Lecture 2 Plan

1) Cosmic Ray proton + nuclei interaction rates
in extragalactic radiation fields

2) Analytic guidance on functional form of
interaction lengths

3) Results from propagating CR from an
ensemble of sources and how results depend
upon the source distribution assumption.
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Cosmic Ray Proton Energy Losses
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The Interaction Rate

do

— 1 0
R = / devdev Zd(cose)dcosﬁ( + B cosf)

All values above in lab frame
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The Interaction Rate

do
—d 0 1 0
R= _/ dew defy 1 2 (cos6) d cos 6 (1 + 5 cosf)

Since, €yEp =€ Ep(1+ Bcosb)

ey Ep d(e,Ep)
e Ep e Ep

(1 4+ Bcosf)d cosf =

2€ E
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Cosmic Ray Proton Interactions

For Epoton<10'9€ eV
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Cosmic Ray Proton Interactions

For Epoton<10'9€ eV
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Threshold Energy- Proton Pair Production
(Ep + Ev)z — (Pp — Ev)z = (mp + 2me)2

mg +2E,E, + 2p, B, & mf) + 4m,me

o 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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Cosmic Radiation Fields- Energy Density

CMB Dust Stellar
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Cosmic Radiation Fields- Number Density
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+ CMB- Total Number Density

dn 87 63 GO et T

defy (hC)3 ee’V/kT — ]_ — 102
£

L. 10!
%>'

n, - = 3 dx u,

(hc) o €e*—1
1072

10

SW(kTCMB)3
(hc)?

LHSMB — 87 (k,](j}?é\;[f) v(3)¢(3) ~ 400 cm ™ *® J

~ 170 cm™°
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CMB- Total Energy Density

pBBZSW(kT)‘l /OO x93 dx
v (he)3  J, ex—1

{pCMB = 87 (kTCMB)47(4)§(4) ~ 0.25 eV cm?’}
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Energy Loss Rates due
to Proton Interactions

o m12>04/ 1 dn [2Ee/(mpc? )d @K
= € 6 O' €
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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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Energy Loss Rates due
to Proton Interactions

R m?c* /OO 1 dn [2Ee/(mpc?) 4 & oo (@K
= €Eny— T €€ Op~ (€
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....with Different IR Backgrounds
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....with Different IR Backgrounds
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Photo-Pion Production Rate

m2c? o0 1 dn 2Ee., /(mpc?)
R = 2E2 / 676—2d—€7 i de’ el opy (€, ) Kp
Y

Assuming the cross-section is

approximately:
e <E—-A

Opy(€y) =0 & > E+ A

Opy(€y) =0py E— A< ev <E+ A

Where 0py =0.5mb, E =300MeV, A =100MeV 17
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Photo-Pion Production Rate
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+ Photo-Pion Production Rate

R(F) ~ ngoq /Xz(F) (X2 — X1 (F)2)

dx+
x1 (T e —1

/ *©  (x3(T) —xi(I))

NNgO0o

xz(l") eXx —1

R(T) ~ - [ (14(3, x2(I) — %(3, x1(I)) — x1.(T)2 (35(L, x2(T)) — (1,1 (T))) +

lo
x2(I)?(1 — %(1,%2(T))) — x1(T)*(1 — 71(1,x2(T))) ]

71(3,%x) =2 — (2 + 2x + x?) exp(—x) 7(1,x) =1 — exp(—x)

R(T') =~ — [e_xl(l —e T +x1(1— 2e‘x1))]]
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-+ Photo-Pion Production Rate:
Blackbody Interactions

Xz(I‘) 2 . I‘ 2
R(F) ~ Il()O'()/ (X XX1( ) )dX
Xl(F) eXx —1
/O@ (x3(T) —x3(T))
NNo0o x
Xz(F) eXx — 1
2 —X —X —X
[R(I‘)%l—[e 1(1—e 7 +x1(1 — 2e 1))}}
0
(E . A)mp 1020.5 eV
Where, 1o = 10 Mpc X1 —

~ 2kTcmsE,  E,
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Photo-Pion Production Rate:
Blackbody Interactions

