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The observation of air showers from elementary particles with energies exceedireVlposes a puzzle to
the physics and astrophysics of cosmic rays which is still unresolved. Explaining the origin and nature of these
particles is a challenge. In order to constrain production mechanisms and sites, one has to account for the
processing of particle spectra by interactions with radiation backgrounds and magnetic fields on the way to the
observer. In this paper, | report on an extensive study on the propagation of extragalactic nyelegesand
electrons in the energy range betweef ¥ and 18° eV. We have devised an efficient numerical method to
solve the transport equations for cosmic ray spectral evolution. The universal radiation background spectrum in
the energy range betweenl0 ° eV and=10 eV is considered in the numerical code, including the diffuse
radio background, the cosmic microwave background, and the infrared-optical background, as well as a pos-
sible extragalactic magnetic field. We apply the code to compute the particle spectra predicted by several
models of ultrahigh energy cosmic ray origin. A comparison with the observed fluxes, especially the diffuse
y-ray background in several energy ranges, allows one to constrain certain classes of models.
[S0556-282198)07916-8

PACS numbes): 98.70.Sa, 98.70.Rz, 98.80.Cq

I. INTRODUCTION tinguish between two broad classes of models: Within accel-
eration models, charged primaries, namely protons and
Shortly after the cosmic microwave backgrouf@VB)  heavy nuclei are accelerated to very high enerfi€s2(Q in

was discoveredll] it became clear that this universal radia- a “bottom-up” manner. Preferred sites are large-scale astro-

tion field has profound implications for the astrophysics ofphysical shocks which occur for instance in radio galaxies

ultrahigh energy cosmic ray$JHE CR) of energies above [21]. Even in these objects it seems hardly possible to accel-

10'® eV. For nucleons the most profound effect is photopro-grate CRs to the required energiiéd,22,23. Recently it has

duction of pions on the CMB. Known as the Greisen-gjso been suggested that acceleration of UHE CRs could be

Zatsepin-Kuz’r_nin(G_ZK) “cutoff” [2,3],_this effect leads to  5550ciated with cosmological gamma-ray buréBRBs
a steep drop in their energy attenuation length by about Po4—26. In the second class of so called “top-down” mod-

9 .
factor of 100 at around 8 10*° eV which corresponds to the ¢ charged and neutral primaries are produced at UHESs in

lfhe first place, typically by quantum mechanical decay of

i . . supermassive elementary X particles related to grand unified
energies above about eV are photodisintegrated in the theories(GUTS). Sources of such particles at present could

field of the CMB within a few Mpc[4]. One of the major : .
unresolved questions in cosmic ray physics is the existenc%e topological defect¢TDs) left over from early universe

or non-existence of a cutoff in the UHE CR spectrum at aphase transitions caused by the spontaneous breaking of

few 10° eV which, in the case of extragalactic sources,SYMMetries underlying these GUT&7-34. The injection

above this threshold is about 10 Mpc. Heavy nuclei with

could be attributed to these effects. 'spectra in top-down models tend to be considerably harder
Therefore, there has been renewed interest in UHE ciflatten than in acceleration models. ,
research since events with energies exceedirff €@ have The issue of the particle identity of the UHE CRs is not

been detected. The Haverah Park experinj@ftreported —fesolved completely yet. The Fly's Eye analy$gj sug-
several events with energies near or slightly abov® @9,  gested a transition from a spectrum dominated by heavy nu-
The Fly’s Eye experimeri8,9] detected the world’s highest clei to a predominantly light composition above a few times
energy CR event to date, with an energ@x 10 eV. Near 10 eV. However, this has not been confirmed by the
the arrival direction of this event the Yakutsk experimentAGASA experiment36]. On the other handy-rays as the
[10] was recorded another event of energyt.1x 10°° eV. UHE CRs had been usually disfavored on two grounds. First,
More recently, the Akeno Giant Air Shower ArréxGASA)  the shower profile of the highest energy Fly's Eye event
experiment[11,12 has also reported an event with energyindicates that it may be inconsistent withjaray primary
1.7-2.6x107° eV. At present, It is unclear whether these [37]. Also, some models that impliegray primaries often
events indicate a spectrum continuing beyoné& Y with- predict UHE CR fluxes that are too small to be dete¢&3].
out any cutoff or the existence of a cutoff followed by a However, neither arguments are definitive yet, because the
recovery in the form of a “gap” in the spectrufi3]. shower development in the atmosphere depends sensitively
There has been much speculation about the naturen parameters that are rather uncertain such as the strength
and origin of these highest energy cosmic rdf#ECR9  and the orientation of the geomagnetic field. There is also a
[14-18. Concerning the production mechanism one can dissuggestion that the Fly's Eye shower profile may be incon-
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sistent even with a proton primafg9]. the extragalactic magnetic fieldEGMF). We hope that an
Other options discussed for the nature of the HECRs inapplication of the general framework presented here under

clude heavy nuclei and even neutrink®7]. Heavy nuclei different assumptions for such parameters could in turn pro-

have their own merits because they can be deflected consiide some insights into their actual values once the UHE

erably by the galactic magnetic field which relaxes the”'ra‘ly flux ishknownh t?j scf)me_ ac%uracy. Tgis would be in
source direction requiremenf8,11]. In addition, for shock ~2nalogy to the method of using Tey-ray observations to
acceleration, heavy nuclei can be accelerated to higher teconstram or detect the universal infrared-optical background

. . . 56]. In previous work54] it is shown that, depending on its
minal energies because of their larger charge. However, o rength, the large-scale EGMF could produce a feature in

should note that the range for heavy nuclei is limited to a few,q y-ray spectrum which might be observable in the future.
Mpc as mentioned above. Neutrinos, on the other hand, do Finally, the study of high energy cosmic anetay propa-

not lose much energy over cosmological distanei41,  gation can place stringent constraints on the nature and ori-
but by the same token the probability for interacting in thegin of UHE CRs. Such constraints can be obtained by com-
atmosphere is small. Attributing the HECRs to neutrinosputing the propagation modified spectra especially of lower
would therefore require a neutrino flux at UHEs which is energy y-rays expected within a certain scenario and com-
much higher than the observed CR flux at the same energieparing the predictions with the observed flu{é®,57,58.
This poses severe constraints on the possible sources fét UHEs there are some experimental prospects to distin-
these neutrinop42]. In addition, neutrinos would give rise to guish y-rays from other primaries in the future, possibly
predominantly deeply penetrating showers in the atmoeven on an event by event bagi®]. This would allow com-
sphere. paring not only the total fluxes of UHE nucleons, heavy nu-
The initially produced spectrum of UHE CRs is modified Clei, andy-rays, but also their composition with model pre-
during their propagation. There are many studies on nucleoflictions. _
propagation in the literature using analytif4B—44 as well This motivated the present comprehensive study of propa-
as numerical approachgs7,47—49, and the propagation of 9ation of y-rays and nucleons and its application to models
heavy nuclei has also been considefed. This was mainly ~ Which attribute UHE CRs to top-down mechanisms within
motivated by the conventional acceleration models whicH>JT-Scale physics or associate them with cosmological

- - burst§GRBS. We explore the energy range of
usually predict UHE CR fluxes to be dominated by theseJamma rays !
particles. However, secondasyrays and neutrinos can also L°<E<10** eV. The low end is chosen such that we can

. draw constraints by comparing the propagated spectra with
be produced, for example as decay products of pions createe isting measurer%/ents pof tr?e diﬁ%sgra%/ background

by interactiong with variou_s radiation backgrquno_ls at the, . ind 100 MeM[60—62. The high end is chosen beyond
source or during propagatiop#8]. Under certain circum- o highest CR energies ever observed and reaches the typi-
stances their flux can becpme comparable with the primary,; cUT scale energy, enabling us to study top-down mod-
flux [50]. Furthermore, within TD modelg-rays are ex- g|s. We include not only the CMB but also the diffuse radio
pected to dominate to begin wiffb1]. A study ony-ray  packground which plays a big role at the highest energies
propagation in this context has been performed recentlyng the infrared-opticalR-O) background which influences
[52,53 using a quantitative treatment on the cascade initiyhe flux at somewhat lower energies. We also include the
ated by UHE photons. In my opinion, however, it suffersEGMF as a free parameter. The propagation of nucleons is
from several unrealistic assumptions with respect to the inyiso studied with special emphasis on the production of sec-
jection scenarios considered. We improve on their treatmeryngary y-rays, electrons, and neutrinos.
of the propagation ofy-rays. Apart from that, we find three  The rest of the paper is organized as follows: In Sec. I,
reasons to explore UHE-ray propagation in more detail in \ye present the general ingredients of calculating the propa-
this paper: o gation of extragalactig~rays and nucleons. We discuss the
First, due to the absence of threshold effects similar tqqje and nature of the low energy photon background and the
photopion production which causes the GZK “cutoff” for egMF, and explain in detail the numerical method used in
nucleons, Bhe/—ray spectrum is not expected to have a breakso|ying the transport equations. Section 11l is devoted to the
around 16° eV. Furthermore,y-rays can generate electro- treatment of the relevant interactionspfays and nucleons.
magnetioEM) cascades while propagating rather than beingye compare our analysis with other work in Sec. IV. Section
absorbed right away. UHE electrons produced by pair proy giscusses the generic forms of the injection spectra and the
duction upscatter background photons and transfer most afyyrce distribution for a typical top-down model and the
the energy back to photons. This effect considerably inGRB scenario. Results and constraints from the spectra pre-

creases the effective energy attenuation length of the “casgicted at Earth are presented. In Sec. VI, | summarize the
cade” photong54,55. At a few times 16° eV this attenua- findings and discuss future prospects.

tion length may be even greater than that for protons which
drops precipitously at the threshold for photopion produc- Il. FORMALISM
tion. Extragalacticy-rays could therefore have some poten-
tial to produce a recovery beyond the GZK “cutoff.”
Second, in contrast to the case of nucleons, the propaga- UHE CRs undergo reactions with the universal diffuse
tion of j-rays is presently fraught by certain ambiguities radiation backgrounds permeating the univef68]. The
which are mainly due to uncertainties in the intensity of themost relevant among them are the CMB, and the radio and
universal radio background and the strength and spectrum ¢R-O backgrounds.

