Lecture (2) Plan

« Extragalactic radiation fields

 Cosmic ray proton interaction rates with
extragalactic radiation fields

« Cosmic ray nuclel interaction rates with
extragalactic radiation fields

 High Energy electron and photon interaction
rates with radiation fields

 Cosmic ray composition and gamma-rays as
a probe of the source distribution
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Cosmic Radiation Fields- Energy Density
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Note- this amounts to a visual inspection version of Laplace’s
Integral method
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Cosmic Radiation Fields- Energy Density
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Cosmic Radiation Fields- Number Density

>~ dn
n., — dE
Y /O dEfy Y

4
DESY. Andrew Taylor



Cosmic Radiation Fields- Number Density
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Cosmic Ray Proton Energy Losses
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The Interaction Rate

radiation fleld Cross-seit\ion
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The Interaction Rate
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Cosmic Ray Proton Interactions

For E, 100 <101%° eV
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+

Threshold Energy- Proton Pair Production
(Ep + E’Y)2 — (Pp — Ev)z = (mp + 2me)2

m?, +2E,E, + 2p, E, & mf) + 4m,me

e 0.5 x 10°
E, ~ —°m, ~ 0.9 x 10° = 8 x 10'7 eV
E, 6 x 104

Repeat this calculation for pion production
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CMB- Total Number Density
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+ CMB- Total Number Density

For a blackbody radiation field distribution, with temperature T,

r T3 N
n, =87 ((h'(l;‘))s v(3)¢(3) ~ 400 cm ™ ®
y
r N
U, =87 (IEIT):W(AL)C(AL) =0.25eV cm™*®
N\ (he) y

Have a go at demonstrating this to yourself!
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Energy Loss Rate- Pair
Production | _esee e,
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Energy Loss Rate- Pion
Production | _eenyee, em

— —_
=, >, o o o o
o o (%)

— o —

2
R m2C4/ q 1 dn 2Ee¢, /(mpc )d (,)K -
= € 6 6 o € -~
2 v 2 Py p
2E% J, €3 de7 0
e sﬁ
-1 -1 .
(Ep " dE/dX)™ [Mpc] 5, =3
H
— S S S 3 5
o o o o o i 2.
'5 T T T e
1 T T T T T T
= L _ Measured
o

— |
«©
o
[T TN
= © | —
o o 0
_crl'l é
o S ©
=
[ o]
o I
o 01 =
~ 0 500 1000 1500 2000 2500 3000 3500
o Enerav [MeV1

DESY. Andrew Taylor



Energy Loss Rates due

to Proton Interactions
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where R is the energy loss rate where K, IS the inelasticity
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Energy Loss Rates due

to Proton Interactions
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where R is the energy loss rate where K, IS the inelasticity

(Ep " dE/dX)™" [Mpc]
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EBL Radiation Field Models
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....with Different IR Backgrounds
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....with Different IR Backgrounds

(E™1 dE/dx)™* [Mpc]
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Cosmic Ray Nuclel Energy Losses
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Cosmic Ray Nuclel Interactlons
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Cosmic Ray Nuclel Interactions

Photo-disintegration-

N(A,Z) +y — N +(Z2-Z)p + (A-A'+Z'-Z)n, E, ~30MeV

'(A',Z')

n — p+e_+{/e
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Energy Loss Rates due

to Nuclel Interactions
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Cosmic Ray Disintegration
During Propagation
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High Energy Gamma-Ray
and Electron Propagation
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Energy Loss Rates of
Electrons and Photons &~
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Energy

Loss Rates of Electrons
and Photons
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Cosmic Ray Spectra
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Assumptions on Source Population

Spatial Distribution

dN
- 1 n Z < Zmax
[dVC x (14 z) ]

n=-6,—-3,0,3
Energy Distribution

dN
[ E X E_a exp[—E/Ez,max]]

EZ,max — (Z/ZG) X EFe,max

Note- magnetic field horizon effects are neglected in the following.
This amounts to assuming: dg < (ctirAscat )’ 2

le. the source distribution may be approximated to be spatially
continuous (also note, presence of t,, term comes from temporally
continuous assumption)
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MCMC Likelithood Scan:
Spectral + Composition Fits
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MCMC Likelihood Scan:
“Soft” Spectra Solutions
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MCMC Results Table

