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Lecture 2 Plan:

1) Cosmic Ray proton + nuclei interaction rates 
in extragalactic radiation fields

3) Results from propagating CR from an 
ensemble of sources and how results depend 
upon the source distribution assumption.
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2) Analytic guidance on functional form of 
interaction lengths
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Cosmic Ray Proton Energy Losses
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The Interaction Rate
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The Interaction Rate
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For Eproton<1019.6 eV

For Eproton>1019.6 eV
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For Eproton<1019.6 eV

For Eproton>1019.6 eV
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Threshold Energy- Proton Pair Production
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Cosmic Radiation Fields- Energy Density
CMB
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CMB- Total Energy Density
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Energy Loss Rates due 
to Proton Interactions

where R is the energy loss rate where Kp is the inelasticity
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Energy Loss Rates due 
to Proton Interactions
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Energy Loss Rates due 
to Proton Interactions

⇡ mp
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....with Different IR Backgrounds
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....with Different IR Backgrounds
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Photo-Pion Production Rate

Assuming the cross-section is 
approximately:
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Photo-Pion Production Rate: 
Blackbody Interactions
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With,
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Photo-Pion Production Rate: 
Blackbody Interactions
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Cosmic Ray Nuclei Energy Losses
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For 1019.7 < E(A,Z) < 1020.2

eV
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n
g

(A,Z)
(A-1,Z)

Cosmic Ray Nuclei Interactions

Photo-disintegration-

n p + e- + ne

N(A,Z) + g N'(A',Z') + (Z-Z')p + (A-A'+Z'-Z)n,Eg ~ 30MeV

24



Andrew Taylor

Energy Loss Rates due 
to Nuclei Interactions

where R is the energy loss rate
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Cosmic Radiation Fields
CMB

Dust Stellar
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Cosmic Ray Disintegration 
During Propagation
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Cosmic Ray Spectra
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Assumptions on Source Population

EZ ,max = ( Z/ 26) ! EFe ,max
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A Cosmological Distribution of 
Sources

Distribution of sources in a 
comoving volume
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Assumptions on Source Population
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MCMC Likelihood Scan:
Spectral + Composition Fits

n=3 evolution result

L (fp , fHe , fN , fSi , Emax , ! ) ! exp(" " 2 / 2)
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MCMC Likelihood Scan:
“Soft” Spectra Solutions
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n=-6 evolution result

L (fp , fHe , fN , fSi , Emax , ! ) ! exp(" " 2 / 2)
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!"!"#$%&'()&#*+,(%

Hard spectra preferred for source 
evolution following that of the SFR

Flatter spectra preferred for 
negative source evolution

34

Similar conclusion arrives to by others (eg. ADD REF. TO KAMPERT ET AL.)
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An Analytic Description of these Results
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Differential Equation Describing System State
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Only Considering Single Nucleon Losses
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Nuclear Cascade Description
Consider df q
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+
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Assume solution is true

Since fq (0) = 0
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Nuclear Cascade Description
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These are equivalent if:
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Nuclear Cascade Description
56!

n = q+ 1

! q ! 56 ! q ! 1
n" 56

p = q (! n ! ! p )
e

! t
! q

fq (t )
f56 (0)

=
56!

n = q+ 1

! 56 ! q ! 2
n" 56

p = q (! n ! ! p )
e

! t
! n !

56!

n = q+ 1

! q ! 56 ! q ! 1
n" 56

p = q (! n ! ! p )
=

! q ! 56 ! q ! 1
q

" 56
p = q (! q ! ! p )

w 2

(w ! x)(w ! y )(w ! z)
+

x2

(x ! w)(x ! y )(x ! z)
+

y 2

(y ! w)(y ! x)(y ! z)
= !

z2

(z ! w)(z ! x)(z ! y )

Consider:

40



Andrew Taylor

w 2
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Nuclear Cascade Description

41



Andrew Taylor

Cascade of Nuclei Through 
Species- single nucleon loss
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Cascade of Nuclei Through Species-
Comparison of Approximation

'#2/#(&D*:(#$*>%8*
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EFF*GB)

HFF*GB)

IFF*GB)

Composition – an Excellent Probe of the 
Local Source Distribution

(if you know the source composition)
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Local Scales Effect Highest Energies
(logarithmic scale)
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End of Second Lecture
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CMB- Total Number Density
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CMB- Total Number Density
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(Ep + E! )2 ! (pp ! E! )2 = ( m p + m " )2

m 2
p + 2Ep E! + 2pp E! ! m 2

p + 2m p m "

Ep !
m !

2E"
m p !

!
135 " 106

2 " 6 " 10! 4

"
0.9 " 109 = 1020 eV
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