With, kTemg ~ 2 X 1074 eV
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Cosmic Ray Nuclei Energy Losses
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Cosmic Ray Nuclei Interactions

For 10197 < E s 5, < 10202

eV
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Cosmic Ray Nuclei Interactions

Photo-disintegration-

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

'(A',Z')

n — p+e'+§;e
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Energy Loss Rates due
to Nuclei Interactions

R="—__F
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where R is the energy loss rate
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Cosmic Radiation Fields

Dust
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Cosmic Ray Disintegration
During Propagation

surviving fraction
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-
-

distance [Mbpcl
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Cosmic Ray Spectra
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Assumptions on Source Population

dN
Spatial Distribution / I (1+ 2)3 Zz< 1.9 \
dV ¢
motivated by star dN 3
: I (1+ 1.9 19<z< 2.7
formation rate dV ¢ ( )
evolution
\dC\I/N | (1+ 1.9)36! z/ 1.7 7> 27 /
C
Energy Distribution [ dN |
motivated by Fermi dE
acceleration theory Es max =(2/26)! Ere max

"HES OR'()$H+,-*$./,0"1*2"),$--$+#3,'1$ )$( $+4$],)#08,"."4)(5,

60*3,'&"7)#3,#"'337&%)(8 ds < (Cty! scat )
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DESY
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A Cosmological Distribution of

N oources
20 +
«.E N | Distribution of sources in a
Z, comoving volume
5 10 ¢
5
5|
. .
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Redshift 3
dVv . = 41" 2d" 25|
dz °
dl = = 5
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0
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Assumptions on Source Population

Spatial Distribution

[dC\I/NQ I (1+ 2)" J Z < Zmax

n=16,13,0,3

Energy Distribution

dN w ,

Ez max =(Z2/26)! Ere max

"H$ VR ()BH +,-*$./,0"1%2"), $--$+#3,'15,)$(.$+#$/ ¥) #0$,-".."4%)(5,
60*3,'&"7)#3,#"'3378*)(8  dg < (Cty ! scar )Y 2
*$5,#0$,3"71+$,/*3H1*OTH*"), &', 0%, 1"<*&'HS$/ #" 95,3, #*' ...,
YR T73,2".3" ) HE> 1$35)+$, " # | #1&,+"&$3,-1"&, #$&;"1". .,
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MCMC Likelihood Scan:
Spectral + Composition Fits

L(fp,fHe,fN,fSi,Emax 1! ) I

n=3 evolution result
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MCMC Likelihood Scan:
“Soft” Spectra Solutions

non2
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"I HE% & () &H (%

Similar conclusion arrives to by others (eg. ADD REF. TO KAMPERT ET AL.)

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| Value 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

N 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 11 1.33 +£0.41 0.6 0.64+0.44

1og10(-"3*’g—vm) 20554026 | 205 20524027 | 202 20384025 20.16 4+ 0.18

Flatter spectra preferred for
negative source evolution

DESY

Hard spectra preferred for source
evolution following that of the SFR
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An Analytic Description of these Results
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Differential Equation Describing System State

DESY

oLl s
— " fegd =1 " fgsP
54 54
1
+ l's561 54 + $ 0 0% 0
1 ! I+ 1 4 0
l's61 55 551 54 l's51 53 $ (y((
, 1 [ 1 ! '54|1 53 + !54l152 +
156
fq(t) = Anfa(t)
n=4q 156
#$%& f ()=  Ane ', (0)
n=q
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Only Considering Single Nucleon Losses

! l's !155 O 0
=" !56!i 55 | !si!l 54 01 $
0 l's51 54 ! 541 53
and
156 !q!r?es!qu -
fq (1) = f56 (0)* 56 1 | | € 'n
n=g p:q('n . -p)
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Nuclear Cascade Description

Consider df_q . f_ _ fg+1
e."_tie%fq:f‘”1
N ot
f=e @ eld A dt
q+1

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

fra(t) _ 156 ) qul|56'q'2 o
fz6 (0)

n=q+1 p q+1(n- - )

