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Observed spectrum of cosmic rays
UHECR: E > 1018eV
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Fluorescence Detector: Longitudinal 
Shower Profiles
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event 1542115, CO

azimuth  [deg]
0 10 20 30 40 50 60 70 80 90

el
ev

at
io

n 
 [d

eg
]

0

5

10

15

20

25

30

500 1000

)]2
dE

/d
X 

[P
eV

/(g
/c

m

0

10

20

30

40

50

60

E dE dX dX

Xmax

Fluorescence Detector: Longitudinal 
Shower Profiles

column depth X[g/cm2]



Fitting spectrum and composition of Ultra-High Energy Cosmic Rays

Average Shower Maximum <Xmax
 

> and 
RMS(Xmax

 
)

1810 1910

]2
> 

[g
/c

m
m

ax
<X

650

700

750

800

850

proton

iron

QGSJET01
QGSJETII
Sibyll2.1
EPOSv 1.99

Auger 2009
HiRes ApJ 2005

E [eV]
1810 1910

E [eV]
1810 1910

10

20

30

40

50

60

70 proton

iron

< Xmax >' D log(E/A) + const σXmax
(A2) < σXmax

(A1) for A2 > A1
σ
X
m
a
x
[g
/c
m
2
]



Main Factors influencing UHECR 
propagation

Microwave Photon 
Background (MWB)

Random Extragalactic Random Extragalactic 
Magnetic Field (EGMF)Magnetic Field (EGMF)
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Interactions



 
Protons and neutrons
Pion
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Interactions
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Energy loss lengths



 
Proton 

 
Iron
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Interactions


 
Protons ,neutrons and nuclei

eνpen neutron β-decay
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Electron-photon cascade
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Interactions
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Interactions
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Deflection and synchrotron radiation
Gyroradius:

The gyroradius
 

and the
synchrotron loss rates of electrons 
for various strengths of the EGMF

Synchrotron loss length:
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Some references on UHECR propagation
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Simulations of cosmic rays propagation



 
Monte Carlo based simulations


 

Random extragalactic magnetic field is taken into 
account



 
Transport equation approach (rectlinear

 propagation)


 

Fast calculation (good for parameter space scanning)


 

Gives correct result for
E ≥ 1017eV × Z × B

10−10G , Lcor = 1Mpc

or for homogeneous source
 

distribution if distance to the 
closest source is less than diffuse length
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Simulations of cosmic rays propagation

Sample transport equation for electrons (includes only pair 
production PP and inverse Compton scattering ICS)
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Fitting experimental data



 
Energy spectrum j(E)



 
Chemical composition


 

Average Shower Maximum <Xmax

 

> (E)


 

Shower-to-Shower Fluctuations σ(Xmax

 

) (E)
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Fitting experimental data


 
Energy spectrum j(E)


 

Binned maximum likelihood function is used


 

Poisson probability of the observed event set is 
maximized



 

Goodness of fit defined as fraction of hypothetical 
experiments which result in worse agreement with the 
theory than the real data having the same total number 
of events

F(E, z) = f E-α
 

Exp(-E/Emax
 

) (1+z)3+mΘ(z-zmin
 

) Θ(zmax
 

-z)
z

 
–

 
red shift,

 
Θ(x)-step function

Phenomenological source model:
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F(E, z) = f E-α
 

Exp(-E/Emax
 

) (1+z)3+mΘ(z-zmin
 

) Θ(zmax
 

-z)

Parameter Name Typical Values

Power of the Injection Spectrum, E-  1 ≤ 

 

≤ 2.7

End point of the Energy Spectrum Emax 2x1020

 

≤ Emax

 

≤

 

1021

Evolution factor: (1+z)3+m m 0 ≤ m ≤ 4

Red shift of the nearest source zmin 0 < Zmin

 

<  0.01

Maximal source redshift zmax 3 < Zmax

 

<  6
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red shift,
 

Θ(x)-step function

Phenomenological source model:
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Exp(-E/Emax
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Exp(-E/Emax
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Phenomenological source model:
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Fitting experimental data



 
Chemical composition


 

<Xmax> (E)


 

σ(Xmax) (E)

For mixed composition:

< Xmax >' D log(E/A) + const

< Xmax >=
P

A
NA
Ntot

< Xmax >A
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Fitting experimental data



 
Chemical composition


 

<Xmax> (E)


 

σ(Xmax) (E)

For mixed composition:
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¤
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2− < Xmax >2

RMS(Xmax)
2 =

P
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Ntot

RMSA(Xmax)
2

σA(Xmax) ' σp(Xmax)A
−α

α ' 0.2 for QGSJET01
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Joint fit of the spectrum and composition

σ
( X
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2
¤
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2
¤

E [eV ]

of joint fit

Bins with small number of events are 
combined into larger bins

Goodness of spectrum fit in the bins 
with small number of events is 
calculated separately

statistics is used to obtain goodnessχ2

Auger ICRC 2009
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Spectrum and composition fitting examples
Fe + p

p:51%   Fe:49%
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Spectrum and composition fitting examples
Fe + p
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Spectrum and composition fitting examples
Mixed Composition Model 
(using galactic abundances)
Du

 

Vernois

 

M .A and

 

Thayer, M. R., 1996, ApJ, 465, 982
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Spectrum and composition fitting examples
Mixed Composition Model 
(using galactic abundances)
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Spectrum and composition fitting examples
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Spectrum and composition fitting
90% N and 10% Fe
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Conclusions


 
Auger spectrum can not be fitted with 
homogeneously distributed pure proton source



 
Fitting <Xmax> & RMS(Xmax) along with 
spectrum shape strongly constrain possible 
models of cosmic ray sources



 
UHECR source distribution effects may be 
important
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Magnetic field observational limits
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Magnetic field limits
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