From astro-ph/1505.06090 (Taylor et al. 2015)
Similar conclusion arrived at by others too: astro-ph/1612.07155 (Aab et al. 2017)

n=—6 n=-3 n=>_0 n=3

Parameter Best-fit Posterior Mean & | Best-fit Posterior Mean & | Best-fit Posterior Mean & | Best-fit Posterior Mean &
Value Standard Deviation| Value Standard Deviation| Value Standard Deviation| WValue Standard Deviation

fo 0.03 0.14 +0.12 0.08 0.15+0.13 0.17 0.17+0.16 0.19 0.20 £0.16

fHe 0.50 0.21 =0.17 0.42 0.17+0.16 0.53 0.20+0.17 0.32 0.23+£0.20

I 0.40 0.50 = 0.18 0.42 0.51 =0.19 0.29 0.47+0.19 0.43 0.45+0.21

fsi 0.06 0.11 +0.12 0.08 0.12+0.13 0.0 0.11+0.12 0.06 0.078 + 0.086

fre 0.052 = 0.039 0.0 0.053 £+ 0.042 0.01 0.050 £+ 0.038 0.044 +0.034

a 1.8 1.83 £0.31 1.6 1.67 £ 0.36 1.1 1.33 +£0.41 < 0.6 0.64+0.44

logw( EF;;:,““ 20.55 +0.26 20.5 20.52 £0.27 20.2 20.38 = 0.25 20.16 £0.18

Flatter spectra preferred for
negative source evolution

DESY

Hard spectra preferred for source
evolution following that of the SFR

33

Andrew Taylor



High Spectral Peaked Blazar
n=-6 evolution result EVO I U t| on
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‘iCascade Spectra + the IGRB
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Secondary (Guaranteed) Gamma-Ray
Fluxes From >1018%5eV UHECR

n=3 evolution result
IGRB (EGB with resolved points sources removed)

n=3 to -6 evolution
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of Fermi limit
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Does a Separate Class of Extragalactic
Source Dominate at Sub-Ankle Energies?

Positive evolution (ISP + LSP)
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Cascade Contribution from
Second Source Population
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Local Scales Effect Highest Energies
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Magnetic Horizon Effect

Note strong B-field strength considered
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Conclusions

« The attenuation of cosmic ray protons/nuclei/photons/electrons due
to the presence of background radiation fields is 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)

* A negative evolution of sources gives rise to a reduced level of
diffuse gamma-ray background contribution

« The current cosmic ray data at the highest energies is suggestive
that the sources should be no further than a few 10s of Mpc
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End of Lecture
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+ Blackbody- Total Number Density

- R
BB o (kT)3
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. /o gr > 2 5 % S
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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

(Ep + Ev)z — (Pp — Ev)z = (myp + mw)z

mlz) + 2E,E, + 2p B, = mlz3 +2mpm;

p%

m., ( 135 x 10°

2x6x104

9 20
ol >0.9>< 10° = 1020 eV
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Energy Loss Rates of Electrons
and Photons
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Comparison of Analytic and
Monte Carlo Results
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Photo-Pion Production Rate

m2cd ro© 1 dn 2Ee., /(mpc?)
R = 2E2 / € dev de’ el opy(€,)Kp
Assuming the cross-section is
approximately: " e
Opy(€y) =0 & >E+ A '\

g [mb]

01

Um(ev):am E-A<e, <E+A

0 500 1000 1500 2000 2500 3000 3500
Enerav [MeV1

Where 0py = 0.5 mb, E =300MeV, A =100 MeV 50
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Photo-Pion Production Rate
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()~ oo | ? ~ [(Bo — Ag)/2TT*) dn,,
(Eo—Ag)/2T ¢ de
/OO Eo + Ag)/2T° — [(Eo — Ag)/2I% \ dn
0o —de
(Eog+Agp)/2T de

1000

100

DESY.

= o1 O 5 S o1 oo
D D D

D (D
=< Z 2= <

100

70

_ ol o

@D D D
<< <<

— i
n o O oo
@ oD D

= <<




Photo-Pion Production Rate

R(T) ~ ngor /Xz(r) (X2 — X1 (F)2)

dx+
X1 (F) eXx —1
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Photo-Pion Production Rate:
Blackbody Interactions

Xz(F) 2 I1 2
R(F) ~ Il()O'()/ (X Xl( ) )dX

Xl(F) eXx —1

war [ 0 XD

2(I‘) eXx —1]

[R(I‘) ~ — (e (1 — e +x1(1 — 267 1)) }

(E . A)mp B 1020.5 eV

Where, 1lg =10 Mpc X1 = KT ompEn oA
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Photo-Pion Production Rate:
Blackbody Interactions

