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Propagation of ultrahigh energy protons in the nearby universe
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We present a new calculation of the propagation of protons with energies abbve\l@ver distances of
up to several hundred Mpc. The calculation is based on a Monte Carlo approach using the event generator
SOPHIA for the simulation of hadronic nucleon-photon interactions and a realistic integration of the particle
trajectories in a random extragalactic magnetic field. Accounting for the proton scattering in the magnetic field
affects noticeably the nucleon energy as a function of the distance to their source and allows us to give realistic
predictions on arrival energy, time delay, and arrival angle distributions and correlations as well as secondary
particle production spectra.

PACS numbeps): 98.70.Sa, 13.85.Tp, 98.62.En

[. INTRODUCTION distance of a potential source and the modification of the
proton spectrum emitted by this source because the influence
The world statistics of ultrahigh energy cosmic ray of the extragalactic magnetic field is neglected. Among the
(UHECR) events of energy above eV has now grown calculations of the second kind, Refd8—20 do not con-
to 20 event$1,2]. It is very difficult to accelerate particles to sider the proton energy losses in a satisfactory way, and
such high energies in astrophysical shocks, the proced®efs.[21-23 mostly discuss their results in a specific con-
thought to be responsible for the majority of the galactictext. Only Achterbercet al. [24,25 give a detailed discus-
cosmic rayg3]. This has led to a large number of production sion of the fundamental aspects of UHECR propagation in
models, many of them based on exotic particle physics sceextragalactic magnetic fields, which we are interested in
narios[4]. The gyroradii of 16° eV protons are significantly here.
larger than our own Galaxy and this suggests an extragalactic We present here calculations performed with the photo-
origin [5] for any astrophysical scenarigry=100 production event generatsioPHIA[26], which is proven to
kpcx (E/107° eV)X (1 wG/B) with E andB being the pro-  reproduce well the cross section and final state composition
ton energy and the magnetic field strength, respectjvélye  in nucleon-photon interactions for energies from the particle
large distances between potential UHECR sources and Eartiroduction threshold up to hundreds of GeV in the center-of-
leads to another set of problems first pointed out indepenmass system. We also account for all other energy loss pro-
dently by Greisen and by Zatsepin and Kuzmin, now widelycesses of UHECR nucleons, and calculate the proton deflec-
known as the GZK effedt6]. UHECR protons interact with tion in the extragalactic magnetic field in three dimensions.
photons of the microwave background radiation and lose We restrict ourselves to proton injection energies up to
their energy relatively rapidly during propagation over dis-10?? eV, and considefwith few exception} proton propa-
tances of tens of megaparsecs. This should result in a cutoffation for source distances less than 200 Mpc. The calcula-
in the cosmic ray spectrum at an energy just belod 16V. tions are carried out using a Monte Carlo technique, and we
Many different calculationg7—13], performed using vari- propagate individual protons injected as either a mono-
ous techniques, of the modification of the cosmic ray specenergetic beam, or with energies sampled from a fixed source
trum due to propagation have been published since the origenergy spectrum. This approach has the advantage of repre-
nal suggestion. As a result, the general features of the cosmgenting fluctuations in the proton energy losses very well,
ray spectrum after propagation are well established. Differthereby giving us a good handle on the correlations between
ences between the various approaches are, however, signi@nergy loss, time of flight and angular deviation of the flight
cant and the accuracy achieved is not sufficient for the interdirection. As we will show, these important UHECR charac-
pretation of the existing experimental data, and morderistics are deeply interconnected. For a given source dis-
accurate calculations are needed for the expected significatgnce, there is a strong correlation between the amount of
increase of the experimental statistjdgt—17. energy lost, the time delay, and the scattering angle.
Previous calculations can be divided into two classes Our calculations are thus mainly relevant to scenarios of
dealing mainly with(a) the energy loss processgs—13, UHECR acceleration at astrophysical shocks, for which
and (b) the deflection and scattering of protons in the ex-10°7? eV is a very generous upper energy limit. With this
tragalactic magnetic fielfl19,20,24. The first group of cal- paper we wish to establish limits for the distance of potential
culations shows that small differences in the realization ofUHECR proton sources as a function of proton energy and
the proton energy loss processes generate observable difféhe average strength of the extragalactic magnetic field. We
ences in the predicted spectra at Earth. Such calculationa)so study the angular distribution of UHECR with respect to
however, cannot establish an accurate relation between ttiee source directiofarrival anglg and the time delays after
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propagation over different distances. In addition, the neutrinor=2.726 K to represent the cosmic microwave background.
fluxes produced during the propagation are presented.  According to the respective partial cross sections, which
The article is organized as follows. We describe thehave been parametrized using all available accelerator data,
propagation method, including the relevant features of thet invokes an interaction either via baryon resonance excita-
event generatosoPHIA in Sec. II. Section Ill gives some tion, one-particlet-channel exchangédirect one-particle
interesting results on the propagation of mono-energetic prproduction, diffractive particle production and(non-
ton beams, and compares our results with other work. Segiffractive) multiparticle production using string fragmenta-
tion IV analyzes the formation and development of the pri-tion. The distribution and momenta of the final state particles
mary and secondary particle spectra for protons injected witlre calculated from their branching ratios and interaction ki-
a power law spectrum. In Sec. V we discuss the resultshematics in the center-of-mass frame, and the particle ener-
present our conclusions, and make suggestions for futurgies and angles in the laboratory frame are calculated by
work. Lorentz transformations. The decay of all unstable particles
except for neutrons is treated subsequently using standard
Il. COSMIC RAY PROPAGATION Monte Carlo methods of particle decay according to the

