Lecture Plan

1) Cosmic Ray acceleration- accelerated
spectrum, efficient accelerators, nuclei friendly

PROBLEMS

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

PROBLEMS

3) Cosmic Ray propagation through Galactic
and extragalactic magnetic fields
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COSMIC RAYS: High Energy
Proton and Nuclei Interactions
During Propagation
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Cosmic Ray Proton Energy Losses
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The Interaction Rate
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The Interaction Rate

do
- | .
R = / dey dev 2d((:os e)dcose( 5 cosf)
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Since,
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Cosmic Ray Proton Interactions

For Eo1on<10'%¢ eV
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Cosmic Ray Proton Interactions

For Eo1on<10'%¢ eV
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Cosmic Radiation Fields- Energy Density

CMB Dust Stellar
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Cosmic Radiation Fields- Number Density

v [HZ]
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CMB- Total Number Density
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Energy Loss Rates due
to Proton Interactions
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Energy Loss Rates due
to Proton Interactions
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Energy Loss Rates due
to Proton Interactions
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....with Different IR Backgrounds
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Interactions of Cosmic Ray
Protons with CMB:

Pair Creation- EW ~ 1 MeV
P+Y—>pte +e

Photo-Meson Production-

Egh~140 MeV
p+y—n+a/p+n’ T e

n—p-+e -+
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Threshold Energy- Proton Pair Production
(Ep + Ev)z — (Pp — Ev)2 = (mp + 2me)2

mIz) +2E,E, + 2p, E, & mrz) + 4m,me

o 0.5 x 10°
E, ~ —m, ~ 0.9 x 10° = 8 x 1017 eV
E, 6 x10—4

Repeat this calculation for pion production

16
DESY Andrew Taylor



Photo-Pion Production Rate
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Photo-Pion Production Rate
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Photo-Pion Production Rate
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Photo-Pion Production Rate
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Photo-Pion Production Rate

With, kTemp ~ 2 X 1074 eV
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Where 1() is 5 Mpc and X1




Photo-Pion Production Rate

With, kTemp ~ 2 X 1074 eV

Where

DESY
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Cosmic Ray Nuclei Energy Losses
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Cosmic Ray Nuclei Interactions

For 1097 < E , ;< 10202
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Cosmic Ray Nuclei Interactions

Photo-disintegration-

N — N+ (ZZ)p + (A-A+Z-Z)n, E, ~30MeV

az)FY (w.2)

n — p+te+v,

25
DESY. Andrew Taylor



Energy Loss Rates due
to Nuclei Interactions
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Cosmic Radiation Fields

CMB Dust Stellar
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Cosmic Ray Spectra
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Assumptions on Source Population

/N

~

Spatial Distribution dVe x (14 Z)3 z <1.9
motivated by star dN 3
: — 1+1.9 1.9<z<27
formation rate dVc < ( )
evolution
\dd\lf\f x (141.9)3e /17 z>27 /
C
Energy Distribution dN
[ x E7¢ exp[—E/Ez,max]]
motivated by Fermi dE

acceleration theory Ez max = (Z/26) X Ere.ma

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

This amounts to assuming: dgs < (CtygAscat )’ 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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A Cosmological Distribution of

T\ oources
ol | Distribution of sources in a
comoving volume
dV. =4my“dy
dx

DESY. Redshift



Do Protons or Nuclei Fit the

Data?
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Assumptions on Source Population

Spatial Distribution

dN
- 1 n Z < Zmax
[dVC > (1+2) ]

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

dN
[ x E7¢ exp[—E/Ezymax]]

dE

EZ,max — (Z/26) X EFe,max

Note- magnetic field horizon effects are neglected in the following.
This amounts to assurging: (CtH)\scat)l/z

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

DESY Andrew Taylor



MCMC Likelihood Scan:
Spectral + Composition Fits
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MCMC Likelihood Scan:
“Soft” Spectra Solutions
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MCMC Results Table

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
fp 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
fN 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
loglo( EFZ'\’,““ 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
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An Analytic Description of these Results
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Differential Equation Describing System State

d f56 f56
a f55 = A f55
f54 f54
(_ (7'561—>55 ™ 7’561—>54 ™ ) 0 0
A= 7‘561—>55 B (7'551—>54 T 7‘551—>53 T ) 0
\ 7'561—>54 7551—>54 - (7541—>53 7541—>52
by Z Anfa

then  fy( ZAne Antg (

DESY (where A, values are set by the initial conditions) Andrew Tayfc9>r




Only Considering Single Nucleon Losses

_7'5f1—>55 0 0
_ o
A = T56—55 7‘5i3—>54 01
O T55—54 B T54—53
and
o0 Tor26—a-1 ¢
fq(t) — E f56(0) 56 € "n
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Nuclear Cascade Description

