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¡ What is a cosmic ray (CR)? 
§ In short, any high energy, massive particle incident 
on the earth 

¡ Where do they 
come from? 
§ The sun 
§ Supernovae 
§ ??? 
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¡ Hot - 15M °C at the core 
§ Too hot for atoms to form à Plasma 
▪ Soup of nuclei and electrons 

¡ Mostly Hydrogen 
§ Hydrogen is fused to 
produce heavier elements 
▪ In the process, energy is 
released 
▪ Aside: play Fe[26] 
http://dimit.me/Fe26/ 
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Element Abundance [%] 
Hydrogen 91.2 
Helium 8.7 
Other 0.1 



¡ Thermal emission 
§ Corona: >1M °C 
▪ Velocity of particles follow a 
Maxwell-Boltzmann distribution 

 

7/6/15 

f (v) = m
2πkT
!

"
#

$

%
&
3

4πv2e
−mv2

2kT

k = 1.38 × 10-23 m2 kg s-2 K-1 

T = temperature 

John Stupak III 4 



¡ Thermal emission 
§ Corona: >1M °C 
▪ Velocity of particles follow a 
Maxwell-Boltzmann distribution 

 

▪ Mean speed given by: 
 

7/6/15 

f (v) = m
2πkT
!

"
#

$

%
&
3

4πv2e
−mv2

2kT

v =
8kT
πm

k = 1.38 × 10-23 m2 kg s-2 K-1 

T = temperature 

John Stupak III 5 



¡ Thermal emission 
§ Corona: >1M °C 
▪ Velocity of particles follow a 
Maxwell-Boltzmann distribution 

 

▪ Mean speed given by: 
 
▪ For example, proton (assuming T=1M K): 
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¡ Solar escape velocity 
§ Velocity at which a body (particle) has enough kinetic energy 

to escape the gravitational potential well of another body 

                         KE = gravitational potential energy 
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¡ Solar escape velocity 
§ Velocity at which a body (particle) has enough kinetic energy 

to escape the gravitational potential well of another body 

                         KE = gravitational potential energy 

§ Mean proton velocity = 150 km / s 
▪ But the Maxwell-Boltzmann distribution has a long “tail” 
▪ Exceptionally high velocity protons can escape due to thermal energy alone 
▪ Electrons have smaller mass à larger mean velocity 
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¡ But the sun is a complex beast 
§ Charged particles whizzing around chaotically at  
<v>=150 km/s 
▪ Intense, non-trivial magnetic fields 
▪ Dynamics not completely understood 
▪ Magnetic field can eject charged particles 
▪ Or “boost” those already destined for emission 
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¡ But the sun is a complex beast 
§ Charged particles whizzing around chaotically at  
<v>=150 km/s 
▪ Intense, non-trivial magnetic fields 
▪ Dynamics not completely understood 
▪ Magnetic field can eject charged particles 
▪ Or “boost” those already destined for emission 

¡ Fast solar wind 
§ 750 km/s 
§ 8*105 K 

¡ Slow solar wind 
§ 400 km/s 
§ 1.5*106 K 
§ 2X as dense as fast solar wind 
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¡ But the sun is a complex beast 
§ Charged particles whizzing around chaotically at  
<v>=150 km/s 
▪ Intense, non-trivial magnetic fields 
▪ Dynamics not completely understood 
▪ Magnetic field can eject charged particles 
▪ Or “boost” those already destined for emission 

¡ Fast solar wind 
§ 750 km/s 
§ 8*105 K 

¡ Slow solar wind 
§ 400 km/s 
§ 1.5*106 K 
§ 2X as dense as fast solar wind 

 
 
¡ Earth is ~1.5*1011 m from the 

sun 
§   2-4 days to reach earth 
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¡ Solar 
§ Sudden releases of 
magnetic energy 
▪ Solar flare 
▪ Coronal mass ejection 

§ In total, the sun loses 
~1.3*1036 particles per 
second 
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¡ Solar 
§ Sudden releases of 
magnetic energy 
▪ Solar flare 
▪ Coronal mass ejection 