. . . . . . available phase space. The neutron decay is implemented
This section provides a description of our simulation code P b y P

f " i in int lacti We treat separately into the present propagation code. $beHIA
or propagating protons n intergalactic space. Ve reat €na, qn generator has been tested and shown to be in good

1h | th phot f1h LY b k’?asgreement with available accelerator data. A detailed de-
ot the nucleons with photons oT the cosmic microwave bac scription of the code including the sampling methods, the

ground radiation as well as the deflection of particles by th%nteraction physics used, and the performed tests can be
intergalactic magnetic field. Although we present here onlyfounol in Ref.[26] '

results on nucleon propagation in random magnetic fields, The Monte Carlo treatment of photoproduction is very

our approach als_o a_llows us to TOHOW the particles in C_Om'important, because nucleons lose a large fraction of their
plicated magnetic field topologies. Because of the time-

consuming detailed simulation of each nucleon propagatior%nergy In_each interaction. As early as 1985 Hill and
. X h 7] pointed out that th f ti
path by Monte Carlo, the propagation method described b chramn{7] pointed out that the use of a continuous energy

. . . : . Qoss approximation for this process neglects the intrinsic
lOW. IS not suitable for calculations involving large cosmo- spread of arrival energies due to the variation of the energy
logical distances. loss AE per interaction, and the Poissonian distribution in
) the number of pion production interactions during propaga-
A. Interactions and energy loss processes tion. This results in a certain “survival probability” of cos-

Particles of energf>10'® eV interact with photons of ~Mic rays arriving at Earth with energiedovethe GZK cut-
the cosmic microwave background radiation giving rise tooff, as estimated in the assumption of continuous energy
secondary particle production and nucleon energy loss. Th@ss.
most important processes are: Figure Xa) shows the energy dependence of all param-

photoproduction of hadrons, and eters relevant to the average proton energy loss in the micro-

Bethe-Heitler(BH) production ofe”e™ pairs by protons. wave background (¥2.726 K) for redshifz=0. The pho-

We also account for the adiabatic losses due to cosmdoproduction interaction lengthy, for protons is shown as a
logical expansion of the Universe, and for the decay of neudashed line. Denoting the proton-photon center-of-mass en-
trons produced in hadronic production process. Since we resrgy by \s, the interaction length can be written [<]
strict our calculation to models of UHECR acceleration in
astrophysical shocks, and energies belo? 1€V, we con- 1 1 (= n(e) [smadeE) 2.4
sider only interactions with cosmic microwave background Apr(E) _SEZEJem 2 Js. ds(s—mpc )Tpy(8)
photons. The calculation of nucleon propagation at higher (1)
energies would require the use of models of the radio back-
ground(see e.g. Refl27]). Since we are not presenting re- .