A. Radiation backgrounds
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Photon primaries of energi can be absorbed through . c , [ ap
pair production with a background photon of enekgy (c i(e2)=-(1+2) f (1+2)
=#=1 throughout 0 z
m2 1 X ® 7 Nc(z")dz 4
€ z')dz'.
E>Ethz?e=2.611><1011(m) ev. (1) o\ €15z e

Therefore, for a typical CMB photone(-10 3 eV) the  The background photon number density is then obtained
threshold energfy, is ~3x 10" eV, whereas for a typical from the relationn(e,z) =4/c-j(e,z). Note that it is im-
radio photon ¢<107° eV) the threshold is=3x 10" eV,  portant to self-consistently derive the background in this way
thus affecting UHEy-rays. Furthermore, since the pair pro- rather than following the often-used approach of assuming a
duction cross section peaks near the threshold, pair produgy,rent background photon distributiomg(€), and then ex-
tion on the radio background dominates over pair productioqrapmaﬂng it back to higher redshifts via the formula
on the CMB in that energy range although the number denh(e,z)=(1+z)2n0[e/(1+z)]. While easy to implement,
sity of radio background photons is much smaller than th‘z&his approach is only valid for a truly primordial background

of CMB photons. On the other hand, the IR-O backgroun ) )
affects the lower energy photons for the same reason. T é)rmed at extremely high redshifte.g. the CMB and can

. : ) : ead to misleading results if one is not careful.

gggj? ilng_oigglgs_rosdil;fitlgl]y?{]h;hgc:rl?tr%uaﬁ)cnkgoﬁﬁgdllg?g a The role of the I.R—.O background in determining 'Fhe !evel
background to the total photopion production rate by proton&f the cascade radiation background belew TeV which is
is not negligible in the lower energy range£ 10 eV). the dl'ffuse'y-ray backgrc')u.nd due to cascades by CRs was

All these backgrounds evolve with tim@.e. redshifj, examined in more detail in Ref64]. Even for rather ex-
cooling with the expansion of the universe. However, on topiféme assumptions for the IR-O background, the cascade
of it, the radio background and the IR-O background evolvedackground level typically does not vary by more than a
due to the evolution of the respective sources. The evolutiofctor of a few. Accordingly, for this paper we have chosen
of the radio background is tied to the evolution of the radioto adopt a simple, “middle of the road” model for the for-
sources such as radio galaxies, and the evolution of the IR-@ation of the IR-O backgroung discussion of the various
background to that of normal galaxies. Treating the evolutiorpossibilities can be found in Ref$5,66). We assumed that
of these backgrounds carefully is important if we are to gothe dominant contribution to the IR-O background comes
back to the redshift where there existed not many of thesérom ordinary galaxies which formed early in the universe, at
sources £=5—6). The flux of an isotropic radiation back- z=5. The typical galaxy was assumed to have a spectrum
ground component produced by an ensemble of identicdlke that of the 5 Gyr disk galaxy spectrum shown in Fig. 4

sources is given by the following relation: of Ref.[67], which has a component peaking=atlL xm in
wavelength due to direct emission from stars and a second
i Zf1+z\3 1+27' component peaking at 100 xm due to reprocessing of the
ie2)= JZ 1+27' €147 'Z’> starlight by interstellar dust. The combined number and lu-

minosity evolution of the galaxies was taken to go as (1
1+7" ¢ 147" -5245 5 +2)7, i.e. most of the background was produced in a strong,
1+z H_o( +7') z, 2 initial burst of star formation in the galaxies, and the inten-

sity of their emission was adjusted to give an optical back-
ground density today afi,==2x 102 cm™?.

For the present diffuse extragalactic radio background
spectrum we use the estimate given in HéB] (see also

the initial redshift when the sources begin to appésy,is . )
the Hubble constant, arfi(e,z) is the production spectrum Refs. [63'6%.' This spectrum can be parame;nzed by a
power law with a lower frequency cutoff for which we use

of the relevant backgroundn units of number of back- f | . h buli hi
ground photons per volume per time per solid angle per entc= 2 MHz. Qne can also estimate the contribution to this
ergy) at redshiftz. Throughout this paper we assurhg background in the power law regime caused by radio galax-

=75km sec!Mpc! and a critical density universé.e. @es. We did that l_Jy inse_rting the inje_ction_fllslx(e,z) result-
Qo=1) for simplicity, but we keefH, in the formulas to ing from the radio luminosity function given by E7) of

Ref. [70] into Eq. (2). The intensities resulting a=0 are
show the dependence. If we assume that
P within a factor=2 of the estimate given in Ref68]. We

3 adopt the functional redshift dependence for the power law
®(€,2)=Po(€)(1+2)°Nc(2), 3 regime following from this calculation and normalize it to
the present intensities given in R¢B68]. In addition, we
where ®y(€) is the typical intensity spectrum of an indi- assume a redshift-independent lower frequency cutoff. at
vidual source and\.(z) is the comoving density of the =2 MHz.
sources as a function of the redshift, E2). may be rewritten The combined radiation spectrum a0 used in this
as paper is presented in Fig. 1. In Fig. 2 we pM{i(2), i.e. the

X

where j(e,2) is the radiation flux(in units of number per
area per time per solid angle per energy redshiftz, z is
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C Synchrotron radiation is much more straightforward to
100 L _ consider than deflection. The synchrotron loss rate for a
E 3 charged particle with mass, energyE, and chargeje (e is
i ] the electron chargesubject to a magnetic field of strenggh
10 - is given by[71]
_E 3 dE 4 B? [gqm.\‘ E\? .
ot ] A 378 m ) \mg) ®
e 1F 3
- F 3 where o is the Thomson cross section, ang is the elec-
T B - tron mass. Here, the average over random magnetic field
v o E — orientations was taken. Synchrotron loss influences the elec-
E 3 tronic component of the cascade most strongly in the UHE
B N regime[54]. On the other hand, at a given energy the syn-
01 k- - chrotron loss rate for protons is much smaller than that for
E 3 electrons because the loss rate is proportionaht6. Thus,
i ] for protons synchrotron loss is completely negligible for the
001 energies, magnetic field values, and distances we consider in
771070 10 107 107 107° 107 107 1072 107 10° 10'  this paper.
The relevant synchrotron power spectrum radiated by the
€ (eV) electrons is given by71]
FIG. 1. The universal background radiation intensity spectrum 3
S ) r dP V3 e°B
at z=0 (solid line) used in our model. The separate contributions —=5—— G(E,/Ey), (6)
from the radio(short dashed line the IR-O (long dashed ling dEy 27 me
background, and the CMRBlotted ling are also shown.
where
effective comoving densities of radio and IR-O sources .
whose luminosities are normalized &t 0, as functions of G(X)Exf 1— (X&) 2K e £)dé )
redshift. X '
B. Extragalactic magnetic field and the critical energ¥. is defined as
The long range EGMF affects the propagation of CR par- 3eB | E,\? o4 E. |2 B
. X e ? M _ el ooy .
tlcles via synchrotron radiation and deflecti@r even dif Ec 2me ( e) 2.2x1 (1021 oV (10_9 G) eV
fusion).
8
T
1000 J The power spectrum peaks &,=0.2F.. The number
E spectrum, which is obtained by dividing E@) by the pho-
3 ton energyE,, is a monotonically decreasing function of
7 energy.
100 3 Deflection is another important factor when dealing with
3 the propagation problem in generfd@4]. The straight line
— propagation(SLP) approximation which treats the motion of
10 —= CR particles in one dimension fails if the effect of the de-
N 3 . . .
= 3 flection becomes large. The gyroradius of a charged particle
i with chargege and momentunp (energyE) is given by
1 =
E R=—" E 1.1} 10° L =
. 9 geB, qeB q\10%t ev
A = BL -1
3 X
\ E 0°G Mpc, 9
.01 whereB, is the field component perpendicular to the parti-

cle’s motion. Note that the EGMF deflects protons and elec-
trons by the same amount at a given energy once they are
FIG. 2. The effective comoving density of radio and IR-O relativistic. If the gyroradius of a charged particle is consid-
sources whose luminosities are normalized=ad, as a function of ~ erably longer than the source distance, the effect of the de-
redshift. This corresponds tN.(z) in Eq. (3). The IR-O source flection is practically negligible. On the other hand, if the
density is assumed to cut off a&5. gyroradius is comparable or shorter than the source distance,

1+2
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10000 C. Transport equations

We adopt a transport equation scheme to solve the propa-
gation problem. Since we have an EM cascade ensuing, it is
inadequate to use the simple continuous energy (G&1)
approximation which neglects non-leading particles. In addi-
tion, since particle numbers grow fast with time, using a
full-blown Monte Carlo calculation will require excessive
computing time. In this problem, using the transport equation
approach is very economical in terms of computing time as
well as sufficiently accurate. Previous work done by Prothe-
roe and Johnsofb2] uses a mixture of transport equations
and Monte Carlo techniques.

