
Andrew Taylor 

Lecture Plan: 

1)  Cosmic Ray acceleration- accelerated 
spectrum, efficient accelerators, nuclei friendly 

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

 

3) Cosmic Ray propagation through Galactic 
and extragalactic magnetic fields  

PROBLEMS 

PROBLEMS 
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COSMIC RAYS: High Energy 
Proton and Nuclei Interactions 

During Propagation  
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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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Cosmic Ray Proton Interactions 
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For Eproton<1019.6 eV 

For Eproton>1019.6 eV 
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Cosmic Radiation Fields- Energy Density 
CMB 

Dust Stellar 
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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 
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....with Different IR Backgrounds 
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Interactions of Cosmic Ray 
Protons with CMB: 

Pair Creation- 

Photo-Meson Production- 
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Threshold Energy- Proton Pair Production 
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Photo-Pion Production Rate 

Assuming the cross-section is 
approximately: 
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Photo-Pion Production Rate 
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Photo-Pion Production Rate 
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R ⇡ 0.2�p�

Z E+�
2�

E��
2�

d✏�
dn

d✏�

Where     is 5 Mpc and   l0

10-2

10-1

100

101

102

103

10-6 10-5 10-4 10-3 10-210-2

10-1

100

101

102

10310-6 10-5 10-4 10-3 10-2

CMB

2.7 kT

E γ
dN

γ/d
E γ

 [c
m

-3
]

Eγ [eV]⇡
✓

l
0

e�x1(1� e�x1)

◆�1

kTCMB ⇡ 2⇥ 10�4 eV

21 

x1 =
(E��)mp

2kTCMBEp
=

10

20.7 eV

Ep



Andrew Taylor 

Photo-Pion Production Rate 

With, 
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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 
γ

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

Cosmic Ray Nuclei Interactions 

Photo-disintegration- 

   n         p + e- + νe 

N(A,Z) + γ  N'(A',Z') + (Z-Z')p + (A-A'+Z'-Z)n,  Eγ  ~ 30MeV 
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Energy Loss Rates due 
to Nuclei Interactions 
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Cosmic Radiation Fields 
CMB 

Dust Stellar 
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28 

Cosmic Ray Disintegration 
During Propagation 
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Cosmic Ray Spectra 
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Assumptions on Source Population 
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30 

Note- magnetic field horizon effects are neglected in the following. 
This amounts to assuming: 
ie. the source distribution may be approximated to be spatially 
continuous (also note, presence of tH term comes from temporally 
continuous assumption) 

ds < (ctH�scat)
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Energy Distribution  

Spatial Distribution  z < 1.9
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motivated by Fermi 
acceleration theory 

motivated by star 
formation rate 
evolution 
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A Cosmological Distribution of 
Sources 

Distribution of sources in a 
comoving volume 
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Do Protons or Nuclei Fit the 
Data? 
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Or
…. 
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Assumptions on Source Population 
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Note- magnetic field horizon effects are neglected in the following. 
This amounts to assuming: 
ie. the source distribution may be approximated to be spatially 
continuous (also note, presence of tH term comes from temporally 
continuous assumption) 

ds < (ctH�scat)
1/2

Energy Distribution  

Spatial Distribution  
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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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MCMC Results Table 

Hard spectra preferred for source 
evolution following that of the SFR 

Flatter spectra preferred for 
negative source evolution 

37 

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 

by 
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Only Considering Single Nucleon Losses 
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Nuclear Cascade Description 
Consider dfq
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Assume solution is true 
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These are equivalent if: 

fq(t)

f56(0)
=

56X

n=q

⌧q⌧56�q�1
nQ56

p=q(⌧n � ⌧p)
e�

t
⌧n

Nuclear Cascade Description 
56X

n=q+1

⌧q⌧56�q�1
nQ56

p=q(⌧n � ⌧p)
e

�t
⌧q

fq(t)

f56(0)
=

56X

n=q+1

⌧56�q�2
nQ56

p=q(⌧n � ⌧p)
e

�t
⌧n �

56X

n=q+1

⌧q⌧56�q�1
nQ56

p=q(⌧n � ⌧p)
=

⌧q⌧56�q�1
qQ56

p=q(⌧q � ⌧p)

w

2

(w � x)(w � y)(w � z)
+

x

2

(x�w)(x� y)(x� z)
+

y

2

(y �w)(y � x)(y � z)
= � z

2

(z�w)(z� x)(z� y)

Consider: 

43 



Andrew Taylor 

End of Second Lecture 
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CMB- Total Number Density 
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CMB- Total Number Density 
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Threshold Energy- Proton Pion Production 
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x � 1

R(�) ⇡ n

0

�
0

Z
x2(�)

x1(�)

�
x

2 � x

1

(�)2
�

e

x � 1

dx+

R(�) ⇡ 2

l

0

⇥
e

�x1(1� e

�x1 + x

1

(1� 2e

�x1))
⇤
]

Photo-Pion Production Rate 

�i(1,x) = 1� exp(�x)

�i(3,x) = 2� (2+ 2x+ x

2
) exp(�x)

R(�) ⇡ 1

l0
[ (�i(3,x2(�))� �i(3,x1(�)))� x1(�)

2(�i(1,x2(�))� �i(1,x1(�)))+

x2(�)
2(1� �i(1,x2(�)))� x1(�)

2(1� �i(1,x2(�))) ]
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w
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(w � x)(w � y)(w � z)
+

x

2

(x�w)(x� y)(x� z)
+

y

2

(y �w)(y � x)(y � z)
= � z

2

(z�w)(z� x)(z� y)

Consider the case  

��������

1 w w

2
w

2

1 x x

2
x

2

1 y y

2
y

2

1 z z

2
z

2

��������
= 0

56X

n=q+1

⌧q⌧56�q�1
nQ56

p=q(⌧n � ⌧p)
=

⌧q⌧56�q�1
qQ56

p=q(⌧q � ⌧p)

Nuclear Cascade Description 
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Integrating Out the Time Variable of 
the Green’s Function 

dN(t)

d3r
=

e�
r2

4Dt

(4⇡Dt)3/2

dn

dr
=

Z 1

0

dN(t)

d3r
dt

Let 
x =

r

2

4Dt

(4Dt)3/2 = r

3
x

�3/2
dt = � r

2

4Dx

2
dx

dn

dr

=
1

(⇡)3/24Dr

Z 1

0

x

�1/2
e

�x

dx



Andrew Taylor 
52 



Andrew Taylor 

Injecting a 1020eV Fe Nucleus and Tracking the 
Subsequent Nuclei- 
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Comparison of Analytic and 
Monte Carlo Results 
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Conclusions 
•  The Pierre Auger Observatory is able to provide 

much more than just the cosmic ray flux 
measurement 

 
•  Due to the ln E0 dependence of Xmax, excellent 

energy resolution is required to pull out the 
composition information        

    
•  The Xmax and energy spectrum data collectively 

can provide useful information about the source 
injection spectrum and cutoff energy     

   
•  The propagation of nuclei can be easily 

understood through the application of an analytic 
description of the photo-disintegration process 55 
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Cascade of Nuclei Through 
Species- single nucleon loss 

Since nuclei Lorentz factor remains  
~conserved, and cross-section varies mildly 
with A (nuclear mass)  

For the case 

ie. Gaisser-Hillas  
type function!  
(used to describe air showers)  
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Cascade of Nuclei Through Species- 
Comparison of Approximation 

Starting with Fe,  
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100 Mpc 

300 Mpc 

500 Mpc 

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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