
cosmic rays and gamma rays 
 
à Galactic cosmic rays 
•  energetics of the sources 
•  supernova remnants: photons observed? 
 
à extragalactic cosmic rays 
•  energetics of the sources 
•  gamma ray bursts 
•  active galaxies 

à general 
•  shock acceleration 
•  an example: supernova remnants 
 



total flux = velocity x density  

Ec)
dE
dNE(dE4 ρπ =∫

ergTeV 6.11 =

energy density is the key ! 
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cosmic rays 

3x10-19 erg/cm3 



cassiopeia A supernova remnant in X-rays 

gravitational energy 
released is trans- 
formed into 
acceleration 
       à 
E-2 spectrum 

acceleration when 
particles cross 
high B-fields 



Cosmic Rays & SNRs  

supernova remnants:  
1050 ergs every 30 years 

 ~10-12 erg/cm3  

for steady state of CR 
with lifetime 106 years 

 SNRs provide the environment and energy 
 to explain the galactic cosmic rays! 

observed energy 
density of galactic CR: 

~ 10-12 erg/cm3 
galactic 
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1 solar mass (1053 erg) x 0.01 (lost to ν’s) x 0.1 efficiency 

Steady state cosmic ray flux in the Galaxy 



Galactic 
cosmic rays: 
 
PeVatrons ? Galactic    extragalactic 

produce 100 TeV 
gamma rays 



 
origin of galactic cosmic rays 

VHE gamma rays from secondary interactions: 
 
•  p: πo production and decay 
•  e: Inverse Compton scattering and bremsstrahlung 
•  trace beam density x target density 

CR γ

free propagation 
confined 
to accelerator 

clouds 
near accelerator 



neutrinos 
from 

supernova 
remnants : 

 
molecular 

clouds in star-
forming regions 
where super-

nova explode: 
beam dumps! 



galactic plane in 10 TeV gamma rays : 
                               supernova remnants in star forming regions 

Southern  
Hemisphere 
Sky 
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emissivity (units: (note!) per unit volume per GeV 
per second) in photons produced by a number 

density of cosmic rays Np interacting with a target 
density ngas per cm3 
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pi-zero bump at mπ/2 





dEγ1TeV∫ Eγ
dNγ

dEγ
=

1
4π d 2

Lγ

Lγ =V Qγ =
W
ρcr

Qγ

energy in >TeV photons 
produced by cosmic rays 

per cm3 per sec 

volume of the remnant 

10 -12 erg/cm3 



γ, ν  flux of galactic cosmic rays 

E
dNγ

dE
(>1TeV ) =

≥ 10−11cm−2s−1 W
1050erg

n
1cm3 (

d
1kpc

)−2

a SNR at d = 1 kpc transferring W = 1050 erg to cosmic 
rays interacting with interstellar gas (or molecular clouds) 

with density n > 1 cm-3 produces a gamma-ray flux of 

Milagro sources ?  
RX J1713.7-3946?? 
 

should be observed by present 
TeV gamma-ray telescopes 
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neutral pions     

are observed as  

gamma rays 

 

charged pions 

are observed as  

neutrinos 
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ν flux accompanying TeV gammas 

dNν

dE
≅

1
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number of events =Area Time dE dNν

dE∫ Pν→µ
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) eventsper km2per year per source!
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Cygnus region : Milagro  

 
 

direct translation 
of TeV gamma 
rays into TeV 
neutrinos: 

 

3 ± 1 ν per year in IceCube per source 



MGRO J1908+06: the first Pevatron? 





cosmic rays and gamma rays 
 
à Galactic cosmic rays 
•  energetics of the sources 
•  supernova remnants: photons observed? 
 
à extragalactic cosmic rays 
•  energetics of the sources 
•  gamma ray bursts 
•  active galaxies 

à general 
•  shock acceleration 
•  an example: supernova remnants 
 



equal energy in cosmic rays and neutrinos 

ρν+ν E( ) = E
Ep

ξztH[ ] c ρp
!" #$

ρν+ν E( ) = 4πE 2 dNν

dE

ρp Ep( ) = Ep
2 d Np

dEp

≈1044 ergMpc−3 yr−1

ξztH = evolution of sources×Hubble time

⇒E 2 dNν

dE
≈10−11TeVcm−2 s−1 sr−1



equal energy in cosmic rays and neutrinos 

actually...

ρν+ν E( ) = nint
E
Ep

ξztH[ ] c !ρcr[ ]

•nint ≤1 transparent (to photons) source; equality is the WB bound
•nint ≥1 obscured source
•observed flux is well below the WB bound (at 20~100PeV); have
to observe PeV photons
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total flux = velocity x density  
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of 2.7 K 

or 10-12 erg/cm3 

galactic  
cosmic rays 
10-12 erg/cm3 

extragalactic  
cosmic rays 

3x10-19 erg/cm3 



Cosmic Rays & GRBs  

Extragalactic

Gamma-Ray Bursts:  
2x1051 ergs x 300/Gpc3 

x 1010 yr  
~ 10-19 erg / cm3 

 

GRBs provide environment and energy 
 to explain the extragalactic cosmic rays! 

observed energy 
density of 

extragalactic CR: 
~ 10-19 erg / cm3 



Cosmic Rays & SNRs  

supernova remnants:  
1050 ergs every 30 years 

 ~10-12 erg/cm3  

for steady state of CR 
with lifetime ~106 years 

 SNRs provide the environment and energy 
 to explain the galactic cosmic rays! 

observed energy 
density of galactic CR: 

~ 10-12 erg/cm3 
galactic 



300 GRB per Gigaparsec3 per year 
for 1010 years (Hubble time) 

3
1910

3
52 10310300102
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ergyr
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erg −×=×××

yearstimeHubblecmGpc 103823 10109.21 =×=

•  correct cosmology: same answer 
•  Fermi: photon (electron) energy less than this ? 