A sample transport equation for electrons which includes
pair production(PP and inverse Compton scatteriftCS)
can be written as follows:

1000

100

|||||rl'|

NIl
~

rll\: T ||||I"IL

N

<
NURLILLLL

\I |||||rr|

d
01 | ||||u,|] | |||u_|,|| | |||u_|,|] | |||u,|,|] | dt (Eeyt) e(Eeat)f den(e,t)

10" 10”7 10® 10" 10® 10

1_
E Y x [ du P s Eeven)
FIG. 3. Gyroradii(dashed linesand synchrotron loss lengths

solid lineg of electrons for various strengths of the EGMF in units
f)f gauss(g) as indicated. ’ +f dEéNe(Eé’t)f den(e,t)
the deflection ma J ~Per dG'CS
y not be neglected and one now has to keep X | du (Ee, L€ L)
track of the transversal motion, which makes the problem 2
much more complicated. However, if the sources are distrib-
uted homogeneously and isotropically throughout the uni- +f dEyNy(Ey,t)f den(e,t)
verse, then the influence of the deflection on the shape of the
spectrum becomes small. Although this is a purely math- 1—w dopp
ematical model, it is a good approximation for many realistic f dMT dE, (EeiEy em) +Q(Ee 1),

situations. On the other hand, if one considers the CR flux
from a single source, deflection becomes important. (11)
In the case of an EM cascade the propagating particle

basically alternates between a photon and an electron, amdhereNg(E,t) is the (differentia) number density of elec-

only electrons are affected by the EGMF. Therefore, the eftrons at energ¥, at timet, n(e,t) is the number density of

fective gyroradius of a cascade phot®jf can be expressed background photons at energyat time t, Q(E,t) is an

as external source term for electrons at enelfgyat timet, w is
the cosine of the interaction angle between the CR electron
and the background photop & — 1 for a head-on collision
and g, is the velocity of the CR electron. The terms describe

' (10 the loss of electrons due to ICS, the influx of electrons scat-
tered into the energy range due to ICS, the influx of electrons
produced due to PP by photons, and the external injection.

e . . ) The factor (- Beu)/2 is the flux factor. We define the angle

wh'ereRg is the elec'tron gyroradiug,, is the photon inter- averaged cross sectioR{E,e) and P(E':E,e) as

action length, and.. is the energy loss length for the elec-

tron. If the effective gyroradius is considerably shorter than 1

the source distance, the real spectrum would be very differ- R(E,e)zf du

ent from what one obtains by using the SLP assumption, and

below the energy where the gyroradius is comparable to the

source distance the flux is expected to be heavily suppressegnd

This point has been ignored in most of the work on CR

propagatior47,48,53. Figure 3 illustrates the gyroradii and 1-Bu do

the synchrotron loss rates of electrons for various strengths P(E';E,G)Ef du——s— —=(E";E,e,n). (13

of the EGMF. In this paper, the strength of the EGMF is 2 dE

assumed as a free parameter between 0 and ®as in

Ref. [54]. Then Eq.(11) is rewritten as

- L
Y~ RE _
R’=R L,

9 gl+

_2 R (e ), (12)
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thei-th bin E; and boundary valueg;_;, andE; ,,,,. And
grNe(Ee ) =— Ne(Ee-t)j den(€t)Rics(Ee,€) we replace the continuous integrals by finite sums, and inte-
grate Eq.(14) over one CR energy bin. Then we get
+f dE/NG(EL 1) g
—NK=— Né}j‘, Aein(e)Rids

dt
Xf dEn(E,t)PeJcs(Ee;Eé,e)
+Ei 2 NieAfjn(fj)Pg,lics
+f dE,N,(E, ) :
+2 2 N Agn(e)Pla+Q, (15
Xf dEn(E,t)Pe’PF(Ee;E,y,E) I !
+Q(Ee,t). (14 where N'=[YdENE!), RY=R(E(¢), P*

E i E

In order to solve this differential equation numerically, we EfEtjngP(E;Ei €1), QIEfE:fingQ(E’tL and Ag;
first bin the energies of the CR electrons, CR photons, ané€; ;1o € _1/2-
background photons. We divide each decade of energy into We adopt a first order implicit scheme to solve this dif-
20 equidistant logarithmic bins and call the central value ofference equatiofl5); i.e.

1 . . " .
ENE"'Ei#kszLAfjn(fj)Pg,lTCS+Ei,leyAejn(Ej)PleJ,kPP_l_ Q-
NK' =

: (16)

1 _ _
H+2jAejn(EJ)(Rl|(ch_ Pglice)

whereN¥’ is a solution advanced by a timest&p from N¥ . ) " "
Equation(16) can be understood as follows: the second term  (Ei+€)R" :zk: ExPe +§k: ExP)  (energy. (18
in the denominator corresponds to thet loss of the par-
ticles from bink. The second term in the numerator corre-
sponds to the neicatteredparticle influx into bink due to It is sometimes necessary to adjust the coefficients in order
scattering from other bins which conserves the particle spel® obey these relations. This stabilizes the calculation against
cies. The third and the last terms in the numerator describ@rowing errors due to discretization of variables.
the influx of the particles due to production by different par- 1N Ed. (16) the coefficient matrices are multiplied with
ticles and due to external injection. Various different inter-and summed over the background photon spectrum vector
actions can be included in this main equation according t@nd/or the CR spectrum vector at a given redshift in order to
the genera| scheme laid out above, inc|uding certain energ?dvance the solution. This procedure has the advantage that
losses which can be treated as continuous such as synchi@?€ can deal with an arbitrary evolution of the radiation
tron radiation for which we use a simple first order upwind backgrounds in time, which is important in this problem. If
scheme. one would integrate the background spectrum into the coef-

The |mp||C|t method has the advantage that the So|utiorﬁCientS bEforehand, it would become extrem6|y difficult and
converges for arbitrary size of the timestep we take. Theretime-consuming to handle an arbitrary background evolution
fore, we are allowed to use a bigger timestep than is allowe@ecause one would have to obtain the coefficients by integra-
by an explicit Euler scheme. However, to ensure the desiretion ateachredshift.
accuracy, we need to optimize the stepsize for a given prob- In Ref. [52], it was assumed that all radiation back-
lem by trial and error. grounds exhibit a trivial evolution by redshifting. This al-

It is important to monitor conservation of particle num- lowed them to adopt a matrix doubling methiot®] for the
bers and total energy in order to obtain reliable results. FoPropagation calculations. However, in case of a more realis-

example, for ICS the coefficients should satisfy tic background evolution, matrix doubling is almost impos-
sible. In contrast, our approach is always guaranteed to work

efficiently and is sufficiently accurate in the more general

RI=2 PI*=> P (numbey 17 case
k k )
Equation(16) is then solved iteratively by inserting the
and initial values forN'”’s on the right hand side and re-inserting
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the new values until a convergence is achieved. Since thetteon loss rate for the electrons is greater than the ICS rate, the
are four main particle speciéaucleons, photons, electrons, development of the EM cascade is heavily suppressed. Its
and neutrinogs one should converge all spectra simulta- penetration depth is basically reduced to the photon mean
neously. However, it is economical and equally valid to con-free path in this energy regime. A more detailed discussion is
verge each particle spectrum separately while holding théound in Ref.[54].
others fixed, and repeat this whole procedure until all spectra
converge. 1. Pair production

In addition, we account for redshifting by performing the
operation  NL(E,z2)—[1+Az/(1+2)] ?N,(E[1+AzZ/(1
+2)],2) for each particle species after a stepAz in red-
shift. Here we match\z conveniently with the logarithmic

The total cross section for PPy§,—e e*) is well-
known and is given by

A

. . 3
energy bin size, log[1+Az/(1+2z)]=log,«(Ei/E;-1) opp= 01 == (1— B3| (3— BYIn —2B(2-p?) |,
=1/20, which corresponds to the transformatidi (z) 16 1-8
—[1+AZ/(1+2)] NS (2). (20)

COLB? :#dmggct::: gic;clie is developed by the author, I:)"’IOI(\)NhereBE(1—4m§/s)1’2 is the velocity of the outgoing elec-

tron in the c.m. frame. In order to calculate the differential
cross section, we adopt the simplifying approximation where
lll. INTERACTIONS OF RELATIVISTIC NUCLEONS AND the dependence of the cross section on the azimuthal angle of
y-RAYS the outgoing particle in the CR frame is ignored. Since the

In this section we discuss various relevant interactiond®"™S that depend on the azimuthal angle are smaller by

and their cross sections from which the coefficidRtand P more th_an 10* than the Ieading_order terms, this approxi-
used in the transport equations are calculated mation is very accurate for practical purposes. The differen-

tial cross section for a photon of energy, to produce an

electron of energ¥,, is then given by[73,74
A. “Cascade” photons

Pair production(PP and inverse Compton scattering dopp 3m? 1 E. E,—Ee
(ICS) are the two main processes that drive the EM cascade. 4E. "2 S ELlE—FE + E/
First, let us define the inelasticity which is the fraction of the © yitoyo e €
energy that is transferred from the scattering particle to the [ 1 1
scatteredor producedl It is given by +E(1-589) T TE g

e Y e
(9)=1- — fd ;o d‘T( 9 19 E2(1- 422 [ 1 1 \2
n =1— € € —,€,5), _ Y 4

wheres is the squared center of magsm) energy andc’ is
the energy of the recoilingeading particle in units of the
initial particle energy.

In the extreme Klein-Nishina limit where> mg, one par-
ticle in an electron-positron pair produced in a pair produc-
tion event typically carries exclusively almost all of the ini-
tial total energy. The produced high energy electron Double pair productionDPP; yy,—e e“e"e") is a
(positron then undergoes ICS, and the inelasticity for ICS inhigher order QED process that affects the UHE photons. It is
this high energy limit is more than 90%. Therefoeg,(e™) known that the DPP total cross section is a sharply rising
loses most of its energy and the background photon is upgiunction of s at the threshold and approaches the asymptotic
scattered with almost all of the initial energy of the UHE value quickly ato()=6.45ub [75]. For interactions with
photon. This cycle of the “cascade” photon is responsiblethe microwave background, the DPP rate begins to dominate
for slowing down the energy attenuation of the leading par-over the PP rate above10?! eV. If we take the contribution
ticle. In some previous work it was incorrectly claimed thatof the radio background into account, this energy goes up
the UHE photons lose energy very fast based on the fact thsomewhat.
themean free patlof the UHE photon is fairly short, but this The differential cross sections of DPP may be obtained
sequence of PP and ICS makes the actual energy attenuatithrough second order QED calculations, but it is extremely
much slower. In addition, the contribution of non-leadinginvolved, and we could not find a suitable reference in which
particles to the flux which are neglected in the CEL approxi-the differential cross section is calculated. In addition, since
mation can be substantial for cascades which are not fulljt is still a small sized effect, we think that introducing a
developed. This will be important in some of the applicationsreasonable assumption about the differential cross section is
considered in this paper. adequate for our purpose. Therefore, we use the assumption

If the EGMF is present, however, the above scenariovhere one pair of the two carries all the initial energy and
changes somewhat. In the energy range where the synchrtwo particles in the pair share the energy equally. We believe

where the range is restricted to {J83)/2<E.//E,<(1
+ B)/2. The differential cross section with respect to the
positron energy is identical due to symmetry.

