
  

LECTURE PLAN:

1) COSMIC RAYS- proton interactions with photons, 
composition, nuclei interactions with photons, different 
photon targets

2) NEUTRINOS

3) PHOTONS

4) MULTIMESSENGER 

APPROACH



  

COSMIC RAYS: High Energy 
Proton and Nuclei Interactions 
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The Propagation of Cosmic 
Ray Nuclei:

Andrew Taylor
MPIK Heidelberg

Based on papers by: 

Dan Hooper, Subir Sarkar, and Andrew Taylor

“The Intergalactic Propagation of Ultrahigh Energy Cosmic Ray 
Nuclei” (astro-ph/0608085)

“The Intergalactic Propagation of Ultrahigh Energy Cosmic Ray 
Nuclei: An Analytic Approach” (astro-ph/0802.1538)



  

Aims

1) Protons- dominant cosmic ray interactions  

2) Composition- highlight uncertainty
 

3) Nuclei- dominant cosmic ray interactions

4) Arriving Spectra- cosmic ray spectra for different 
injected primary particles

5) Analytic- a simple way to understand the nuclei 
results



  

1) Cosmic Ray Protons
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For Eproton<1019.6 eV

For Eproton>1019.6 eV
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Cosmic Ray Proton Interactions



  

For Eproton<1019.6 eV
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Cosmic Ray Proton Interactions
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Cosmic Radiation Fields

2.6x10-4

E [eV]
0.12

2.6x10-3

2.6x10-2

2.6x10-1
0.012 0.00121.212

E
2 d

N
/d

E
 [eV

 cm
-3]

CMB

dust

stellar



  

Cosmic Radiation Fields

2.6x10-4

E [eV]
0.12

2.6x10-3

2.6x
10-2

2.6x1
0-1

0.012 0.00121.212

relevant 
radiation field 
for protons

E
2 d

N
/d

E
 [eV

 cm
-3]



  

Cosmic Radiation Fields
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Energy Loss Rates due 
to Proton Interactions
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Energy Loss Rates due 
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....with Different IR Backgrounds



  

2) Could Cosmic Rays be Nuclei?



  

Composition Information 
in Particle Showers

Differences in Protons and Fe Nuclei Cosmic Ray 
Showers-

Position of X
max

 
(X

max

p>X
max

Fe)

Variation In Position of X
max

 
(Smaller for Fe)

No. of Muons Generated in Shower 
(Larger for Fe)



  

The Shower Maximum- X
max

The distance from the “top of 
the atmosphere” where the 
number of particles in the 
electromagnetic shower is 
maximum

Definition of X
max

-

X
max 

occurs when interaction 

lengths of shower particles 
become longer than the loss 
lengths (ie. shower particles 
have fallen below a critical 
energy)
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Heitler Model

At shower maximum,

E0=E crit. N max

N max=2ncrit.

X max=ncrit. ln 2= ln 
E0

E crit.



E crit.=85 MeV for   /e
showers

E crit.=20 GeV for  
showers



  

X
max 

Data From Different 

Experiments (pre 2007)



  

 The X
max 

Data From Auger 

Fluorescence Detector 
Measurements

note- 
logarithmic
dependence to 
energy of 
primary



  

3) Cosmic Ray Nuclei
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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



  

Cosmic Radiation Fields



  

Energy Loss Rates due 
to Nuclei Interactions
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Assumptions about High 
Energy Cosmic Ray 

Sources 

– dN/dE ~ E-2 motivated by first order 
Fermi shock acceleration theory

– dN/dV ~ (1+z)3 0 < z < 1.9
~ (1+1.9)3 1.9 < z < 2.7
~ (1+2.7)3 e-z/2.7 2.7 < z < 8

Energy Distribution of Cosmic 
Rays

Spatial Distribution of Cosmic Ray 
Sources

motivated by 
measurements of the 
luminosity density of 
Quasars 

(will say more about this in Lecture 2)



  

A Cosmological Distribution of 
Sources

 dV = 4  d
d

L
2 dz/((1+z)2H(z))

Distribution of sources in a 
comoving volume

Distribution of sources in 
redshift



  

4) Cosmic Ray Spectra for 
Different Primary Particles



  

Do Protons or Nuclei Fit the 
Data?



  

Or
….



  

5) An Analytic Description of these 
Results



  

the differential equation describing the states of 
the system-
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considering only single nucleon loss, keep only 
diagonal and first off diagonal elements-

and
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Injecting a 1020eV Fe Nucleus and Tracking the 
Subsequent Nuclei-



  

Comparison of Analytic and 
Monte Carlo Results



  

Conclusions
• The Pierre Auger Observatory is able to provide 

much more than just the cosmic ray flux 
measurement

• Due to the ln E
0
 dependence of X

max
, excellent 

energy resolution is required to pull out the 
composition information

• The X
max 

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



  

Cosmic Ray Showers in the 
Atmosphere

90% of the energy of 
the primary is 
dissipated into  and e
(in ratio 9:1)

note- more  than 
expected are seen 
in the showers 
(indication of Fe in 
showers)
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p
E0∝E0



N 

Fe
E0∝A

E0

A




∝A1− E0


~0.85−0.92

40-80 % more muons 
for Fe showers
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