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Lecture 3 Plan:

1) UHECR Observational Status

2) Extragalactic radiation fields
3) Cosmic ray proton interaction rates with 

extragalactic radiation fields
4) Cosmic ray nuclei interaction rates with 

extragalactic radiation fields
5) Application- what one can infer from 

spectral and composition information alone
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UHECR: The Observational Status

Pierre Auger Collaboration. ApJ. 935 (2022)
Caccianiga et al. for the Auger and TA Collaborations. PoS 
(ICRC2023) 521

Spectrum

Composition

Anisotropy

0.01

0.1

1

10

100

1000

17.5 18 18.5 19 19.5 20 20.5

E2
dN

/d
E
[e
V
cm

-2
s-
1
sr
-1
]

log10 E [eV]



Andrew Taylor
3

Cosmic Radiation Fields- Energy Density
CMB

Dust Stellar

10-4

10-3

10-2

10-1

100

10-4 10-3 10-2 10-1 100

100

101

102

103

1011 1012 1013 1014 1015
E γ

2 dn
γ/d

E γ
 [e

V 
cm

-3
]

nW
 m

-2 sr -1

Eγ [eV]

ν [Hz]



Andrew Taylor
4

Cosmic Radiation Fields- Energy Density
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CMB- Energy Density

Estimating
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Cosmic Radiation Fields- Number Density
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CMB- Number Density

7

<latexit sha1_base64="tzDWXiWjZGZIYo24sOUGz6X96gs=">AAAB9XicbVBNSwMxEJ2tX3X9qnr0EiyCp7Iroh6LInisYD+grSWbZtvQJLskWbUs+z+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8IOZMG8/7dgpLyyura8V1d2Nza3untLvX0FGiCK2TiEeqFWBNOZO0bpjhtBUrikXAaTMYXU385gNVmkXyzoxj2hV4IFnICDZWuu8EYepe91KBnzI365XKXsWbAi0SPydlyFHrlb46/YgkgkpDONa67Xux6aZYGUY4zdxOommMyQgPaNtSiQXV3XR6dYaOrNJHYaRsSYOm6u+JFAutxyKwnQKboZ73JuJ/Xjsx4UU3ZTJODJVktihMODIRmkSA+kxRYvjYEkwUs7ciMsQKE2ODcm0I/vzLi6RxUvHPKqe3p+XqZR5HEQ7gEI7Bh3Oowg3UoA4EFDzDK7w5j86L8+58zFoLTj6zD3/gfP4A48iSIQ==</latexit>

Emax
<latexit sha1_base64="IopyY/JEy4eqOOQcPbO/AMXQN8Y=">AAAB9XicbVBNSwMxEJ2tX3X9qnr0EiyCp7IrRT0WRfBYwX5AW0s2zbahSXZJskpZ9n948aCIV/+LN/+NabsHbX0w8Hhvhpl5QcyZNp737RRWVtfWN4qb7tb2zu5eaf+gqaNEEdogEY9UO8CaciZpwzDDaTtWFIuA01Ywvp76rUeqNIvkvZnEtCfwULKQEWys9NANwtS96aeCyczN+qWyV/FmQMvEz0kZctT7pa/uICKJoNIQjrXu+F5seilWhhFOM7ebaBpjMsZD2rFUYkF1L51dnaETqwxQGClb0qCZ+nsixULriQhsp8BmpBe9qfif10lMeNlLmYwTQyWZLwoTjkyEphGgAVOUGD6xBBPF7K2IjLDCxNigXBuCv/jyMmmeVfzzSvWuWq5d5XEU4QiO4RR8uIAa3EIdGkBAwTO8wpvz5Lw4787HvLXg5DOH8AfO5w/gwpIf</latexit>