2. Double pair production
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SANGJIN LEE

10°

o/or
-
=)

10° 10" 10* 10° 10* 10° 10° 107 10®° 10° 10"

s/mg
10°

107

-2

10

-3

10
107

10™°

a/ar

107°

10° 10" 10* 10° 10* 10° 10° 107 10®° 10° 10"

s/m

FIG. 4. The total cross sections{s), and the cross sections
times the average inelasiticity;(s) #(s), which is proportional to
the fractional energy loss rate of the leading parti¢s®: For PP
(solid line and short dashed line, respectiveind DPP(dotted
line); (b) For ICS(solid line and short dashed line, respectivelpd
TPP (dotted line and long dashed line, respectiyely

that this assumption does not change the calculations in
significant way.
In Fig. 4@ we plot o(s) and o(s)%(s), the latter of
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3m
Ulcs:UT‘gg

R _p2_ 3
Siip) (22828

1 1+
- F(Z_B'BZ_'BS)IH 1—g| (22

where 8= (s—m2)/(s+m?) is the velocity of the outgoing
electron in the center of mass frame. Most part of the energy
range of interest is in the extreme Klein-Nishina regime, but
nonetheless we use the exact formula.

The differential cross section for an electron of enegy
to produce an electron of energy, is then given by 73,74}:

docs  3m: 1 1+ E;+Ee+2(1—3) Ee

dE, "8 s E. B |E. E, B E.
(1-pB)? Ee\?

+T E_é , (23)

where the range is restricted to{18)/(1+ B)<E/E.<1.
The differential cross section with respect to the enEEgy
of the outgoing photon is obtained by substitutiEg—E’y
for E in Eq. (23).

4. Triplet pair production

Triplet pair production(TPP; ey,—ee e*) is a rather
significant contribution to the interactions of UHE electrons.
This process is discussed in detail in Refg6-78. Al-
though the total cross section for TPP on CMB photons be-
comes comparable to the ICS cross section already at
~10' eV, the actual energy attenuation is not important un-
til much higher energies because the inelasticity is very small
(=10"3). Nonetheless, it is fairly efficient in channelling the
energy content to lower energies, and may not be ignored.

We use the formulation given by/7] in calculating the
total cross section, and the detailed expressions are given in
Appendix A. The total cross section of TPP increases asymp-
totically logarithmically withs:

3a
ITPP— O'Tg

28 s 218
In

> eem
g 57| (PmO. (@9

wherea is the fine structure constant.

While it is possible to calculate the differential cross sec-
tions numerically using the expressions given in R&b—
78], it is extremely time-consuming because it involves
fhulti-dimensional integrations of very complicated func-
tions. Furthermore, some of the variables introduced there
become very large or very small, and hence create problems

which is proportional to the fractional energy loss rate of theih the finite computing precision. The detailed behavior of

leading particle, for PP and DPP.

3. Inverse Compton scattering

The total cross section for IC®{,—e7y) is given by the
well-known Klein-Nishina formula:

the TPP cross sections near threshold is unimportant since
TPP is dominated by ICS in this energy regime. Thus, it will
suffice to use a simple and efficient approximation that
works very well for the region away from the threshold.
First, we make note of the fact that the differential cross
section with respect to the energy of one of the particles of
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the produced pair tends thr/dE’ <E'~ " for s>m?Z [76]. 10°
Furthermore, in the same regime the inelasticity for TPP can
be well approximated bjj76] 10
7(s)=1.768s/m2) %4, (25) 10’
We then make the assumption that the differential rate 10°
P(E’;E,¢€) for the produced particle with enerdy/ and for o
the incoming electron with enerdy and the incoming back- g 107
ground photon with energy is given as a power law with = "
spectral indexs: & 10
2
P(E’;E,e)=R(E,€)C(E,e)E' 9, (26) 10°
whereC(E,€) is a normalization factor. Then using the re- 107
qguirement that the integrated differential rates must be the
same as the total rate and energy conservdtienthe ana- 10
logues of Eqs(17) and (18)], one can uniquely determine - ;
EE; ?I:/):;fidc:)eenstC;(FI)EF; re())aiﬂd7?;111:2flzfge:tral index obtained 10°6° 10° 10?7 10™ 10® 10® 10® 102 10%
1 E (eV,
For the recoiling electron, on the other hand, we may (&)
assume continuous energy loss whose rate is given by Lo e ——

—~—EJ den(e)R(E,€) 5(s). (27)

The importance of TPP again depends on the presence o
and the strength of the EGMF. If the EGMF is stronger than 10
about 102 G, then TPP energy loss is dominated by syn- §_
chrotron cooling, and it is no longer very important. Since & 107
various arguments and indirect measurements of the EGMF
[79] suggest that EGMF is at least 7 G, TPP may not
play a big role in the propagation of UHE photons. However,
in the absence of the EGMF, the contribution of TPP to the
energy attenuation of electrons and photons is comparable tc
or even greater than ICS abovel(?2 eV and thus may not
be ignored. 10°°

In Fig. 4(b) we plot o(s) and o(s)#(s) of which the
latter is proportional to the fractional energy loss rate of the 10° ]
“leading particle,” for ICS and TPP. Figure 5 shows all the 10° 10" 10™ 10" 10" 10" 10® 10% 10*
rates at redshifz=0 that affect the photons and electrons in E (ev)
the energy range we consider.

2 1072

rates

107

FIG. 5. The relevant interaction rates zt0 that affect the
photons and electrons in the energy range we consider. The keys are
identical to those for Fig. 4. The rates are calculated by folding the

Other interactions that are neglected in this paper are atbtal cross sections and inelasticity weighted cross sections with the
processes involving the production of one or meree* present background photon spectrum shown in Fig. 2.
pairs substituted by muon, tau lepton, and pion pairs, double
Compton scattering €y,—evyy), 7yy scattering 7y, tions to ordinary Compton scattering of the same order. The
—v7), Bethe-Heitler pair productionyX— Xe*e™, where corrections to the lowest order ICS cross section by pro-
X can be an atom, an ion, or a free elecjjathe process cesses involvingm, additional photons in the final state,
yy»—e€'e vy, and pair production on a magnetic field ey,—e+(m,+1)y, m,=1, turn out to be less than 10% in
(yB—e e"). The total cross section of single muon pair the energy range under consideratj80]. A similar remark
production (y,—u~ u™), for example, is smaller than applies to corrections to the lowest order PP cross section by
electron pair production by about a factor of 10. Energy losghe processeSyybae*e*eryy, m,=1. Photon-photon
rates for TPP involving heavier pairs are suppressed by acattering can only play a role fa= 100 and energies below
factor =(m/my) Y in the limit of larges. Similarly, double  the redshift-dependent pair production threshold @&[81,
pair production involving heavier pairs is also negligible 82]. A similar remark applies to Bethe-Heitler pair produc-
[75]. The double Compton scattering cross section is of ordetion on atoms, ions and free electror@2]. Pair production
«® and must be treated together with the radiative correcon a magnetic field of order 16 G which is typical for the

5. Other processes
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field of our galaxy, is only relevant foE=10?*eV. This  nucleon is at restmy is the nucleon mass, anglis the
critical energy is even higher for the EGMF and this processsquared center of mass.m, energy, then the following re-

is thus negligible in the analysis. lations hold:
lab
B. Nucleons KEIrEn_y: EzN(l—M),
There are three major processes that affect the propaga- M
tion of protons and neutrons: Electron-positron pair produc- s=m§(1+2;<). (30)

tion by protons(PPP;py,—pe~e™"), photopion production

[Ny,—N(nm), n=1], and neutrorB-decay i—pe" ve). Since laboratory measurements of cross sections are usually

given in terms ofE';‘b, we conveniently express everything
in terms of k in the following.

PPP provides the main energy attenuation for protons Concerning single pion production we consider the fol-
with energies below the GZK cutof83]. The energy thresh-  |owing reactions:
old for this process is

1. Pair production by protons

K

0 dO'l i
Mg(My+myg) y+N— +N:W:20 apj(K)(x ), (31
i=

-1
_TelTINT M) od €
E ; 4.8><101(ev) eV. (29

Thus, for a microwave background photoa~102 eV), _doy _ ok —1/2 < i
PPP ensues at a proton enefgy5x 1017 eV. Below this n:gar - (177X ,Zo 8 (k) (X)L,
energy, the protons cool essentially only by redshifting with (32
the expansion.