. -~ with
sults on the development of electromagnetic cascades initi-
ated by secondary particles produced in proton-photon
interactions, we can safely neglect interactions on the univer- Smin= (MpC?+m,0c?)? 2
sal optical-infrared background as well. We keep track, how-
ever, of the individual energies of all secondaries of photo- — 24
production interactions and are thus able to show the spectra Smaf €.E)=mc"+ 2Ee(1+4) @
of neutrinos generated by primary protons after propagation
over different distances. Smin— M5c* ) m5c*

Hadron production and energy loss in nucleon-photon in- €h= m pr=1- g2 (4)

teractions is simulated with the event generatopHIA [26].

This event generator samples collisions of nucleons with

photons from isotropic thermal or power law energy distri-Here E(¢€) is the proton(photor) energy and the proton and
butions, using standard Monte Carlo techniques. In this pareutral pion masses ar, andmo, respectively. The cos-
per the code has been used with a blackbody spectrum wittmic microwave backgroundCMB) photon density is given
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10000, of \py is very important for the shape of the propagated
F proton spectrum. As pointed out by Berezinsky and Grigor-
1000 eva[8], a pile-up of protons will be formed at the intersec-
tion of the photoproduction and pair production energy loss
2, distances. Another, smaller pile-up will develop at the inter-
Ea 100 section of the pair production and adiabatic loss functions.
& In the current calculation we treat pair production as a
continuous loss process which is justified considering its
10 small inelasticity of .’L‘ne/mp%lO‘3 (with mg,m,, being the
electron and proton masses, respectivelympared to pion-
1 photoproduction £~0.2-0.5). We use the analytical fit
b functions given by Chodorowskgt al. [28] to calculate the
LSF . mean energy loss distance for Bethe-Heitler pair production.
2 10 _{ """"" This result is in excellent agreement with results obtained by
£ 7" simulating this process via Monte Carlo as done by Prothe-
0.5F E roe and Johnsof2].

T 5 =5 5T - The turning point from pion production loss dominance to
10 10 10 10 10 pair production loss dominance liesEt=6x 10° eV, with
Energy E, eV . L
a mean energy loss distancefL Gpc. The minimum of
FIG. 1. (8) Mean energy loss length due to adiabatic expansiorth€ pair production loss length is reached BEt(2
(upper dotted curJe Bethe-Heitler pair productioridash-dotted ~—4)X 10" eV. For E=<(2-3)x10"¥ eV continuous
curve, and hadron productiortriple-dot-dashed curye Also  losses due to the expansion of the universe dominate. For an
shown are the hadron interaction lengitashed curveand the  Einstein—de Sittefflat, matter-dominateduniverse as con-
neutron decay lengttiower dotted curve The solid line shows the sidered here, the cosmological energy loss distance scales
total x,.ss. (b) Ratio of mean energy loss length as calculated inwith redshiftz as
Refs. [8] (dotted, [10] (long-dashed [9] (short-dashed [12]
(dash-dottey [13] (dashed-dot-dot-dptand[25] (thin solid) to the c
loss length of the present work presented in the upper panel. Xioss,ad E,2) = H—0(1+Z)_3/2”4000 Mpc (1+2)7 372

()
by n(e) in units of cm3eV ! and the photoproduction
cross section,o,(s), is taken from the parametrization for a Hubble constant dfi,=75 km/s/Mpc, which we use

implemented inSOPHIA throughout this paper. All other energy loss distanzgs, gy
The mean energy loss distanggs{E), shown in Fig. for Bethe-Heitler pair production angyss, pnfor photomeson
1(a) as triple-dot-dashed curve, is calculated as production, scale as
B NEBE) Xiosd E 2)=(1+2) *X0sd (1+2)E,z=0]. (8)
XlOSs(E)_ dE/dX_ K(E) (5)

We also show the mean decay distance of

with x(E) being the mean inelasticity ~9x10 %y, kpc for neutrons, wherg,, is the Lorentz fac-
tor of the neutron. Obviously, neutrons of energy below

_ (AE) 107! eV tend to decay, whereas at higher energies neutrons
K(B)=—g ®  tend to interact

