Lecture 3 Plan

UHECR Observational Status
Extragalactic radiation fields

Cosmic ray proton interaction rates with
extragalactic radiation fields

Cosmic ray nuclei interaction rates with
extragalactic radiation fields

Application- what one can infer from
spectral and composition information alone
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UHECR: The Observational Status
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Cosmic Radiation Fields- Energy Density

CMB Dust Stellar
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Cosmic Radiation Fields- Energy Density

Note- this amounts to a visual inspection version of Laplace’s
integral method
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CMB- Energy Density
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Cosmic Radiation Fields- Number Density
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CMB- Number Density
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Blackbody- Number Density
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+ Blackbody- Number Density
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PAUSE

Why not have a go at obtaining this result

Andrew Taylor 10
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+ Blackbody - Number Density

PP — 8 (8)0(3) J
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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,
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Cosmic Ray Proton Energy Losses
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The Interaction Rate

radiation fleld Cross-seit\ion

R = / de7 de §d(cos 0)o(cosB)1 + B cos )
gl
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The Interaction Rate
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v

Since, € mp = ¢, Ep(1 4 Fcosb)

e. my, d(e, my,)
_ P P
(1 4 Bcosf)dcosb = B, B,

o0 2¢- E /
R = — de, — d(e,mp) o(e)
2 Tde TP 22
0 7 /0 TP
4 E N
m? [ 1 dn (2% _, ,
= —2 de de e o(€,)
2F2 7 e2 de vy 8l 17
P 8% vy JO
DESY \ _Andrew Taylor




Cosmic Ray Proton Interactions

For Eproton<10'9° eV
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PAUSE

Why not have a go at calculating the threshold energy for proton pair
creation through interaction with CMB photons

Andrew Taylor 19
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Threshold Energy- Proton Pair Production
(Ep + Ev)z — (Pp — E7)2 = (mp + 2me)2

mIz) +2E,E, + 2p, B, & mlz) + 4myme

o 0.5 x 106
E, ~ —m, ~ 0.9 x 10° = 8 x 107 eV
E, 6 x 104

Repeat this calculation for pion production
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Energy Loss Rate- Pair

Production

m2c4 o)
i / d
2E2 J,

1 dn

6 —_—
V2
€2 dey Jo

2Ee, /(mpc?)

!/
de. e ,op (€

/
~

) Kp

100000
]
10000 |
2 g
=
o 1000 |
Q_ N
L
©
"o 100 |
E 3
10

DESY.

e*e creation

18

18.5

19

19.5 20
log4o Ep [eV]

20.5

21

21.5

G [mb]

-3
EYd nY/d EY [em™]

103

—_
o
N

—_
o
N

—_
S,
@

10

0.1

0.01

—_ -
o o
(=) -

—
S

v [HZ]

10" 10" 10"? 10" 10"

10"

102 107" 10°

E, [eV]

107 103

-
S,
o

10"

0 5 10 15 20 25 30 35

Enerav [MeV]
ndrew Taylor

40



Energy Loss Rate- Pion

Production
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Photo-Pion Production Rate

m2 C4 1 dn ZEG,Y/(mpC )
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1
R ~ 0
e *¥1(1 —e*1)

PAUSE

Why not have a go at obtaining this result
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Photo-Pion Production Rate
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+ Photo-Pion Production Rate

R(T) ~ no /Xz(r) (X2 — X1 (F)z)

dx+
X1 (I‘) ex —1

war [ 0 =xED)

2(T) eXx —1
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-+ Photo-Pion Production Rate:
Blackbody Interactions
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Where, 1o =10 Mpc X1 = okTonpEy £,
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Photo-Pion Production Rate:
Blackbody Interactions

With, kTemp =~ 2 x 1074 eV

100000 | |
; complete description ]
Y analytic description - - - - |
(&) I
o
10000
- i
S
E+A c 1000 —
20 dn =2
C L
R~ 0.20p, déey— 5 1o}
E—A dE,y b= ;
2I° E 7 B
) 10 | .
1 -1 5 | |
Y O I :
(a4
— . ’ | | |
e *1(1l —e *1) b ~— — - |

Iog1oEp [eV]
1020.5 eV

E
P 28

DESY Andrew Taylor

Where ], is S Mpc and x1 =




Energy Loss Rates due
to Proton Interactions
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Energy Loss Rates due
to Proton Interactions
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EBL Radiation Field Models

The EBL isn’t actually known with very great accuracy
(since it is difficult to measure directly)
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....With Different IR Backgrounds
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Cosmic Ray Nuclei Energy Losses
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Cosmic Ray Nuclei Interactlons
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Cosmic Ray Nuclei Interactions

Photo-disintegration-

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

'(A',Z')

n — pte+y,
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Energy Loss Rates due

to Nuclel Interactions
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Energy Loss Rates for
Different Nuclei
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DESY.

surviving fraction
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Cosmic Ray Spectra
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Assumptions on Source Population

Spatial Distribution

dN
1 n Z < Zmax
[dVCO(( 2 ]

n=-6,-3,0 3
Energy Distribution

dN
[CI:E) x B eXp[_E/EZ,maX]J

EZ,max — (Z/26) X EFe,max

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

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

DESY Andrew Taylor
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A Cosmological Distribution of

dN/dV [Mpc™]
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Proximity of Local Sources?