The PPP total cross section behaves very similarly to that dog )
for triplet pair production because PPP is almost identical toy+n—m +p: dWZ(l—B*X*)_MZ agj( ) (X*)1.
TPP[84], and the expression for the total cross section away =0
from the threshold may be given by E¢(R4). However,
while TPP near its threshold is dominated by other pro-The differential cross sections for these processes are ex-
cesses, the exact behavior of PPP rates near the thresholdyigssed here in terms afand the c.m. quantitie®*, g*,
important because PPP dominates the proton energy 0SS #hdx* which denote solid angle, pion velocity, and the co-
that energy range. We use the parametric fits given in Rekjne of the scattering angle, respectively. The functions
[85] for the cross section and inelasticity. Then we use they (x), i=1,2,3 andj=1, ... N are fitted to laboratory
same approach in calculating the differential rates as we digr’OSS section data and we use fits up to okter3 [86]. The
for TPP. It can be shown that these rates are well apprOXiéxpressions in Eqs(31)—(33) can be easily rewritten in
mated by a power law. On the other hand, the proton spegarms of the energies of the outgoing nucleons and pions in

trum evolution due to PPP is well described by CEL becausg s cosmic ray framéCRP) which we denote byE!. for a
. T a
the inelasticities are smaller than T0at all relevant ener- =p,n, 7,7, 7°. The relevant formulas are given in Ap-

gies. Production of heavier pairs like" u~ is suppressed pendix B.
similarly to the case of TPP. The energy ranges for the pro- Note that in Eq.(31) we have assumed identical cross

duced pairs and the recoiling proton are given in AppendiXse tions for the two charge retention processes involving
A. protons and neutrons. This is a very good approximation
(see, e.g. Refl86]). Reactions(32) and (33) constitute the
charge exchange reactions for single pion production.
Photopion production provides the main energy attenua- We now turn to multiple pion production. At this point, it
tion for nucleons abov&=10" eV. The energy threshold is worthwhile noting the following fact. Although the energy
for this process is of the cosmic ray nucleons considered in the study reaches
up to 13° eV which is close to the supersymmetric energies,
the actual center of mass energy for multiple pion production
that take place is not extremely high. This is because that the
energy of the interacting background photons is very low.
Thus, for a microwave background photoa~10"3 eV), For example, for the interaction with the CMB photons, the
photopion production ensues at a nucleon eneByy  center of mass energy of multiple pion production by a
7x10%eV. Since publications on numerical studies of nucleon with energy 78 eV is still only tens of GeV. There-
nucleon andy-ray propagation usually do not contain de- fore, it is usually not necessary to consider higher order QCD
tailed information on the implementation especially of mul- effects rigorously. Furthermore, in most cosmic ray produc-
tiple pion production, we present our approach here in soméon scenarios, multipion production never becomes a decid-
detail. First, we define a few suitable kinematic variablesing factor because the maximum energy of nucleons in most
which depend only on the incoming particles.EI'clb is the  nucleon-dominated scenarios hardly reaches beyond the
photon energy in the laboratory fram@F) where the GZK cutoff at which single pion production is still dominant.

y+p—7m+

K

(33

2. Photopion production

mym,,+ m2/2 e\t
EtF%:e.sx 1016( e_v> evV. (29

043004-10



PROPAGATION OF EXTRAGALACTIC HIGH ENERG . . . PHYSICAL REVIEW D 58 043004

Thus, for our purpose a simplified approach to multipionwell into the multiple pion production regime and this will
production is sufficient and adequate. amount mainly to changes in the nucleon spectrum well

Let us first consider the channgh-p— 7~ + X whereX above the GZK cutoff where the detailed form of the nucleon
stands for anything. This channel has been discussed in depectrum is relatively less important.

tail in Ref. [87]. There, the Feynmanx-variable x Within these approximations we have finally
=pi'/pmax Was introduced, which is the fraction of the pion
parallel momentunp;® in the CMF to its maximal value doy _ doyp—nx
dE - dE’ _
. D
Pnax=MN (T3 7,072 (34 27 (|2 [Xmax
=—|—| D dxh(s)f(x)
Ep A Xmin

whereD=[(k—&%/2)?>—£?]'?, ande=m,/my is the ratio
of the pion and nucleon mass. Denoting the transverse mo- p{ (mN>2{ (E’ )2
xXexp — —g?

mentum withp, and ther~ energy in the CMF b)EfT, , the =

E
differential cross section fo#r~ production was written in

p

terms of a structure functioR(x,p? ,s): E -
X (1+2x)+2D| = x|, (38)
prnax p
d’c, . x=T F(x,p?,s)dxdpf . 35
T X T e (x.pL s)dxdpt 39 wherex,i, and X« are given by
Performing Lorentz transformations into the CRF where the e?—(E/ IEp)?(1+2k)
proton andw ™~ energies aré&, and E;T, (see Appendix B Xmin=MmMax — 1, 2D(E’_/E,) )
this can be written as P
- " E, 1+2« 1+2k| 12
do—vpjw X_ 27TmNpmaX(1+2K)1/2JXmaXdX Xma™ = E- +|1+¢2 D2 (39
qu-,-— Ep Xmin p
" 2 At this point it is important to realize thaf(x)="f.(x)
XF|x,—m2+| — (1+2k) +f,(x) can be divided into a contributiofi,(x) from the
N

“central” pions and a contributiorf ,(x) from production of

multiple po mesongsometimes also called the leading pion
, (36) contribution) which subsequently decay into equal distribu-
tions of #* and 7. Therefore,f (x) exclusively contrib-
utes to the production ofr* and 7~ and corresponds to a
charge retention process where the nature of the nucleon is
unchanged. In contradt,(x) describes a process resulting in
Qpproximately equal production af® and ™ with the prob-
ability for change of nucleon isospin being about 2t®m
simple quark counting From these assumptions it follows
immediately thatdos/dE o=do ., . ,ox/dE o is obtained

!

T mN

E
+ 2p§]ax( “Ee (1+2x)Y%,s

wherex,,,»=—1 is chosen such thqﬂfzo which is the sec-
ond argument oF, andX,, such thatp?/(p*_,)?+x°<1.

We take into account only the processes above som
threshold which is sufficiently high such that the contribution
of single pion production is negligible; we take=2(e
+¢&2). Furthermore, whereas RéB7] states that the struc-
ture functionF is independent o$, it is known that the total L .
cross section increases roughly logarithmically sir{88]. by substitutingf <(x) fO( F(x) In Eq. (38). .

Therefore, we assume here that the structure function de- Con_sequently, .the inclusive total Cross _sectlon for _mul-
pends ors through a factoh(s), whereh(s) is set such that tiple pion .product|oncrt0t anq the Iegdmg pion producpon
the integrated total cross section matches the measuremef PSS Sectiow, may be obtained by Integrating these differ-
given in Ref.[88]. Finally, for our purposes we assume thatem'al cross sections. We can also define the average central
F further factorizes into ax-dependent part and an expo- multiplicity by

nential dependence quf :

c ™ 2
(N, Hx)=— f dpodxh(S)fc(X)
2 1 2,42 Otot
F(x,p?,9)= 1z exd —pl/AZ]f(0h(s).  (37)

><exq—pf/AZ] 2, 1+2k
X
Here,A=GeV/6.4 is roughly of the order of the QCD scale A? D?
andf(x) can be fitted to the data presented in R8%]. We 2 _1
also note that the Feynman scaling is violated at very high % PL 4+ g2 (40)
. . - 2 —te
energies, but in my opinion the use of the Feynman scaling is my

a good working approximation, and the addition of a scaling-
violating term will not introduce significant changes in the The integration range is determined pﬁ/(pﬁ;ax)erxzsl.
results because it mainly affects the nucleons with energieBy evaluating this formula one can see that the multiplicity
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<n;,) increases asymptotically logarithmically & for s S L B 1)) B L N L I R
— . Applying charge conservation to the central pion dis- i (a) |
tribution, making the above assumptions and in addition as-
sumingzt and 7~ distributions to be proportional to each
other uniquely determinedos/dE’ .=do ix/dE. ;.

It is obtained by substituting

yp—

[1+(2/5)(1— 0,/ o) /{N% Y1) e(X) + f ,(X)

7(x)

for f(x) in Eq. (39).

It is now straightforward to compute the fractiong «)
andr ,(«) of the incoming nucleon energy which go into the
central and leading pions, respectivesee Appendix B
Figure 6 shows these fractions and the central and tetal
multiplicities as functions o&. Assuming a flat distribution
for the outgoing nucleons, we then have

1 IIIIIII| 1 IIIIIIII 1 IIIIIII| 1 IIIII|_|J L1 1illl

10' 10° 10° 10*
s (GeV®)

!

@Ep 2
)Ep E—p—1+ I'p(K)

d"pﬂp: O
dEr'J 2r (K

3 a.tot_o.p 4 I IIIIIII| I IIIIIIII I IIIIIII| 1 IIIII|T| LILBLILL)

5 2r(x)E,

Ep

(C) E—p—1+2rc(K)
En
E_p_

do, ., 2 op—0
pon_Z_© ”@{ 1+2r (k)

dE, 5 2r(x)E,

(41)

for the charge retention and charge exchange cross sections
respectively. For the processes involving an incoming neu-
tron, we assume that the cross sections are also given by thi
above expressions after substitutipg>n and 7t < 7~ ev-
erywhere. Figure 7 shows the differential cross sections for
production of w~, 7", «°, protons, and neutrons for an
incoming proton for two different c.m. energies resulting
from the formalism adopted above. Figure 8 shows the in-
clusive pion production cross sections for nucleons as a func-
tion of s. Figure 9 shows all the rates at redslzft 0 that
affect the nucleons in the energy range we consider.

Pions produced by nucleons quickly decay to EM par- s (GeV®)
ticles and neutrinos and feed the EM cascatfedecays into
photons r°— yy), and #* decays to produce electrons, FIG. 6..(a) The f_ractionsrC andr, of the_ inco_ming nucleon
positrons, and neutrinos  [m* —u* V,L(VM)LU«t energy \{vhlch goes into the central and leading pions, re_spe_ctlvely,
et Ve(Ve)ZL(V;J] [89]. Since the decay time of pions is gs funcctlons ofs; (b) The average central anq total multlp_)llc!-
very short compared to the timescale in the problem, wdies: (n.-) [see Eq.(40] and (n,-) [resulting by substituting
assume that pions are converted into secondary particles ifhe(X)— f(X) in Eq. (40)] as functions of.
stantaneously. The decay spectra of the secondary particles
may be calculated easi[20]. The expressions for the decay R
spectra are given in Appendix C. n

<ng>(K)

0 1 IIIIIII| 1 IIIIIIII 1 IIIIIII| 1 IIIII|_|J L1 1illl

10" 10° 10° 10* 10°

Mpc. (42

c 09( E,
“ ==Y fo ey

In calculating the spectrum of secondary particles, we ne-
glect the proton kinetic energy in the neutron rest frame, as is
Below ~10%° eV, neutrong-decay is the fastest process usually done. The result can be found in standard textbooks
among the interactions that affect nucleons in the problemsuch as Ref[90].
The neutron decay rate I8=1"y/y,=1/7,y,, Wherer, is Figure 10 shows the energy attenuation lengths for cas-
the neutron lifetime £,~=888.6+ 3.5 sec), and, is the neu- cade photons and nucleons as functions of energy in the CEL
tron Lorentz factor. The rang®, of a neutron is given as  approximation.