Consider dfy N fq  fqa
dt 74 Tqi1
e(;_;)i e(%)fq — fq+1
dt Tq+1
£, = el7) /e( ) far g4
Tq+1
Assume solution is true for q, apply to g+1
fq+1(t) i Tqr1Tol 972 ¢
_ e
f56(0) n—=q+1 Hp q—|—1( Tp)
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Nuclear Cascade Description

Assume solution is true

56 o
foq+1(t) _ Z Tqr1Tol 972 ¢
f56(0) n—qt1 Hp q41(Tn — Tp)

56 56—q—2 I -1 _
fq(t) _ S Tn (l_l) e | — cema

56 42
Hp:q(Tn_Tp)
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Nuclear Cascade Description

folt) _ y~ _m e N _mnt
fos(0) 56 —_\°"™ 56 e
56 n=q-+1 Hp:q(Tn TP) n=q+1 szq(TH o TP)
fq(t) >0 TqToo 9t e

n:qIIp:q@hf_7b)

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 - ZZ
W—XW-y)w-2  x-wx-yx-2 y-WE-00-2 (@-wE-xEz-y
DESY
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End of Second Lecture
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CMB- Total Number Density
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+ CMB- Total Number Density

PP — 8 (3 J
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CMB- Total Number Density

PP —8r (33

[ a3 [eman

Let y = mx
X" — [y (Y\" (Y
BRI
/ex—l = mz_:l/e m m

/ " dx = > mi+1 /Y”e_ydy =70 +1)¢(n+1)

eXx —1
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Threshold Energy- Proton Pion Production

(Ep + Ev)z — (Pp — E7)2 = (myp + mﬁ)2

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

W 135 x 10°
Ep% m mpm<

0.9 x 10° = 10%° eV
2E, 2x6x104
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Photo-Pion Production Rate

I /xm (x2 — x1(T)?)

dx+
X1 (I‘) ex —1

nar [ CHD) D)

2(I‘) ex — 1

R(T') ~ % [ (13(8,%2(T)) — 71(3,x1(T))) — x1(T)*(%(1,x2(T)) — %(1,x1(T)))+

x2()*(1 = 7(1, x2(T))) — x2(T)*(1 — 7(1,x2(T))) |

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

o6 56—q—1 56—q—1

Tq Th L Tq Tq
2 : B 56

56
n—=q-+1 Hp:q(Tn o Tp) Hp:q (Tq o Tp)

Consider the case

W2 X2 N y2 _ Z2
(W-—x)(Ww-—y)(w—2z) x-w)(x-y)x-2z) (Y-w)(y—x(y—2) (z—w)(z—x)(z—Yy)
1 w w? w?
1 2 2
T x2 x2 _ 0
L v vy y
1 2z z2 2
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Integrating Out the Time Variable of
the Green’s Function

2

dN(t) e~ aDt

d3r  (47Dt)3/2

d >~ dIN(t
0

dr d3r
2
r
et —
T 4Dt i
3/2 3. -3/2 _ r
(4Dt)3/2 = 3% 3/ dt = _4Dx2dX
% — 1 /OO x 1/2e7*dx .
dr (7‘-)3/24]:)1‘ 0 Andrew Taylor
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INTERACTION OF ULTRA-HIGH ENERGY COSMICT RAYS
WITH MICROWAVYE BACKGROUND RADIATION

F. A, AIIARONIAN!, B, L. KANEVSKY?, und ¥. V. VARDANIAN'

{Reccived 18 October, 19589)

Alstract. The [ormation of e ‘bump’ vad the *olack-bady ¢ntoll’ in Lhe cosmic-ray (CR) spectrum asising
feom the smesan phatoprocinction renction in collisions of UTTE CR protons with she microwase
background radiatinn {MRBR) is stndied. A kinetic oquation which deserihes CR proton propagation in the
MER with acconnt. of the catastrophic nature of the w-mesan phatoproduction process is derived. The
cquilibrium CR preten spectrum ohtained from the solution of the stetionary kinetic equalion is in gencrel
agreement with the spectrum obtained under sssumplion of the conlimuous enenzy loss spproximation.
Ylowever, the specira from puint sources nuliceably Jiller rom thase obtained io the coaticnous loss
approximation. Boti, the equilibrivm and the point source spectra are modificd when taking into accaunt
the passible deviation nf the MBR spectrum “rom ¢the Planckian onz in the Wien region. Thus, for the
reecntly measured MBR spectrum, which roveals an cesential ‘cxecss’ in the submillimeter region, the
‘blavk-body cutolf® and the preceding ‘bump' shift lowsrds Jowers enenges,