— 107
T E -1021 eV Monte Carlo
) a':f’_(’s':e Analytic -
T 10"} 100% Iron
Ncn ‘en, 81-243MMpc
D 27-81 Mpc
g 10° RN 9-27 Mps
> T 3-9 Mpc o ]
T 2 Note- magnetic field horizon
AU R 5\ effects are neglected here. This
Vo 10 T S amounts to assuming:

18.5 19 19.5 20 20.5 21 1/2

logy, E [€V] ds < (CtH)\scat)

le. the source distribution may
be approximated to be spatially

i ~ votom continuous (also note, presence
-l Siioon of t; term comes from
- e temporally continuous
I assumption)

in [Mpc]

D%
T T

43
Andrew Taylor

10 H‘ | \\\\H‘ |1

0 107" 1




Magnetic Horizon Effect
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MCMC Likelihood Scan:
Spectral + Composition Fits
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MCMC Likelihood Scan:
“Soft” Spectra Solutions
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Proximity-Spectral Index Relation

Taylor, PRD 92 (2015) 6

Parameter

Best-fit

n=—6 n=-3 n=>0 n=3

Posterior Mean & | Best-fit Posterior Mean & | Best-fit Posterior Mean & | Best-fit Posterior Mean &

Value Standard Deviation| Value Standard Deviation| Value Standard Deviation| Value Standard Deviation
« 1.8 1.83 +£0.31 1.6 1.67 +0.36 1.1 1.33 +0.41 0.6 0.64 +0.44
loglo( EFZ'\‘,““" ) 20.5 20.55 +0.26 20.5 20.52 +0.27 20.2 20.38 +£0.25 20.2 20.16 +=0.18

\ 4

note trend in index

note trend in index

PAO, JCAP 04 (2017) 038
source evolution v logi1g(Reut/V) | D D(J) D(Xmax)

m=+3 | —1.407035  18.22%005 [ 179.1 7.5 1717
m=0 | +096%0%  18.68T00; | 1743 132  161.1

(I42)™ m=-3 | +1.427005 18851051 | 173.9 193  154.6
m=—6 | +1.567005  18.74x003 | 1824 19.1  163.3
m = —12 | +1.79+0.06 18.73+0.03 182.1  18.1 164.0

> <002 (+2.69x00r) 10.501% | 178.6 153  163.3

~— _—

Local source solution calls upon a more

acceptable spectral index 47
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Proximity-Spectral Index Relation

n——6 n=-3 n=0 n=3
Parameter | SO0t dard Deviation| Value  Standard Deviation| Value  Standard Deviation| Value  Standard Deviation
o' 1.8 1.83 £0.31 1.6 1.67 £0.36 1.1 1.33+£0.41 0.6 0.64 +£0.44
loglo( EFZ'\‘,“‘”‘ ) 20.5 20.55 +0.26 20.5 20.52 £ 0.27 20.2 20.38 £ 0.25 20.2 20.16 £ 0.18
note trend in index "
source evolution ¥ logio(Reut/V) D D(J) D(Xmax)
m=+3 | —1.407035 18227003 | 179.1 75 1717
note trend in index m=0 |+096%0% 18681902 | 1743 132  161.1
(I42)™ m=-3 | +1.427005 18851051 | 173.9 193  154.6
m=—6 | +1.567005  18.74x003 | 1824 19.1  163.3
m=—12 | +1.79+006  18.73x003 | 182.1 181  164.0
> <002 (+2.69x00r) 10.501% | 178.6 153  163.3

~— _—

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

Taylor, PRD 92 (2015) 6

n—=—6 n=-3 n=>0 n=3
Parameter | Kot oo ard Deviation| Value  Standard Deviation| Value  Standard Deviation| Value  Standard Deviation
o' 1.8 1.83 £0.31 1.6 1.67 £0.36 1.1 1.33+£0.41 0.6 0.64 +£0.44
loglo(EF:\',““") 20.5 20.55 +0.26 20.5 20.52 £ 0.27 20.2 20.38 £ 0.25 20.2 20.16 £ 0.18
note trend in index "
PAO, JCAP 04 (2017) 038
source evolution vy logio(Reut/V) D D(J) D(Xmax)
m=+3 | —1.407035  18.22%005 [ 179.1 7.5 1717
note trend in index m=0 |+096%0% 18681902 | 1743 132  161.1
(I42)™ m=-3 | +1.427005 18851051 | 173.9 193  154.6
m=—6 | +1.567005  18.74x003 | 1824 19.1  163.3
m=—12 | +1.79+0.06 18.73+0.03 182.1 18.1 164.0
OlE e = 82 EeV) - W =25° > <002 (+2.69x00r) 1050403 | 178.6 153  163.3
| —~—
| A single/few local sources solution calls upon
,.f; . g % ; a more acceptable sp_ectrgl index/rgsolves
P : the - how to square this with the anisotropy 4

?
data’ Andrew Taylor

Li & Ma significance [o]



Conclusions

* 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
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+

Threshold Energy- Proton Pion Production

(Ep E’Y)z — (Pp — E7)2 = (myp mﬂ)2

mg +2E,E, + 2p, E, & mIz) +2mpym;

m. < 135 x 10°

~ ~ 9 20
EpN mp~ 2X6X10_4>0.9X10 =10 eV
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Comparison of Analytic and
Monte Carlo Results
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