3. Neutron B-decay
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- S . 3 FIG. 8. The inclusive multiple pion production cross section for
C 7 T ‘" CHE protons(solid line) and neutrongdashed lingas a function of.
| ;: 1\-° ...?\..1\ ]
107" { — (1+2)?
g { 3 Na(E.z)= —7—Fa(B), (43
o [ { ‘\\ ] i
3 C ]
g w0*L i ] wherer; is the comoving dimensionful source distance cor-
y 3 3 responding to redshift; (rj=2Hgy[1—(1+2z) *?] in our
~ C W _1: = cosmology, and solve the propagation equations for vanish-
3 i N n T ing source terms. If we denote the resulting distribution at
1074 \
10'” 1 1 IIIII 1 1 IIIIIII [} IIIIII| 11 IIIII|
10" 10" 10* 10* 102
E (eV)

FIG. 7. The differential cross sections for production of
(dotted liney, 7+ (short dashed lingés #° (solid lineg, protons
(long dashed lings and neutrongdash-dotted linesfor the colli-
sion of a proton of energf with a background photon at squared
CM energys, from the formalism adopted in Sec. 1l B 2a) For
E=3%x10%eV, s=21GeV; (b) For E=3x10%%eV, s
=120 Ge\t.

IV. COMPARISON WITH OTHER WORK

Before we apply the propagation code to specific HECR
injection scenarios in the next section, we compare the pre:
dicted spectra with results from other investigations for some
standard situations. For a discrete source producing a differ-
ential injection spectrurf ,(E) of particle typea (in units of
number per energy per timat redshiftz=z;, we obtain the

rates (Mpc™")

107*

10°

10" 10" 10" 10" 10" 10® 10* 10%® 10® 10*

E (eV)

FIG. 9. The interaction rates and energy attenuation rates for

multiple pion production(solid line and short dashed line, respec-
tively) and PPRdotted line and long dashed line, respectiyekhe

spectrumj,(E) (in units of number per area per time per rates were obtained by folding the cross sections and inelasticity

solid angle per energyobserved az=0 in the following
way: we impose the boundary condition
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10° V. APPLICATION TO MODELS OF HECR ORIGIN

We are now in a position to compute the cosmic and
v-ray fluxes predicted by various models of HECR origin.

redshilt Since there is currently no unambiguous information on
——————————— T T T T T T T HECR composition, we will normalize the predicted sum of
vy-ray and nucleon fluxes to the observed HECR flux. This is
done to optimally enable an explanation for the events above
10?° eV without overshooting the UHE flux at lower ener-
3 gies(which may be explained by more conventional compo-
Mg T T nentg or predicting an excessive integral flux above
107 eV. We estimate the uncertainty in the predicteday
flux at lower energies induced by this normalization proce-
dure to be less than a facter3.

IIII|_|,|,| [ENT]

A. GUT scale physics models

As already mentioned in the Introduction, it has been sug-
02 gested that HECRs may have a nonacceleration of&jir-
10"10"10"10"10"10"10"710"10"™10%10%10%10%10*10® 34] such as the decay of supermassive elementary “X” par-
E (&V) ticles associated with grand unified theorigSUTS), for
example. These particles could be radiated from topological
FIG. 10. The energy attenuation lengths for cascade photons ariefects(TDs) formed in the early universe during phase tran-
for protons as a function of energy assuming the radiation backsitions caused by spontaneous breaking of symmetries imple-
ground photon spectrum shown in Fig. 2. These curves were obmented in these GUTdor a review on TDs, sef92]). This
tained by running the code over small distances and ignoring thés because TDs, such as ordinary and superconducting cos-
production of non-leading particles, which corresponds to the CELmic strings, domain walls and magnetic monopoles, are to-
approximation. pologically stable but nevertheless can release part of their
energy in the form of these X particles due to physical pro-

z=0 by N,(E), thenj,(E)=N,(E)/(47) and the modifica- cesses like collapse or annihilation. The corresponding injec-

tion factorM,(E,z), defined as in Ref43,45, is given by  tion rate of X particlesiny/dt as a function of cosmic time
t is usually parametrized as

3 3
|||||I11] |||||rIT|_|‘|'|'I'ITI'I] |||||I11] ||nrrn| IIIIII'ITI] TTT11

4mdlja(E)

Na(E) dNx _ —a+p
TR YA NED

- —x , 45
Mq(E,z)= N.Ez)’ (44) dt 49
wherep=0 depends on the evolution of TDs. For example,
where we used the luminosity distandg=r;(1+z) [91]. X particle release from a network of ordinary cosmic strings
In Fig. 11 we plot the modification factors as defined inin the scaling regime would correspond fie=1 if one as-
Ref.[45] for discrete sources injecting protons with a powersumes that a constant fraction of the total energy in closed
law at a given distance along with the corresponding curve#ops goes into X particlg®9,31]. Annihilation of magnetic
from Ref.[52]. It can be seen that our results lie somewhatmonopoles and antimonopolgg7,33 predictsp=1 in the
between results from Refi52] and[48]. In Fig. 12 we com- matter dominated and=23/2 in the radiation dominated era
pare the nucleony-ray and neutrino fluxes computed for [58] whereas the simplest models for superconducting cos-
monoenergetic proton injection at a given distance with remic strings lead t@=0 [28]. A constant comoving injection
sults from Ref.[52]. In our prediction the secondaryray rate corresponds tp=2 andp=>5/2 during the matter and
flux at the low energy side is higher than the one given inradiation dominated era, respectively.
Ref.[52] by a factor=10. We attribute this difference to the The X particles with typical GUT scale masseg of the
fact that the differential multiple pion production cross sec-order of 13° GeV subsequently decay into leptons and
tion used in our analysiéee Fig. 7 peaks at low energies. quarks. The strongly interacting quarks fragment into a jet of
In Fig. 13 we consider the case of power law injection by ahadrons which results in mesons and baryons that are typi-
single source and compare the nucleon gdy fluxes with  cally of the order of 16-1C. It is assumed that these had-
corresponding results in Rg#8]. The nucleon fluxes agree rons then give rise to a substantial fraction of the HECR flux
well, whereas, again, our prediction for theray flux is as well as a considerable neutrino flux. The shapes of the
higher at the low energy side and lower at the high energyucleon andy-ray spectra predicted within such TD models
side. Since Ref448,52 do not give detailed information on are thus expected to be univerdak., independent of the
their treatment of pion production, it is hard to give an ex-specific process involving any specific kind of TBt ultra-
haustive explanation of these differences. This, howeverhigh energies and to be dependent only on the physics of X
will not have an influence on our considerations where secparticle decay. This is because at HECR energies nucleons
ondary y-ray production by nucleons plays a minor role.  andvy-rays have attenuation lengths in the cosmic microwave
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FIG. 11. The modification factors as defined in REf5] for discrete sources injecting B2 proton spectrum extending up to
3x10%° eV at a given distance or redshiftz resulting from our analysi¢solid lineg. Also shown are the corresponding curves from

Protheroe and Johns$b2] (dashed lines (a) Ford= 256 Mpc; (b) For z=0.6; (c) For z= 1. For further comparison with results from Refs.
[45,48 see the discussion in R462].

background CMB) which are small compared to the Hubble an energy approximately half of the X particle mass. For
scale. Cosmological evolutionary effects which depend omeasonable extragalactic field strengths, the leptdrich we
the specific TD model and are usually parametrized by Egassume to be an electron in the followjingill quickly be
(45) are therefore negligible. In contrast, the predicted neudegraded by synchrotron loss producing synchrotron photons
trino flux and the y-ray flux below the pair production of a typical energy given by Ed8). This energy is typically
threshold on the CMBsee Eq.(1)] depend on the energy much smaller than £8 eV where the resulting contribution
release integrated over redshift and thus on the specific Tlb the y-ray flux is likely to be buried below the charged CR
model. flux. For that reason, the GUT-scale lepton was usually omit-
We now discuss the particular form of the particle injec-ted. However, for high EGMF strengths the synchrotron
tion spectra expected from X particle release. We assumpeak can approach 10eV and thus could become relevant.
that each X-particle decays into a lepton and a quark each @or the present analysis we thus include the source term for
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FIG. 12. The differential fluxes of-rays(solid line), protons(long dashed ling neutrong(short dashed lineandv,, , v

.\ Ve, e (thin

solid lines in decreasing ordefior monoenergetic proton injection at an enefgy 1071 eV and a distancd= 32 Mpc: (a) Result from our

analysis in arbitrary units(b) Corresponding results from Rdb2].

the GUT-scale lepton by writing its injection flux at energy

E and timet as

dny(t)
dt

D o(E,1)= S(E—my/2), (46)

in units of particles per volume per time per energy.