Since the details of the proton energy loss directly affect
The mean energy loss of the nucleon due to the hadron prahe proton spectra after propagation, we present the ratio of
duction,(AE), has been calculated by simulating*Zifiter-  the loss distance in previous calculations to that of our work
actions for each given proton energy, resulting in a statisticabn a linear scale in Fig. (). Generally all values of the
error of the order of 1%. FOE>10? eV losses through energy loss distance are in a good qualitative agreement.
photomeson production dominate with a loss distance oRachen and BiermaniQ] treat both Bethe-Heitler and pion
about 15 Mpc aE=8x 10?° eV. Below this energy, Bethe- production losses very similarly to our work except for the
Heitler pair production and adiabatic losses due to the coshreshold region of pion production. In the pair production
mological expansion in the Hubble flow determine the pro-region our work is also in perfect agreement with Protheroe
ton energy losses. and Johnsofl2]. An overestimate of the loss distance due to

Both the photoproduction interaction and the pair producpion production of~10-20% in Ref[12], however, will

tion are characterized by strongly energy dependent crosgsult in a small shift of the GZK cutoff to higher energies in
sections and threshold effects. Figurea)lshows\,, de-  comparison to the present calculations. Berezinsky and Grig-
creasing by more than three orders of magnitude for a protooreva[8] used a very good approximation for the pion pro-
energy increasing by a factor of three. After the minimumduction losses, but underestimate the energy loss in pair pro-
Apn is reached, the proton energy loss distance is approxiduction interactions by at least 30-40%. The largest
mately constant. It is worth noting that the threshold regiondeviation of the combined loss distance from our model ap-
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pears in the calculations of Yoshida and Teshif@h As  slightly higher than the injected proton flux. Although this is
already pointed out in Ref12] the largest difference occurs not essential for the main results of this paper, it may occa-
at~5x 10" eV where Ref[9] underestimates pair produc- sionally affect the normalization of the proton arrival spectra.
tion losses and uses,s values larger by about 60%, while The propagation is completed when the distance between
photoproduction losses are overestimated by up to 50%. Ithe injection point and the particle location exceeds the pre-
the work of Leg[13] pion as well as pair production losses defined source distance. To obtain precise results for the time
are treated in fair agreement with our work, with differencesdelay (e.g. total nucleon path length compared to the path
up to 40% in the threshold region of pion production, andlength of a light ray, the last integration step is adjusted to
10-20 % otherwise. The energy loss code of Lee was alsend exactly at the desired distance.

used by Sigl and collaboratoj22,23. The simple analytical Particles are injected at a point in space with a randomly
estimate of photoproduction losses in the recent work ofhosen small angular deviation from tkaxis which defines
Achterberget al.[24,25 underestimates the photoproduction the main propagation direction. The space alongzthgis is

loss distance by 10—-40 %), whilg,ss due to pair production subdivided into 3X32x512 cubes of side 250 kpc, each

losses is overestimated by about 20%. filled with a random magnetic field of average stren¢f)
=10"° Gauss (1 nGJ29] satisfying a Kolmogorov spec-
B. Method of particle propagation trum with three logarithmic scales. In practice three field

vectors of random orientation are sampled at scdles
=1000, 500, and 250 kpc with amplitudes proportional to
1173 (see Appendix B The final magnetic field in each of the
250 kpc cubes is the vectorial sum of these three vectors.
E'Cyclic boundary conditions are imposed in case a particle

“leaves the space of pre-calculated magnetic fields. This

forvvarpl Monte Carlo treatmen.t (.)f the plropagatlon USING Gyeans that the magnetic field experienced by a particle at
step size of .4 for both hadronic interactions and the equa- | ationx is the same as the field calculatedxa

tions of motion leads to severe efficiency problems for total
propagation distances of hundreds of Mpc. Hence, the Monte

Carlo simulation is done in the following way. First the path X[ =x—NiR;, i=xyy,z (10
length X4 from the current particle position to the next
possible hadronic interaction is determined from

