered by massive black holes

• Pulsars, also previously known to radio astronomers, 
were also commonly emitters of gamma rays

• Maybe EGRET could see supernova remnants, but they 
were often obscured by the gamma-ray background
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Next generation gamma-ray telescope

• Monitor the high energy gamma-ray sky 
to study the time variations of AGN

• Develop statistical patterns of pulsars
• Monitor the gamma-ray sky looking for 

transients
• New discoveries with improved 

sensitivity
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GLAST -> Fermi
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GLAST: Gamma-ray 
Large Area Space Telescope

-> Fermi Space Telescope

9500 lbs



Gamma-ray sky near Cygnus X-3
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Close to the limit of resolving nearby sources.

Cygnus X-3
Microquasar: a hot 
massive Wolf-Rayet
star in a binary system 
with either a NS or a 
BH.

Our measurement of 
excess 22Ne has been 
traced to cosmic rays 
coming from such stars.



Satellite named after Enrico Fermi
• Fermi had written two papers with ideas about how 

the cosmic rays might be accelerated
• One of the GLAST objectives was to understand the 

origin of cosmic rays
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Nobel Prize 1938

Role of neutrons in 
nuclear binding, work 
that led to nuclear 
reactors



I designed a segmented anti-coincidence 
detector to help identifying the gamma-rays 

among the enormous cosmic ray 
background
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Background proportional to area: divide and conquer



Fermi launch ignition
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Getting the eyes above the sky
• If you have worked on a project for many years, this 

is indeed an exciting moment.
– Launch delays are frequent
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GLAST launch closeup



GLAST launch from beach
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Fermi all-sky 5 years of data
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The moon in gamma-rays
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Cosmic rays strike the moon,
p + p -> po po -> 2g

In principle, all the matter in the 
solar system can be mapped by 
gamma rays.

The problem is to separate all the 
diffferant contributors.



As seen from the satellite pointing 
towards the galactic center.  
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Colors represent brightness, yellow high to red low.

We are seeing 
cosmic ray 
interacting in 
the Earth’s 
atmosphere.



A solar flare observed by Fermi
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https://www.youtube.com/watch?v=mc-wQwaUh_Q

Location of the sun at the time of the flare.

Galactic plane

https://www.youtube.com/watch?v=mc-wQwaUh_Q


Solar flare seen by Fermi



Extended sources
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SNR with po spectra
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Figure 1: Gamma-ray count maps of the 20◦ × 20◦ fields around IC 443 (left panel) and W44
(right panel) in the energy range 60 MeV to 2 GeV. Nearby gamma-ray sources are marked as
crosses and squares. Diamonds denote previously undetected sources. For sources indicated
by crosses and diamonds, the fluxes were left as free parameters in the analysis. Events were
spatially binned in regions of side length 0.1◦, the units of the color bar is the square root of
count density, and the colors have been clipped at 20 counts per pixel to make the galactic
diffuse emission less prominent. Given the spectra of the sources and the effective area of the
LAT instrument, the bulk of the photons seen in this plot have energies between 300 and 500
MeV. IC 443 is located in the galactic anti-center region, where the background gamma-ray
emission produced by the pool of galactic cosmic rays interacting with interstellar gas is rather
weak relative to the region around W44. The two dominant sources in the IC 443 field are the
Geminga pulsar (2FGL J0633.9+1746) and the Crab (2FGL J0534.5+2201). For the W44 count
map, W44 is the dominant source, sub-dominant, however, to the galactic diffuse emission.

.



SNR with po spectra
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Figure 2: (A and B) Gamma-ray spectra of IC 443 (A) and W44 (B) as measured with the
Fermi-LAT. Color-shaded areas bound by dashed lines denote the best-fit broadband smooth
broken power law (60 MeV to 2 GeV), gray-shaded bands show systematic errors below 2
GeV due mainly to imperfect modeling of the galactic diffuse emission. At the high-energy
end, TeV spectral data points for IC 443 from MAGIC (29) and VERITAS (30) are shown.
Solid lines denote the best-fit pion-decay gamma-ray spectra, dashed lines denote the best-fit
bremsstrahlung spectra, and dash-dotted lines denote the best-fit bremsstrahlung spectra when
including an ad hoc low-energy break at 300 MeV c−1 in the electron spectrum. These fits were
done to the Fermi LAT data alone (not taking the TeV data points into account). Magenta stars
denote measurements from the AGILE satellite for these two SNRs, taken from (31) and (19),
respectively.