The spectra of the hadrons in a jet produced by the quark
are, in principle, given by quantum chromodynami@cD).
Suitably parametrized QCD motivated hadronic spectra that
fit well the data in collider experiments in the GeV-TeV
energies have been suggested in the literaftdg In this
paper, theotal hadronic fragmentation spectruaiN, /dx is
taken to be of the formj27]

The quark from X particle decay hadronizes by jet frag-

mentation and produces nucleonstays and neutrinos, the

latter two from the decay of neutral and charged pions in the
hadronic jets. The hadronic route is expected to produce the
largest number of particles. The resulting effective injection

spectrum for particle species from the hadronic channel
can be written as

dny(t) 2 dNg(x)
dt my dx

My

wherex=2E/my, anddN,/dx is the effective fragmenta-

15
X*l.5(1_ X)2

dNn(¥) | 75

dx

if Xxos=x<1,

(48)
otherwise,

where the lower cutofkg is typically taken to correspond to
a cutoff energy~1 GeV. The spectrum Ed48) obeys en-
ergy conservationfiodxx(d Np(x)/dx)=1. This function is

a good working model for a fragmentation spectrum. It also
enables us to compare with other waekg. Ref[53]). As-
suming a nucleon content e¥£3% and the rest equally dis-

tion function describing the production of the particles oftributed among the three types of pions, we can write the

speciesa from the original quark.

fragmentation spectra 482,51

043004-16



PROPAGATION OF EXTRAGALACTIC HIGH ENERG . . .

%

N(E) (arbitrary units)

PHYSICAL REVIEW D 58 043004

%

N(E) (arbitrary units)

10

3x10"™

10® 3x10% 10*

E (eV)

~
| I Y

I 40017l l

1
3x10"

3x10% 10* 3x10™ 10%

E (eV)

10®

FIG. 13. The differential fluxes of-rays(solid line9 and nucleonglong dashed lingsfrom a discrete source injectingE 2 proton
spectrum extending up to eV, located at the redshift indicate@ Result from our analysis in arbitrary uniig) Corresponding results

from Ref.[48].

dNn(x) _
dx

dNp(x)
dx '’

dN;+ dN.-  dNpo

dx
(0.9

dx

3

&

dx

dNp(x)
dx

will therefore not consider this issue and simply adopt the
normalization procedure mentioned above.

TD models of HECR origin are subject to a variety of
constraints mostly of cosmological nature. These are mainly
due to the comparatively substantial predicted energy injec-
tion at high redshiffsee Eq.(45)]. Note that more conven-
tional CR sources like galaxies start to inject energy only at
a redshift of a few. Using an analytical approximation for the
cascade spectrum below the pair production threshold on the
CMB resulting from X particle injection, one can derive con-

(49

From the pion injection spectra one gets the resulting contristraints from cascading nucleosynthesis and light element
bution to the injection spectra for-rays, electrons and neu- abundances, CMB distortions, and the measuyrealy back-

trinos by applying the formulas in Appendix C.

ground[61,60,63 in the 100 MeV region{58], as well as

Independent of the spectral shapes of the predicteffom observational limits on the~ray to charged CR flux
nucleon andy-ray fluxes, the question for the absolute nor-ratio between 1¥ eV and 18 eV [93,34. The 100 MeV

malization of the injection ratedny/dt in Egs. (45), (46)

v-ray background constraint was first discussed in H&f3,

and (47) arises. It has been shown, for example for cosmic57]. In the context of top-down models it was applied in
strings[29,31] and annihilation of magnetic monopoles and Refs.[94, 95 on the basis of analytical approximations.

antimonopoleq 33], that at least some TD models are ca-

In an accompanying lett¢®6], we obtain the constraints

pable of producing an observable HECR flux if reasonabledue to this 100 MeV diffusey-ray flux applied to various
parameters are adopted. For the purposes of this paper wases of more realistic UHE CR models, and discuss the
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implications in great detail. Here we concentrate on the ge- 10°

neric features of the propagated spectrum that arises from ¢

typical TD model. 10*
Recently, there has been a cldif2] that TD models may

be ruled out altogether due to overproductionyahys in the 10°

range between the knee andl0*® eV. This would occur for
EGMFs stronger than about 18 G due to synchrotron ra-
diation from the electronic component of the TD induced
flux which was normalized to the observed flux at
3x10%° eV. However, in my opinion, the argument in Ref.
[52] suffers from several shortcomings: first, monoenergetic
injection of protons and-~rays was used instead of the more
realistic injection spectra such as the one discussed above ir
Egs. (48) and (49). And second, only the case of a single, 107
discrete TD source at a fixed distance from the observer was
considered instead of more realistic source distributions and 107
evolution histories. Finally, electron deflection due to the
E_GMF which can influence the processed spectrum from a 10° 10® 10 10" 10® 10® 10® 102 10%
single source was neglected. Nevertheless, | simulated the E (V)
situation of Fig. 13 in Ref[52] for an EGMF of 10° G on
which their claim is based. As a result | got a spectrum FIG. 14. Predictions for the differential fluxes gfrays (solid
whose shape is roughly similar to Fig. 13 in RE§2], but Iine)_, protols(long dashed ling neutrons(short dashed ling and
the details of the spectrum differed somewnhat, part of whict?x(74),ve(ve) (thin solid lines in decreasing ordeby a typical
can be attributed to a different model of the radiation back!oPological defect scenario for a vanishing EGMF. This model as-
ground. The synchrotron peak | got was about an order o?“mes uniform injection rates with spectra given by &) and
magnitude lower than in Ref52] relative to other parts of (47 for the QCD motivated fragmentation functions &48) and
the spectrum. Most importantly, however, we observe that i¢49) for my=2x 10°° eV. The injection history is given by E5)
the spectrum is normalized to the highest energy event thifgrgpzl' Also shown are the Comb.'ned data from the Fly's Eye
e o ,9] and the AGASA[11,17 experiments above 1deV (dots
.mOdel. would pr(:."d.ICt S|_m_ply_too many events abové’sy with error bar$, piecewise power law fits to the charged CR flux
|nCIud|ng_ the orlgln'al Injection 'pgak. Therefore, the rnOdel(thick solid ling and observational upper limits on theray flux
adopted in Ref[52] is not a realistic model for UHE CRs to around 100 MeV from Refs60-67 (dotted lines in decreasing

start with. | thus conclude that it is not possible to rule outgrgep. The arrows indicate the limits on theray to charged CR
TD models on the basis of the discussion in R&2]. flux ratio from Ref.[93].

The redshift range of energy injection contributing to the
yray flux at energyE, today is given by ¥z<[Ew(z  of scenarios based on ordinary cosmic strings and monopole
=0)/E,]"*whereE(z=0) is the PP threshold on the CMB antimonopole annihilation Figure 14 shows the results for a
atz=0 [see Eq(1)]. Since our interest is in the-ray fluxat  negligible EGMF and assuming our IR-O background
E,=100 MeV, we integrate up to #zy,,=10°. The spec- model. The result without the IR-O background and that by
trum in this energy range converges well before we reaclihe CEL approximation are shown in Fig. 15. First, note that
this redshift. A word of caution is in order for the predicted for a vanishing EGMF the~ray flux dominates the nucleon
neutrino spectra. The UHE neutrinos interact with the uniflux at UHEs within this model, and is higher by more than
versal neutrino background with,~1.95 K, and producH an order of magnitude compared with the predictions within
wherel=e,u,7,v,q,... viaZ, resonanc¢32,41. The decay the CEL approximation even at around’4@V. This is due
products of u,7,g contain secondary neutrinos. Here we to the influence of non-leading particl@®wer energy par-
consider only simple absorption of UHE neutrinos, i.e. weticles in interactionson the development of the EM cascade.
integrate up to the average absorption redshjffdue to this  The “plateau” at around 18 eV is due to a small pile-up of
interaction[32]. The neutrino spectra also converge ratherenergy below the threshold of pair production on the univer-
fast with increasing redshift for the parameters we used fosal radio background. The big dip centered at abott &0
TD models. Furthermore, the modification to the neutrinois due to the absorption peak by pair production on the CMB.
spectra due to the cascading by the aforementioned interaghe y-ray flux level between~10' eV and ~10"“ eV is
tion is expected to be small for these parameitéts. There- depleted somewhat due to the IR-O background. In the ex-
fore, the neutrino spectra given in this paper are expected tweme case of absence of any IR-O flux, taeay flux at that
be good approximations to the real converged spectra. Wenergy increases by a factor of about 100 relative to the level
leave a more detailed discussion of the UHE neutrinos tgredicted by our IR-O background model, whereas the flux
another papef97]. below =10 GeV decreases by a factor of about 10 for a

We performed simulations assuming uniform injectionvanishing IR-O flux(see Fig. 15 On the other hand, the
rates given by Eqs(46)—(49) for my=2x10?°eV and an neutrino flux is typically at least one order of magnitude
injection history given by Eq(45) for p=1 (representative larger than the other components at UHE. However, we note

VE® (eV em s 'sr ")
_O‘O

107

i(E
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FIG. 15. Comparison of the-ray flux for the full numerical 10°
simulation(solid, same as Fig. 14with the prediction by the CEL
approximation in which non-leading particles in the EM cascade are 10*
neglectedlong dashed lineand with the result assuming no IR-O
backgroundshort dashed line 10° K&

that the probability that these UHE neutrinos generate a'y 10°

T
shower in the atmosphere is smaller than 1017]. T

In Fig. 16, we show cases with non-negligible EGMFs. "’E 10'
For an EGMF strengtee 101! G, they-ray flux in the syn- S,
chrotron dominated energy regime is determined by photon @ 10

absorption rather than cascading and thus the spectrum be o
comes harder. At the same time, a synchrotron radiation peakf 10
appears at a lower energy. Whereas the synchrotron radiatior ~
peak energy increases with the EGMF strerjgi. (8)], the 10
critical energy above which the synchrotron loss dominates

-3
over inverse Compton scattering decreases with the EGMF 10

strength. Therefore, the propagated spectrum shows a non "

trivial dependence on the EGMF strength. Nonetheless, after 10 10° 10" 10" 10" 10" 10® 10® 102 10*
a proper normalization the-ray flux at around 100 MeV E (V)

tends to get bigger by a factor of a few compared to the case

with a negligible EGMF. FIG. 16. (a) Same as Fig. 14, but for an EGMF of 10G; (b)

Same as Fig. 14, but for an EGMF of 16 G.
B. Gamma ray burst models . ) .