UHECR propagation involves two main distance scales
(@ the hadronic interaction length, of typically 3 to 7
Mpc, and(b) the much smaller length scallg,4 of typically
10 kpc needed for a precise numerical integration of th
equations of motion in a random magnetic field. A straight

with R; being the size of the pre-calculated magnetic field
Xais= = Nphmidn(€), 9) region in directioni. N; is the largest integer number satis-
fying x;—N;R;=0. The magnetic field values are refreshed
where p, min is the minimum interaction length for hadronic after the calculation of 100 propagations to exclude system-
interactions(at maximum redshift possible for a given total atic effects by our choice of field vectors. We have verified
propagation distangeand ¢ is a random number uniformly numerically that the magnetic field constructed in this way
distributed in (0,1. The nucleon is then propagated over theobeys approximately di®)=0 and that recalculations of
path lengthX;s in steps ofl 54, and for charged particles the field at smaller intervals do not change the final result.
Bethe-Heitler losses are taken into account and the deflectiowe assume that the magnetic field strength does not scale
angle is calculated. A hadronic interaction is then simulatedvith redshift. More information about the implementation of
with the probability\ o, min/ A pr(E,2), Apr(E,2) being the in-  the random magnetic field is given in Appendix B.
teraction length for the enerdyand redshiftz. It is shown in The value chosen fdr,,g, in principle, depends strongly
Appendix A that this method corresponds exactly to a propaen the average magnetic field and nucleon energy, and is a
gation simulation using Eq9) with A ;,(E,z) for the calcu- compromise between the precision of the calculation and
lation of the interaction distance at each step with the lengtitomputing time limits. We have chosép,q=10 kpc for
| mag- (B)=1 nG, with an inverse linear scaling for othBrval-

The reduction of the proton energy due to BH pair pro-ues. A step size of 1 kpc has been used for short distance
duction and of all nucleons due to adiabatic expansion ipropagations to ensure accurate results for arrival angle and
calculated at every propagation step, whereas the corréime delay distributions.
sponding loss lengths are updated after a simulated path Finally, it should be mentioned that the calculation of the
length of Ay, min @and every photoproduction interaction. In redshift at a given distance can be done only approximately.
the case of neutrons the decay path length is sampled usifithe reason is the unknown total travel time of a particle from
Eq. (9) with the neutron decay length. The smaller of boththe source to Earth at injection time. The actual travel time
the hadronic interaction and the decay lengths determinepath length can be significantly larger than the light travel
then the larger scale of the simulation. time along a geodesic and is, in general, different for each

If a photoproduction interaction has occurred, the newsimulated particle trajectory. In the following we use the
energy of the protoiineutron is substituted for the old one, proper distance-redshift relation to define the redshift of the
and the energies and particle types of the secondary particlssurce and along the travel path at observation time. This
are recorded. The event generator SOPHIA generates the fudpproximation does not strongly affect our results since we
set of secondary particles, including nucleon-antinucleorconsider here mainly distances with redshifts smaller than
pairs. Thus the total flux of nucleons after propagation is0.06 and weak magnetic fields. However, it should be noted
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that, in the case of a strong magnetic field, cosmological ' '
evolution might become important already at relatively short
distances.

-
e,
T
1

512 Mpc

128 Mpe

IlI. RESULTS AND COMPARISON WITH PREVIOUS
WORK

e

(=]
(=]
T

In this section, we present results from the simulation of
proton propagation. We start with mono-energetic proton
fluxes for which we can compare our results with previous
work, and which reflect more directly the different treat-
ments of the energy loss processes. We then compare results
for the propagation of protons injected with a power law
spectrum.

One can divide previous calculations into two general
groups: Monte Carlo based methods, like our own one, and 10‘1’019 ""1‘(;20 "1'0'21 — 1022
analytical-numerical calculations. Protheroe and Johnson arrival energy E,,, eV
[12] have used a matrix technique to follow the particles
over cosmological distances and calculatehry, neutrino FIG. 2. Arrival spectrum at Earth for mono-energetic injection
and nucleon spectra arriving at Earth. The energy loss matrif protons of energy= 10" eV and for various source distances
ces for all particles are calculated with Monte Carlo eventas indicated. The sharp spike at injection energy for distabces
generators. We have compared @@PHIA event generator <32 Mpc is due to the low interaction probability within the short
with the one of Ref[12] by propagating with the same distance.
method anE 2 proton spectrum with different exponential
cutoffs[see Eq(11)]. For this purpose we have ussdpPHIA  erberget al. [24]. Besides simplifying the properties of the
and the event generator of R¢L2] to calculate the corre- energy losses by analytical estimafsge Fig. 1b)], this
sponding photoproduction matrices and have applied the twoode also describes the scattering in the magnetic field as a
matrices to propagation over the same set of distances. Aiffusion process employing stochastic differential equa-
comparison of the resulting secondary particle spectra yieldgons. This approach has the advantage to allow large propa-
excellent agreement, pointing to a similar treatment of thegation steps, and is thus computationally very fast, but has a
particle production process in the different codes. We havelisadvantage at small propagation distances which we dis-
also compared the matrix method with our Monte Carlo apcuss further below. Our approach is to use the Monte Carlo
proach by propagating an exponentially modified power lawtechnique for simulating particle production and to follow
injection spectrum over 200 Mpc. Again good agreement islosely cosmic ray orbits in 3D-magnetic field configurations
found for the resulting/,, spectra, while thes, and neutron while traveling through the nearby Universe to Earth. This
spectra are at variance with our calculations, which we atconcept, while being the most accurate one, limits our propa-
tribute to a different treatment of the neutron decay. Alsodation calculation to small source distances.
our Monte Carlo method results in more losses due to pair
production for distances 200 Mpc and a sharp spike at the
injection energy for very short distance propagation, a con-
sequence of the Poisson nature of photon-proton encounters. In this section we present distributions of arrival energy,
This feature is discussed in detail in Sec. Il A. arrival direction and time delay of the nucleons, as well as