§ In total, the sun loses 
~1.3*1036 particles per 
second 

¡ Non-solar 
§ Supernovae – the explosive death of a star 

¡ ??? 
§ Sources of cosmic rays not completely understood 

¡ Proportion of the observed cosmic rays from each 
source is an open question 
§ Most high-energy CRs from outside our solar system 
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¡ To first order, cosmic rays 
are composed of the same 
stuff as stars 
§ ~99% protons or Helium 
§ More of the light nuclei than 
present in stars 

§ Almost 100% matter (as 
opposed to anti-matter) 
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¡ To first order, cosmic rays 
are composed of the same 
stuff as stars 
§ ~99% protons or Helium 
§ More of the light nuclei than 
present in stars 

§ Almost 100% matter (as 
opposed to anti-matter) 

¡ Energy distribution peaks 
at 0.3 GeV 

¡ Highest energies yet 
observed are ~3*108 TeV 
§ ~40M times the LHC energy 
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¡ Fortunately, earth’s 
magnetic field deflects 
many cosmic rays 
§                    again 
§ Deflects towards the poles 
▪ Aurorae Borealis 
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¡ Fortunately, earth’s 
magnetic field deflects 
many cosmic rays 
§                    again 
§ Deflects towards the poles 
▪ Aurorae Borealis 

¡ But what about those that 
get through? 
§ Primary cosmic rays interact 
with molecules in earth’s 
atmosphere 
▪ Produce shower of secondary 
cosmic rays 
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¡ Shower of secondaries contains a zoo of particles 
§ Pions, kaons, protons, neutrons, photons, electrons, muons, neutrinos 
§ Shower evolves until secondaries are stable/low-energy 
▪ Muons are an exception 

¡ At sea level, we see 70% muons, 29% electrons and positrons 
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¡ Produced copiously in pion decay: 
¡ Long lived (τ = 2.2*10-6 s) 
§ Muons do participate in the strong interaction 
§ Unlike electrons, do not radiate photons easily 
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¡ Produced copiously in pion decay: 
¡ Long lived (τ = 2.2*10-6 s) 
§ Muons do participate in the strong interaction 
§ Unlike electrons, do not radiate photons easily 

¡ But still, have to travel ~15 km to reach earth’s 
surface 
§ Lets assume muons travel at 99.4% the speed of light: 
§ Naively, we would expect: 
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¡ Produced copiously in pion decay: 
¡ Long lived (τ = 2.2*10-6 s) 
§ Muons do participate in the strong interaction 
§ Unlike electrons, do not radiate photons easily 

¡ But still, have to travel ~15 km to reach earth’s 
surface 
§ Lets assume muons travel at 99.4% the speed of light: 
§ Naively, we would expect: 

▪ This is essentially zero 
▪ We need Mr. Einstein to explain observed muon 
flux 
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¡ Muons produced in cosmic rays travel at nearly 
the speed of light 

¡ Einstein’s theory of Special Relativity tells us 
that space and time are not absolute 
§ Two different observers (moving relative to one 
another) will not measure the same distance/time 
between two events 
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¡ Muons produced in cosmic rays travel at nearly 
the speed of light 

¡ Einstein’s theory of Special Relativity tells us 
that space and time are not absolute 
§ Two different observers (moving relative to one 
another) will not measure the same distance/time 
between two events 
▪ Time dilation: 
▪ Length contraction: 
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¡ Again assuming muons travel at 99.4% the 
speed of light: 
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¡ Again assuming muons travel at 99.4% the 
speed of light: 

¡ So now we expect 8.3% of the muons to make 
it to sea level 
§ Right in line with observations 
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¡ Low energy cosmic rays produced by the sun 
¡ High energy cosmic rays produced by far off 

supernovae 
¡ Primary cosmic rays are mainly composed of protons 
¡ Most cosmic rays are deflected by earth’s magnetic 

field 
§ Those that get through interact with gas molecules à produce 

shower of secondary cosmic rays 
▪ Pions decay to muons 

¡ Muons should not survive long enough to reach earth 
§ But time is slowed according to Special Relativity, allowing us 

to detect them in the lab 
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