38
DESY Andrew Taylor



Nuclear Cascade Description

Assume solution is true

fara(t) q+1'56'q'2 o
fs6 (0) n= g+ 1 p q+1(n- 1)
e f
fqg = e 'a e 'd IQ+1dt
q+1
fq (t) 156 o 56lal2 ¥ e '.
— EG — | — e'n | ce'
fse (0) > a1y tg
n=q+1 p=q+1\:N P

Since fq(0)=10

56 [ 1 1 39
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+ Nuclear Cascade Description

|56 56! q! 2 |56 56! g! 1 .
fq(t) . 11 !n q '_tl . 1] !q!n q I—t
e'n! e d
56 (p! 1p)
n=q+1 p=q\-h- *p

f56 (0) n= g+ 1 giq(!n! 1b)

fot) _ 70, late® 0t e

fses(o)_n:q giq(!”! 1b) B

These are equivalent if:

156 56! g! 1 | 156! ql1l
1 !q!n q — 11 .q.q
56 — 56
n=qg+1 p:q(!n! 'p) p:q(!q! 'p)
Consider:
W2 X2 y2 Z2

W W ! YW! 2 X W yx! 2 5wy ! 0! 2 ! wyz! L Y)
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+ Nuclear Cascade Description

156 561 q! 1 | 156! q!1
1] !q!n q — 11 .q.q
56 o 56
n=qg+1 p:q(!n! Ip) p:q(!q! lp)
Consider the case
W2 X2 y2 | Z2

WT W YWl 2) I wxl X! 2 G wy! Oy! 2 @ wz! x)z!y)

1w w2 w3
il X X2 xzi - 0
1y yeoy4
1 z 722 Z2!
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Cascade of Nuclei Through
Species- single nucleon loss

'(&)%*&+),%(*-./%&H#0*12)#./1*/%32(&4**
5).8&4%/6%78*2& 7). A& Y%)#(.&*62/(%4*3(,7,"*
(HP**<&+),%2/*3244=*

T56—55 ~ T55—54eee

>/*#$%*)24% T56—55 — T55—540¢

f . t(q'mam—Q) —t/Tq 0 0

;= Tq(qmam_q)!e - (9R@2(44%NA(,,24
#"'B%*1+&)#(.&C*
<+4%T*#.*7%4)/(1%*2(/*4%.:%.
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Cascade of Nuclei Through Species-
Comparison of Approximation

U2 I &D*: (HE*>%o&knax = 56

— I 1
f50 - Full Expression
Gaisser-Hillas --------- _

A=50
A=40
A=30

fa0 =

A : o
J30 = g = 7o

400 600 1000

Distance [Mpc]
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Composition — an Excellent Probe of the

Local Source Distribution
(if you know the source composition)

H—0—0—0

EFF*GB)
HFF*GB)

>

IFF*GB) .
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27 81 243 Mpc

Local Scales Effect Highest Energies

DESY.

E2dN/dE [eV cm™@ s sr']

—
=
w

(logarithmic scale)
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E . o=t 021 eV Monte Car!o

L alie Analytic --------

10 100% lron '
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End of Second Lecture

46
DESY. Andrew Taylor



+

CMB- Total Number Density
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+ CMB- Total Number Density

o Wy
XII e! XXH

ex!1 1 11 gl x

1
CDZ

1
m:
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+ CMB- Total Number Density

” (KT )3,
n/® = 8l (hoys (3#3)
n
xX| 1dx: e ™ x"Ndx
ex | -
Let y = INX
N . P, F, 3
X dx = ey L g L
ex! 1 - m m
x N " 1 = oy )
eXlldx: 1m”+1 y'edy =!I(n+ 1)"(n+ 1)
m = 49
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Threshold Energy- Proton Pion Production

(Ep+ E1)?! (pp! Er)*=(mp+ m-)?

mg + 2E,E, + 2p,E; ! mg + 2m,m-

135" 108
AL 0.9" 10° = 102 eV

Ep! ——m
T 2B P 2" 6" 104
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Comparison of Analytic and
Monte Carlo Results

10000 ¢ : ;
: Monte Carlo 3
—_— i e Analytic - ]
"-L
w
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T —
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