Emin
Estimating <latexit sha1_base64="ggowj3dBny3XbHcQrOZ5/Mnn5AU=">AAAB+nicbVDLSsNAFJ3UV42vVJduBovgqiRS1GXRjcsK9gFNCJPppB06MwkzE6XEfIobF4q49Uvc+TdO2yy09cCFwzn3cu89Ucqo0q77bVXW1jc2t6rb9s7u3v6BUzvsqiSTmHRwwhLZj5AijArS0VQz0k8lQTxipBdNbmZ+74FIRRNxr6cpCTgaCRpTjLSRQqfmR3FuizD3R4hzVNhF6NTdhjsHXCVeSeqgRDt0vvxhgjNOhMYMKTXw3FQHOZKaYkYK288USRGeoBEZGCoQJyrI56cX8NQoQxgn0pTQcK7+nsgRV2rKI9PJkR6rZW8m/ucNMh1fBTkVaaaJwItFccagTuAsBzikkmDNpoYgLKm5FeIxkghrk5ZtQvCWX14l3fOGd9Fo3jXrresyjio4BifgDHjgErTALWiDDsDgETyDV/BmPVkv1rv1sWitWOXMEfgD6/MHxO2Tsg==</latexit>n�

<latexit sha1_base64="CbpLX3AjM4SlcSSuaCGDboumqIc="></latexit>

n� ⇡ E
dN

dE

����
peak

ln

✓
Emax

Emin

◆
⇡ 400 cm�3

10-3

10-2

10-1

100

101

102

103

10-5 10-4 10-3 10-2 10-1 100 101

1010 1011 1012 1013 1014 1015

CMB

CIB

E γ
dn

γ/d
E γ

 [c
m

-3
]

Eγ [eV]

ν [Hz]



Andrew Taylor
8

nBB
� =

8⇡(kT)3

(hc)3

Z 1

0

x2

ex � 1
dx

<latexit sha1_base64="lgWZqD+sjkYAzpieLGIcGSCGLIg="></latexit>

= 8ω
(kT)3

(hc)3
ε(3)ϑ(3)

Blackbody- Number Density

dn

d✏�
=

8⇡

(hc)3
✏2�

e✏�/kT � 1
10-3

10-2

10-1

100

101

102

103

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

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

CMB

2.7 kT

E γ
dn

γ/d
E γ

 [c
m

-3
]

Eγ [eV]

<latexit sha1_base64="Iq2mpCWdgQPhPWVptlVZd1c5e6M="></latexit>

(hc)3
dN

d3xd3ωω
= 2

1

eεω/kT → 1
<latexit sha1_base64="J/PFJi6yfag/ca1g8Fmd52mNUDE=">AAACCXicbVDLSsNAFJ34rPEVdaebYBFchaQ+N0LRjSupYG2hqWUymbRDJ5MwMxHLEHDjr7hxoUtx6x+482+ctllo64ELh3Pu5d57gpQSIV3325iZnZtfWCwtmcsrq2vr1sbmrUgyjnAdJTThzQAKTAnDdUkkxc2UYxgHFDeC/sXQb9xjLkjCbuQgxe0YdhmJCIJSSx1r2w8iZbIzP+IQqfAqV+GdOsgfcjPvWGXXcUewp4lXkDIoUOtYX36YoCzGTCIKhWh5birbCnJJEMW56WcCpxD1YRe3NGUwxqKtRj/k9p5WQjtKuC4m7ZH6e0LBWIhBHOjOGMqemPSG4n9eK5PRaVsRlmYSMzReFGXUlok9DMQOCcdI0oEmEHGib7VRD+o0pI7N1CF4ky9PE7/ieMfOkeO5rlO5PixXz4tQSmAH7IJ94IETUAWXoAbqAIFH8AxewZvxZLwY78bHuHXGKGa2wB8Ynz9or5jK</latexit>

n =
dN

d3x



Andrew Taylor

nBB
� =

8⇡(kT)3

(hc)3

Z 1

0

x2

ex � 1
dx

Z 1

0
x2e�xdx = �(3)

9

<latexit sha1_base64="lgWZqD+sjkYAzpieLGIcGSCGLIg="></latexit>

= 8ω
(kT)3

(hc)3
ε(3)ϑ(3)

Blackbody- Number Density

10-3

10-2

10-1

100

101

102

103

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

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

CMB

2.7 kT

E γ
dn

γ/d
E γ

 [c
m

-3
]

Eγ [eV]

Start by doing the simpler problem
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PAUSE

Why not have a go at obtaining this result
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Blackbody - Number Density
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Blackbody- Number Density
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CMB- Number Density
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CMB- Number Density