 
 2x1051 erg per gamma ray burst

 
 energy in cosmic rays ~ photons

à  energy in extra-galactic cosmic  
    rays is ~ 3x10-19 erg/cm3 

   

 3x1044 erg/s per active galaxy



collapse of massive 
star produces a 

gamma ray 
burst 

shocks produced 

in the outflow of 

the spinning 

black hole: 

electrons (and 

protons ?) 

 

spinning black hole 

 
 
 
 



speed of light 
size of grb ? 
 
characteristic 
time Δt ? 
 
à 1-10 msec 
 
(not duration!) 
 
size of the 
accelerator 
 
ΔR < c Δt 
      ~ 100 km 
 



GRB:	γ =300 à 1020eV 
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fireball 
fireball frame 
at t=0 

observer frame at time t 

γ ~ 102 - 103 
E = γ E'  
R = γ-2 R' ΔR = c Δt = R0 at t = 0 

ΔR 
R(t) 

•  1 MeV 
•  10 msec 



superluminal motion:  boosted accelerators 

Eobs  =   γ E' 
Δtobs  =  γ-1 Δt' 

vapp 

γ 
vΔt cΔt 

θ 

€ 

vapp =
vΔt sinϑ

cΔt
c
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vΔt cosϑ

c

β = v/c        γ = (1-β2)-1/2 
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photon density in the fireball 

nγ =           =  
U'γ ___ 
E'γ Eγ ___ 

 γ

 LγΔt/γ ______ 
4πR'2ΔR' 

R' = γ2cΔt 
ΔR' = γcΔt 

note: for γ = 1 (no fireball) the optical depth of 
photons in the fireball is à 
 
τopt =        = R0nγσTh ~ 1015 for 1052 erg in R0~10 km 

R0 __ 
 λTh 



  numerology	

Lγ = 1051--1052 erg/s 
R0 = 100 km (Δt = 1-10 msec) 
Eγ = 1 MeV 
 
γ  = 300 
dE/dt = (1-4)x1044 erg Mpc-3yr-1 
tH = 1010 years 
 
Pdet = 10-6 Eν0.8 (in TeV) 
σpγ = 10-28 cm2 for p+γàn+π
xp à π  = fπ = 0.2 



neutrinos		associated	with	extragalac2c	cosmic	rays	

AMANDA 

IceCube GRB 

CR flux 

atmospheric 
neutrino flux 

IceCube-40 
anticipated 





cosmic rays and gamma rays 
 
à Galactic cosmic rays 
•  energetics of the sources 
•  supernova remnants: photons observed? 
 
à extragalactic cosmic rays 
•  energetics of the sources 
•  gamma ray bursts 
•  active galaxies 

à general 
•  shock acceleration 
•  an example: supernova remnants 
 



strong shocks 



cosmic rays 

Extragalactic 

PDG 2008 



non-rela.vis.c	shock	
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acceleration time 
too long 
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ρ
ρ

ρρ
v
vvv

frameshockinonconservatimass

shockspeed u > vsound 
 

definition: 
•  v2 upstream 
•  v1 downstream 
 
 
 
 
 
 
 

v2>v1 ρ2 < ρ1
ΔE
E

⇔
v2-v1
v2

u 

v1 

v2 

strong shocks 



solar wind termination shock 





only head-on 
collisions 

massconservation :
ρ1v1 = ρ2v2

⇒
v1
v2

=
ρ2
ρ1
=
1
4

- 



shock spectrum 
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…	and	the	answer	is	E-2	

lnβ = u
c

and lnP = − u
c

β =
Ef

Ei

=1+ ΔE
E

=1+ 2× vrel
c

$
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)× cosθ ⇒1+ u

c
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ρcrvup
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c

shock restframe

 roundtrip            angular integration #1 

   angular integration #2 



〈
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〉 = 2 vrel

c
cosθ wherev is therelativevelocity 3
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angular integral #2 
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maximum	energy	
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acceleration requires that the mean free path for 
magnetic scattering is larger than the gyroradius  



maximum	energy,	ctd	
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the	real	problem:	accelera.on	.me	

	accelera.on	ends	when	the	shock	is	diluted	to	a	
density	similar	that	of	the	interstellar	medium	

( )

( ) ( )GeVZutBeZefficiencyE

Mut srism

5
max

3

104.2
3
4

×≤×=

≈ρπ

	for	a	remnant	of	10	solar	masses	and	shock	speed	u	of	(0.01-0.1)	c	



cosmic rays 

Extragalactic 

PDG 2008 

falls short of the knee 
by a factor of 10 



My favorite textbooks in Astroparticle 
•  T.K. Gaisser Cosmic Rays and Particle Physics (new edition 2016 available!)
•  T. Stanev, High Energy Cosmic Rays, Springer, 2004
•  M. S. Longair, High Energy Astrophysics, Cambridge U. Press, 2010 
•  D. Perkins, Particle Astrophysics (2nd ed. 2009)
•  S. Rosswog & M.Bruggen High-Energy Astrophysics
•  C. Grupen, Astroparticle Physics, Springer, 2005
•  M. Spurio Particles and Astrophysics, Springer
•  L. Bergstrom and A. Goobar, Cosmology and Particle Astrophysics, Springer (2nd edition,2003) 
•  M. Fukugita and Y. Yanagida, Physics of Neutrinos, Springer, 2003 