With, kTCl\/IB ~ 2 X ]_0_4 eV

100090 ! Icomplete descrliption
Ty _ analytic description --------
Q i
2 10000 |
E+A = -
ST dn g 1000 :—
E—A dEW e 100 |
2 e
= _
—1 Q 10 |
N( lo ) g
~ —X1 _ —X1 [ | |
e (]. & ) T 19.5 - — )
log4oE [eV]
1020.5 eV

Where ]5is5Mpc  andX; = =
p o4
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CMB- Total Energy Density

8 4 oo 3
_ m(kT) / X"
mc)®  J, ex—1

kT 4
[pSMB = 87'('( cMB) v(4)((4) ~ 0.25 eV cm™°

~

J

DESY

2 -3
dN/dE eV cm ]

[ — [ — = —_

. S, S, S, 5

Nd y-3¢=1%
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An Analytic Description of these Results
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Differential Equation Describing System State

-
\

by

DESY

1
T56—55

d /56 /56
at Jss | = A | [55
I54 J54
7‘561—>54 + ) 0
1 _ 1 1
:56;55 (755—>54T 17'55—>53 ) B (
Z Apfal
then Z Ape ot (

(where A, values are set by the initial conditions)

1
T54—53

0

0

1
T54—52
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Only Considering Single Nucleon Losses

_7'5f1—>55 0 0
_ 1
A = T56—55 T5f—>54 01
O T55—54 - T54—53
and
o0 T,T26-a-1 6
. q'n - T
fq(t) — E f56(0) 56 € "n
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Nuclear Cascade Description

Consider df, fq fq11
dt 74 Tqi1

e(;_of)i [e(%)fq] = g1

dt Tq+1

£, = el5) /e(%) fad g

Tq+1

Assume solution is true for g, apply to g+1

56 Ca—
fqt1(t) _ Z Tqt1Tol 972 ¢
f56(0) n=q+1 Hp q—|—1( — Tp)
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Nuclear Cascade Description

Assume solution Is true

fq1(t) i Tqr1Tno 42 e
f56(0) n=q+1 Hp q—|—1( Tp)
fq:e(%)/e(%)fqﬂdt
Tq+1

56 56—q—2 —1 B B
ffl(t) _ Z n (i_l> ef_rf —ceT_c;:

o 56 60
Hp:q(Tn_Tp)
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Nuclear Cascade Description

fq(t) i TRoTA~2 ot i TqTobm a1 e;_(:
fss(0) H56 (o — 56 —

°6 n=q+1 1lp=q\’n TP) n=q+1 1_[p=q(T‘rl TP)
fq(t) > P

n—q Hp:q(Tfl - TP)

These are equivalent if:
56

56 o 56
n=q-+1 Hp:q (Tn o TP) Hp:q(Tq o Tp)
Consider:
W2 X2 y2 - Z2
w—xw-y)w-2) G-wk-y&-2 F-w-00-2 (-wEz-xEz-y
DESY
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Nuclear Cascade Description

56 56—qa—1 56—qg—1
q q

Tan . TqTq
2 : o 56

56
n=q-+1 Hp:q(Tﬂ o Tp) Hp:q(Tq o Tp)

Consider the case

p—
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Cascade of Nuclel Through
Species- single nucleon loss

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

T56—55 ~ TH5—s54ees

For the case T56—55 — T55—>5400+

t(q'mam—Q) _
fq p— ' e t/Tq
Tq(qmaz—q)!

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

Starting with Fe, gmax = 56

f — Full Expressi'on —

50 Gaisser-Hillas --------- i
A=50 ——
A=40 —— |
A=30 ——

jﬁ4() p—

fao = L _e "m0 =2 oosr | | [/ N/ .

460 6I00
Distance [Mpc]

1000
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Composition — an Excellent Probe of the

L ocal Source Distribution
(if you know the source composition)

500 Mpc 65
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Assumptions on Source Population

dN
Spatial Distribution /F x (14 z)° 7z <1.9 \
C
motivated by star dN 3
. — 1+1.9 1.9<z<27
formation rate dVg (1+1.9)
evolution
\d—df\lf\I x (1+ 1.9)3e_z/1'7 z > 27 /
C
Energy Distribution dN
_ _ [ x E7¢ exp[—E/Ez,max]]
motivated by Fermi dE
acceleration theory EZ max = (Z/26) X Ere max

Note- magnetic field horizon effects are neglected in the following.

This amounts to assuming: dg < (CtiAscat )’ 2

le. the source distribution may be approximated to be spatially

continuous (also note, presence of t,, term comes from temporally

continuous assumption)
DESY
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