For a blackbody radiation field distribution, with temperature T,

<latexit sha1_base64="y3KjDQAQEVQojIzwX+knOBFaSXM="></latexit>

hE�i =

R1
0 E�

dn
dE�

dE�
R1
0

dn
dE�

dE�
=

�(4)⇣(4)

�(3)⇣(3)
kT ⇡ 2.7 kT

<latexit sha1_base64="4dg9rOOvJZhgjv6nobdTSPM00hU="></latexit>

nω =

∫ →

0

dn

dEω
dEω = 8ω

(kT)3

(hc)3
ε(3)ϑ(3) → 400 cm↑3

<latexit sha1_base64="uETkWv4KvCQE0R3jU1zRtAH4cCY="></latexit>

Uω =

∫ →

0
Eω

dn

dEω
dEω = 8ω

(kT)4

(hc)3
ε(4)ϑ(4) = 0.25 eV cm↑3



Andrew Taylor

Cosmic Ray Proton Energy Losses
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The Interaction Rate
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radiation field cross-section
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The Interaction Rate

Since,

17
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For Eproton<1019.6 eV

For Eproton>1019.6 eV

p

p

g

g

n

p+

p
e+

e-

Cosmic Ray Proton Interactions

Egth  ~	1MeV

Egth  ~	140	MeV
18



Andrew Taylor
Andrew Taylor 19

PAUSE

Why not have a go at calculating the threshold energy for proton pair 
creation through interaction with CMB photons
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Threshold Energy- Proton Pair Production

(Ep +E�)
2 � (pp �E�)

2 = (mp + 2me)
2

m2
p + 2EpE� + 2ppE� ⇡ m2

p + 4mpme

Ep ⇡ me

E�
mp ⇡

✓
0.5⇥ 106

6⇥ 10�4

◆
0.9⇥ 109 = 8⇥ 1017 eV

Repeat this calculation for pion production

20
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Energy Loss Rate- Pair 
Production
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Energy Loss Rate- Pion 
Production
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Photo-Pion Production Rate

Assuming the cross-section is 
approximately:

R =
m2

pc
4

2E2

Z 1

0
d✏�

1

✏2�

dn

d✏�

Z 2E✏�/(mpc
2)

0
d✏0�✏

0
��p�(✏

0
�)Kp

�p�(✏�) = 0
✏� < E��
✏� > E+�

�p�(✏�) = �p� E�� < ✏� < E+�

Where     ,     , �p� = 0.5 mb E = 300 MeV � = 100 MeV 23
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PAUSE

Why not have a go at obtaining this result

<latexit sha1_base64="4tPzVm7NdHoUplvxB60xeNK3UtI="></latexit>

R →
(

l0
e→x1(1↑ e→x1)

)→1
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Photo-Pion Production Rate
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n0 ! 0

! !

x 2 ( ! )

"
x2

2 (! ) ! x2
1 (! )

#

ex ! 1

R (! ) ! n0 ! 0

! x 2 ( ! )

x 1 ( ! )

"
x2 " x1 (! )2

#

ex " 1
dx +

R (! ) !
2
l0

!
e! x 1 (1 " e! x 1 + x1(1 " 2e! x 1 ))

"
]

Photo-Pion Production Rate

! i (1, x) = 1 ! exp(! x)! i (3, x) = 2 ! (2 + 2x + x2) 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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n0 ! 0

! !

x 2 ( ! )

"
x2

2 (! ) ! x2
1 (! )
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R (! ) ! n0 ! 0

! x 2 ( ! )

x 1 ( ! )

"
x2 " x1 (! )2

#

ex " 1
dx +

R (! ) !
2
l0

!
e! x 1 (1 " e! x 1 + x1(1 " 2e! x 1 ))

"

27

Where,

Photo-Pion Production Rate: 
Blackbody Interactions

l 0 = 10 Mpc x1 =
(E ! ! )m p

2kT CMB Ep
=

1020 .5 eV

Ep
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With,

R ! 0.2! p !

! E + !
2 "

E ! !
2 "

d"!
dn
d"!