Finding peak just below 1 
GeV was difficult.  Other 
processes make gamma-
rays in same energy band 
but without spectral peak.

Also have to find and 
subtract the diffuse 
background.

Smoking gun for SNR being 
the source of cosmic rays.



Fermi LAT pulsars
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Pulsars
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What are pulsars



Collapsed stars and densities

• Water 1 g/cm3

• Earth 5 g/cm3

• White dwarfs 106 g/cm3

• Neutron stars 1014 g/cm3

– Pulsars
• Black holes 4x1014 g/cm3
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Collapsed stars

• White dwarfs
– Mo about the size of Earth

• Neutron stars
– 1.4 Mo is about 14 miles in diameter

• Black holes
– 3.8 Mo up to 3 x 1010 Mo (30 billion)
– 4 miles diameter to 100 AU (10 x 

Pluto’s orbit), the edge of the solar 
system3/19/19 52



What happens to old stars?
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Mass ranges
• We use the Sun’s mass as a unit for studying stars
• We designate it as Mo; we say the mass of our sun is 

Msun = 1 Mo

• Mdwarf < 1.39 Mo => white dwarf
• 1.39 Mo < Mns < 3.2 Mo => neutron star
• MBH > 3.2 Mo => black hole 

– stellar sized black holes
– The original stars lose blow off a lot of mass in their 

explosions
• Black hole at the center of our galaxy M = 106 Mo

• Supermassive Black holes 109 Mo
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Synchrotron radiation
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Radio galaxy 3C31, aka NGC383
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What you see depends on where you 
see it from
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Supermassive black holes

Accretion disk – see x-rays 
from the hot gas

Radio observations of the 
beams

Class of objects are called 
Active Galactic Nuclei

Blazars: beam points to Earth 
gamma-rays beamed at us
• What particles make the 

gamma-rays, e- or p?



Active galaxies:  thumbnail sketch

Diagram from Padovani and Urry

• Presumably all active 
galaxies have the same 
basic ingredients:  they are 
all powered by a flow of 
material onto a 
supermassive black hole

• When the relativistically
boosted jet points close to 
the line of sight, it is so 
bright that its emission 
masks the isotropically
emitting �central engine�.

• Importantly, the radiating 
particles must be 
accelerated to multi-GeV 
energies to provide the 
�radiating agent�.



Active Galaxies always show relativistic jets

*  How do we know a jet is  
relativistic? Mainly 
because the structures 
change with time, showing 
apparent �superluminal�
expansion

* This is easily explained as 
just a geometrical effect, 
but the velocity has to be 
close to c (Lorentz factor Gj
~ 10) and the angle to the 
line of sight – small

* Very strong Doppler-boost!

Credit:  Very Large Array Image Archive



How do these sources work?

* How is the jet formed?  What is the connection of the jet to 
the accretion process?  (electromagnetic processes - unipolar 
inductor?)

* How is the jet so precisely collimated, over many decades of 
distance?  

• How are radiating particles accelerated 
to multi-GeV energies? 
(=conversion of �bulk� to �random�)
• Role of hadronic processes (p vs. e)? 
• What is the jet content?  
• e+/e- pairs, or e-/p+ ?



Fermi-LAT sees blazar TXS 0506+056
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https://www.youtube.com/watch?v=cbWATaQx33s

https://www.youtube.com/watch?v=pCA47Fo5Yvk
Source visualized accumulating

https://www.youtube.com/watch?v=cbWATaQx33s
https://www.youtube.com/watch?v=pCA47Fo5Yvk


Blazar neutrino



Gamma-ray rain from 3C 279
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https://www.youtube.com/watch?v=9Rl4l6tuHGg

Image is about 5 degrees wide

https://www.youtube.com/watch?v=9Rl4l6tuHGg


Gamma-ray flare from blazar



Blazar physics
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