) spectrum proportional t&c™ < up to a maximal energy of
Recently, it has been suggested that UHE CR could bg3 ev. Furthermore, assuming a constant comoving injec-

a.SS.OCia.ted. with Cosmological GRE§4—26 Th|S was tion rate up to some maximal redshiqqax, we can write
mainly motivated by an apparent numerical coincidence: As-

suming that eackcosmological GRB releases an amount of D ,(E,t)oct ?E ™20 (Zymax—2)O (107 eV—E). (50
energy in the form of UHE CRs which is comparable to the
total y-ray output normalized to the observed GRB rateThe authors of Ref.26] pointed out that bursting sources in
(about 18 erg per burst the predicted and the observed combination with deflection of protons in the EGMF could
UHE CR flux at the Earth are comparable. It should be menlead to UHE CR spectra with a time variability on a scale of
tioned, however, that it is not clear whether constraints om~50 yr. This may allow reasonable fits to the observed
cosmological GRB distributions are consistent with HECRHECR spectrum. However, we only consider the continuous
observation$98]. injection of CRs in this paper for illustrative purposes. Since
In these models protons are accelerated to UHE via firsthe y-ray background depends only on the average flux, the
order Fermi acceleration. Since there are no firm predictionsnly uncertainty in its flux level comes from the fit to the
for the injection spectrum, | assume the hardest possiblelECR events. | estimate the uncertainty introduced by nor-
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10° VI. CONCLUSIONS

10° | have performed detailed numerical simulations for the
propagation of extragalactic nucleonsrays, and electrons

10* in the energy range between®16V and 18° eV. We have

explored various features in the propagated spectra which
arise from generic models which associate HECRs with
GUT scale physics or with cosmological GRBs. These mod-
els may be constrained by observational data such as the
diffuse y-ray background at 100 MeV region, and the limits
on they to charged CR flux ratio at or below 100 TeV, as
well as the UHE CR flux itself.

J(E)E® (eV em™s'sr™)
o

10 The CEL approximation usually does not take the IR-O
background into account, and thus may not be directly com-

107" pared to the numerical calculation because the presence of
the IR-O background may affect theray flux level at 100

1072 MeV by an order of magnitude. There is also a significant

difference for the UHE spectrum between predictions by the
0 il CEL approximation and our numerical simulation. For a neg-
10°10°10"10™0™0%10™10™0™0 ligible EGMF, the EM cascading effect is quite important

E(eV) throughout the whole energy range in determining the propa-

5 gated spectrum in the case of the TD models. On the other

17, ~18,

1 ]
10"%0"%0%%0%"10%1 0%

1° hand, an EGMF stronger than10 ! G stops the cascade at

10° UHEs and the UHE end of the spectrum is suppressed sig-
nificantly. The level of they-ray flux at about 100 MeV is

10* relatively higher as a result. However, these results are rather

insensitive to different models of the IR-O backgrou6d],
although they are somewhat dependent on the poorly known
universal radio background flux.

We stress that this numerical code is very general in its
nature. For any given model with the specified injection his-
tory and the source distribution, one can obtain an accurate
propagated spectrum of various particle species, and con-

J(B)E® (eV em™s'sr™)
>

10 strain the model with observational data. With the arrival of
the anticipated Pierre Auger Cosmic Ray Observatg66%
107 it is expected that the UHE end of the CR spectrum will be
. known with much better accuracy. Constraints derived from
10

the influence of CR propagation on the observed spectrum

J = will then be one of the most powerful tools in discriminating
0 1*10100™ 000" 000 0 0 oMot oRo®  Petween models of HECR origin.

E (eV)
ACKNOWLEDGMENTS
FIG. 17. Predictions for the differential fluxes ¢frays (solid

|ine)’ protons(|0ng dashed ||n)3 neutrons(short dashed ||r)e and The author is tremendously |ndebted to his late ad\/.isor D.
V., V., Ve, Ve (thin solid lines from the topby the GRB injection N. Schramm. The author would also like to thank G. Sigl and
scenario given by Eq50) for vanishing EGMF for(a) zn.=1;(b)  P. S. Coppi for their guidance throughout this ongoing
Zmax=4. Observational data and constraints are presented as in Figroject and for invaluable discussions and collaboration.
14. This paper would have been impossible without their effort.
The author also thanks F. A. Aharonian for many valuable
giscussions on cosmic andray propagation and for provid-
Ing the impetus to get this project started. This work was
. : supported by the DOE, NSF and NASA at the University of
flux at 100 MeV in this case usually fglls much below _the Chicago, by the DOE and by NASA through grant NAG5-
level for a TD model because therays in the case of this 2788 at Fermilab. The financial support by the POSCO

GRB model are secondaries produced from photopion progp,q|arship Foundation is also gratefully acknowledged.
duction during the propagation of the primary nucleons.
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sion is insensitive to the initial redshift at which the sources The expressions for the differential spectra of produced
began injecting particlegcompare Figs. 1(3),(b)]. pairs and the recoiling electrdpositron for TPP by a very

malizing the average flux to be less than a factor 1.5. Figur
17 shows the results for various valueszf,,. The y-ray

APPENDIX A: TRIPLET PAIR PRODUCTION
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energetic electron on a soft photon can be found in manyositron solid angle€) , numerically. The differential cross

papers[76—-78. | adopt the analytic approach used[if¥].  section for the produced electron is identical to that for the
For an interaction of an electron of enerGywith a photon  positron due to symmetry. In doing the integration, it is use-
of energye (E> €), the double differential cross section with ful to use the approximation where the dependence of the
respect to the positron produced with enef§y at solid cross section on the azimuthal angle of the outgoing particles

angle(), can be expressed as in the cosmic ray frame is neglected, as was mentioned be-
fore.
d’c 3a p,y (pi—4HM Finally, we can obtain the total TPP cross section by in-
dE,dQ, 0T 1643 ﬁ Pt tegrating Eq.(A1l) numerically over the kinematic range of
* electron and positron energies given by
X f AdQpr, (A1) Ecoi(So—Mg) + Prof So(So— 4mg) M2
max, min—_ 250+ mg , (A2)

wherep-k is the scalar product of the initial electron and

photon four-momentap ;. is the magnitude of the produced wheresy=e(E+ p), andE,, and P, are the total incident
positron three-momentunf) ., is the solid angle of the re- energy and momentum, respectively.

coiling electron, angp; and A; are given in Ref[77]. The | also give here the kinematic energy range for the outgo-
single differential cross section with respect to the positroring electron and positron and the recoiling proton in case of
energy may be obtained by integrating E#&1) over the pair production by protonéSec. Ill B 1):

Etot( So— Me) ) = Prof S5— 2MeSp(Me+\) + m3(mZ—mg)/2] 42
250+ M3,

, (A3)

Emax,min:
wheres, is as defined previously\,=[(m2+m3)/2]*2.

APPENDIX B: PHOTOPION PRODUCTION

First, we express the differential cross sections for single pion production in terms of the CRF e&grgiwherea
=N,

K

11
> (k) (x*)!

doy doy 27 1+2« for i=1 (charge retention

- = Bl
dEy,'dE. Ey D [0 (1-B*x*)" Y2 for i=2,3 (charge exchange BD
where 8* =D/(k+¢e?/2) andx* can be expressed as a functiongf or E/. andEy:
1+ 2k)(EL/EN) —1— k— €212 1+2k)(ELJEN)— k—&%/2
o (L 20(EV/Ey _ (1+20(E/Ey | &

D D

Finally, we compute the fractiong(«) andr ,(«) of the incoming nucleon energy going into the central and leading pions.
These fractions are given by integrating the differential cross sedtidd E . for the respective process, weighted by the pion
energyE ., in the CRF, and dividing by the corresponding total cross section. Using3By.

e _En ELopl B Phac [[ , pItmIT ©3)
™ mn (120072 my (1+26) 72 (Pra’ '
and Eq.(34), we end up with
7 D exd —p?/A?] 1+2k [ p? 12
rp(K):O'_pl+2K jdprdeh(s)fp(x) AL 1-x x2+—D2— H?\Tksz . (B4)

Again, the integration ranges are obtained by the requirepfa’rqp:‘na))2+x2<1. The formula forr .(«) can be obtained from
this by substitutingr,— o,— 0, and 2f ,(x) —[3+(2/5)(1— O'pla'tot)/<nfr>(K)]fc(X)’ where(n})(x) was given in Eq(40).

APPENDIX C: PION DECAY SPECTRA

First, we define the decay spectriMy(E) as the differential number of the secondary parteclat energyE. Then the
spectrum is normalized as
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f dENL(E)=n,, (CY

wheren, is the number of particlea produced by decay of a single pion. For examplgs2 for 7° decay.
First, the photon spectrum from® decay is

2
NV(E)ZE_ for E<E,,. (C2

w

Before we calculate the charged pion decay spectra, we note the fact that the pions produced from photopion production are
always relativistic. Thus, we may make the relativistic approximation for both pions and the resulting muons. For example, the
decay spectra ofr* read:

H—T(A°+A222+A3Z3) for E<rE,
Ne+(E) =Ny (E)= "
W(BoﬁL By In z+B,z?+B3z%) for rE,<E<E,,

NVM(E)Z for E<(1-r)E,

1
(1-r)E;

1
(:L_T(Co‘f’ C222+C323) for EerW
N, (E)= 1 " (C3
————(Dg+D} In z+D,z+D,z*+D4z%) for rE,<E<E,,
(l_ r)Eﬂ'
wherer=m2/m?, z=E/E,,, and coefficients are given as
(Ag,Az,Az) = (0.94486— 2.7892,1.230F,
(Bg,Bg,B2,B3)=(—2.4126;-2.8951,4.3426; 1.9300,
(Co.C,,Cs) = (1.1053 4.46883,3.7188]7
and

(Dy,D§,D4,D,,D3)=(13.846,5.37053; 28.1116,20.0558;5.7902.

The average energies of the secondary particle$|:‘sge)=(E7u>=0.26$r, <Eye):O.257£w, and(EVM)=0.21’£7, respec-
tively. The decay spectra from™ are obtained by substituting particles accordingly.
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