1. Iniroduction

The ultra-high energy cosmic-ray (CR} interaction in the intergalactic space with the
microwave background radiation (MBR) gives rise to a. ‘black-hody cutofi” of the CR
spectrum predicted more than 20 yeurs ago (Greisen, 1966; Zatsepin and Xuzmin,
1966). Unfortunately, the available experinental data do not allow us to draw an
unambiguous conclusion concerning the presence or absence of such a spectral
peculiarity (see, e.g., Watson, 1985). At the same time, in the cncrgy range £ = 101° ¢V
the Fly's Tye has detected some excess (a ‘bump’) in the spectrum (Bualtrusuitis ez af,
19%3), which agrees with the cvidence obtained by Haverah Park (Cunningham ef af.,
1980}, Velcana Ranch (Linsley, 1985), and Akcno (Teshima ef al. , 1987) groups to a
tendency of spectrum faticning in this coergy region. With a lesser confidence this
peculiarity is also revealed in the data of Yakutsk (Khristianscn, 1985) and Sydney
(Winn er al., 1985) cxicnsive air shower (LAS) arrays.

14l and Schramm (1985), cxamining the UILE proton transfer in the MBR ficld,
arrived at a rather important conclusion that due to the pion photoproduction process,
besides the ‘black-body cutoff”, there is also lormed u ‘bump’ (preceding the culoll). The
latter spectral peculiadty is appurently due 10 a sharp (exponential) energy dependence
of the proton-free path {owing to the threshold nature of the yp — & process, protons
with energy E < 10" eV interact only with the Wien ‘tail' of the MBR spectrum).
Protuns with coergy E = 5 x 10" eV effeclively imteract with the MBR, deposil energy

' Yerewan Physics Insijtute, Armenia, U.5.8.R,
# Tnstitute of Nuclear Physics, Moscow State University, US.S.R.
* Deceased, Aupust 13, LUSS,

Axtrephosics and Space Scence 167: 93-110, 199U,
© 1990 Klwvaer Acadenic Peblishers, Printed in Belgiun:,
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of this equation we presenl in the [orm of an iterative serics
FE = g e T 1 g(E) [ drf e~ “-CVI 4R (B D). (A2-2}
o
where Fy(E, 1) = ¢(#) e~ " is the inilial approximalion for the spectrum. For numerical
uleulutions it is convenient to pass to a new function f(E, #) usinyg Lhe replacement
FE, 1) = g(E)f(¥,1). (A2-3)

Then [or f(E, t) we obtain a solution in the form
£ 1) - e +J ar e A (E D), (A2-4)

n

where the integral term is

5 &r [
Aibses | oot ot e, x
0
LRSS ] P
® dz z¥*! f(Ef=, [—hl(l - (——w’; )J:], AZ-3
(j R wp -5 )| a2

where =, and ¢ are deteriined by the expressions (11).
In lhe coergy region £ =3 x 10P9¢V the integral term may be approximately
presented as

Af = fEizgy 075 iz}, (A2-6)
where
2y = 1= fl&). (A2-T)
The the solution for the function f{E. ?) can be presented as
fE D=3 ze-b v exp(~ 17)%i% " (A2-8)
w—0 gm0 2
IT [1 7k:"!,]
K
where
T=1(Ez) T, = (E). {A2-9)

The MBR deviation from the Plunckian spectrum (in case of its approximation by
the comptonized black-body radiation spectrum (14)) for the proten speclrum from a
point source, can be luken into account just like in casc of the equilibrium proton
spectrum (sec Appendix 1),

@ Kluwer Academic Publishers « Provided by the NASA Astrophysics Data System
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Injecting a 10°°eV Fe Nucleus and Tracking the

Subsequent Nuclei-
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Comparison of Analytic and
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Conclusions

* The Pierre Auger Observatory is able to provide
much more than just the cosmic ray flux
measurement

* Due to the In E, dependence of X__ , excellent
energy resolution is required to pull out the
composition information

« The X __ and energy spectrum data collectively
can provide useful information about the source

injection spectrum and cutoff energy

* The propagation of nuclei can be easily
understood through the application of an analytic

description of the photo-disintegration process 55
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Cascade of Nuclei Through
Species- single nucleon loss

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

T56—55 ~ TH55—>54e0e

For the case T56—55 — T55—54

t(Qmaw—Q)

fq — — 'e_t/Tq
Taldmas =0~ o Gaisser-Hillas
type function!
DESY (used to describe aer&ha@w&rs)




Cascade of Nuclei Through Species-
Comparison of Approximation

Starting with Fe, gmax = 56

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

A=50 ———
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fa0 =

fao = g ° | [N
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Distance [Mpc]
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Composition — an Excellent Probe of the

Local Source Distribution
(if you know the source composition)

500 Mpc 58
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Local Scales Effect Highest Energies
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