Where   is 5 Mpc  and l 0 x1 =
1020 .5 eV

Ep

!
!

l0

e! x 1 (1 " e! x 1 )

" ! 1

kT CMB ! 2 " 10! 4 eV
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Photo-Pion Production Rate: 
Blackbody Interactions
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Energy Loss Rates due 
to Proton Interactions

!
m p

m e

1
nCMB ! p !

R =
m2

pc
4

2E2

Z 1
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d✏�

1
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0
��p�(✏

0
�)Kp

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

!
m p

m !

1
nCMB ! p "

where Kp is the inelasticity
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where R is the energy loss rate
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EBL Radiation Field Models

31

The EBL isn’t actually known with very great accuracy 
(since it is difficult to measure directly)

This uncertainty should be propagated into 
theoretical calculations of interaction rates 
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....with Different IR Backgrounds
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....with Different IR Backgrounds
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Cosmic Ray Nuclei Energy Losses
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For 10!"#$%< E&'()*%< 10+,#+ 
eV

For E&'()*%< 10!"#$  and E&'()*%< 10+,#+%

eV

g

! !

e!

Cosmic Ray Nuclei Interactions

!
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"# ' ($%&

"#$%&

"#$%&

!
!
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!
!

"#$%&
"# ' ($%&

Cosmic Ray Nuclei Interactions

Photo-disintegration-

 n        p + e- + " e

N(A,Z) + !  ! N'(A',Z')	+	(Z-Z')p	+	(A-A'+Z'-Z)n,	 Eg  ~	30MeV
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Energy Loss Rates due 
to Nuclei Interactions

where R is the energy loss rate

R =
A 2m 2

p c4
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! )K p
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Energy Loss Rates for 
Different Nuclei
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Cosmic Ray Disintegration 
During Propagation
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Cosmic Ray Spectra

40
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Assumptions on Source Population

dN
dV C

! (1 + z)n

EZ ,max = ( Z/ 26) ! EFe ,max

dN
dE

! E! ! exp[" E/ EZ ,max ]

z < zmax

n = ! 6, ! 3, 0, 3
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A Cosmological Distribution of 
Sources

Distribution of sources in a 
comoving volume

dV c = 4!" 2d"

d! =
dz
H

!
dz

H 0(! M (1 + z)3 + ! ! )1/ 2
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Proximity of Local Sources?
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Lang et PRD, 102 063012 (2020) 

Taylor PRD, 84 105007 (2011)

Note- magnetic field horizon 
effects are neglected here. This 
amounts to assuming:

ie. the source distribution may 
be approximated to be spatially 
continuous (also note, presence 
of t-  term comes from 
temporally continuous 
assumption)

ds < (ct H ! scat )1/ 2
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Magnetic Horizon Effect
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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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Proximity-Spectral Index Relation

47

Local source solution calls upon a more 
acceptable spectral index

note trend in index

note trend in index

PAO, JCAP 04 (2017) 038

Taylor, PRD 92 (2015) 6
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Proximity-Spectral Index Relation

48

note trend in index

note trend in index

PAO, JCAP 04 (2017) 038

Taylor, PRD 92 (2015) 6

Evidence that either there aren’t many such sources, or that these sources (spectrally) 
are copies of each other (ie. stability of solution issues) Ehlert PRD, 107 103045 (2020)
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Proximity-Spectral Index Relation

49

A single/few local sources solution calls upon 
a more acceptable spectral index/resolves 
the - how to square this with the anisotropy 
data?

note trend in index

note trend in index

PAO, JCAP 04 (2017) 038

Taylor, PRD 92 (2015) 6
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• The attenuation of cosmic ray protons/nuclei due to the presence of 
background radiation fields is reasonably well understood

• The largest limitation presently is the EBL (dust and stellar emission 
components)

• Despite these limitations, calculations for the propagation ultra high 
energy cosmic rays in these background radiation fields are 
predictive

• A negative evolution of sources allows for softer source injection 
spectra (more consistent with the Fermi acceleration model)

• The current cosmic ray data at the highest energies is suggestive 
that the nearest sources should be no further than a few 10s of Mpc

50

Conclusions
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Threshold Energy- Proton Pion Production

(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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Comparison of Analytic and 
Monte Carlo Results
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