The approach used by Berezinsky and Grigorg8jaand  neutrino spectra, for mono-energetic injection of protons at
Rachen and Biermani(] is to solve the transport equation distances of 2, 8, 32, 128 and 512 Mpc from Earth. Protons
quasi-analytically by approximating the collisional terms asare injected with energy #0° eV. At this energy, propa-
continuous energy loss terms. This does not take into agyated protons can easily suffer several photoproduction in-
count the statistical character of the pion production procesteractions, and this tends to emphasize the pion production
as pointed out above, and introduces artifacts into the resulfeatures.
ing nucleon spectra in form of sharp pile-ups. L[¢8] used Figure 2 shows the distribution of arrival energy of pro-
a numerical technique to solve the transport equation fotons and neutrons. Clearly visible is the effect of the statis-
particle propagation without using the continuous loss aptical nature of photon-proton encounters, also found qualita-
proximation. tively in Ref. [24]. At a distance of 2 Mpc, roughly 60% of

The common assumption in all this work is to considerall injected particles do not interact, and this generates a
the spatial propagation as strictly along a null-geodesic, wittsharp spike at the injection energy. This effect due to Poisson
the consequence of not being able to gain knowledge aboutatistics remains visible for distances up 1630 Mpc,
time delays and arrival angles of the cosmic rays with respecthowing up as a high-energy spike in the cosmic ray spec-
to light and neutrino propagation. trum. At larger distances, essentially all injected particles

A hybrid model, combining a Monte Carlo particle trans- undergo interactions, and therefore, the high-energy spike
port code with analytical techniques was presented by Achtvanishes. The arrival energy distributions then become much

Eqrr AN/DE,,
3

P 1 M

A. Propagation of mono-energetic protons
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1021
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S

Energy, eV
T

1020

LIt 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIII| 1
109 107 102 103 104
time delay, yrs

107 10° 10" 10® 10® 10* 10° 10® 107 10° )
time delay ty, yr FIG. 4. Scatter plot of time delay versus energy for protons
injected with energy of 13- eV after propagation over 32 Mpc in

FIG. 3. Time delay of protons injected at different source dis-randomB field of 1 nG.
tances and propagated through a random magnetic field of 1 nG.

The time delay is defined as the propagation time of a particlenificant increase of the path length. For protons injected at a
minus the travel time of a light ray along a geodesic. sufficiently large distance this can also lead to excessive time

delays. For example, cosmic rays with energy of about
narrower, and in propagation over larger distances wouldg'® ev, injected at distances greater than 500 Mpc in a
scale simply with the energy loss distance for pair production; nG magnetic field, show a time delay exceeding the
and adiabatic losses, modified by the increasing scattering iQubble time. This gives a strict constraint on the cosmic ray
the magnetic field. horizon.

Figure 3 shows the distribution of the average time delay The diffusion coefficient for an effective description of
of the cosmic rays arriving at Earth with respect to propagathe scattering process in the magnetic field is strongly energy
tion along a geodesic with the speed of light. This delay iSdependent, and so is the time delfy. To emphasize this
caused by scattering of the charged particles by the interggsprrelation, and demonstrate the advantages of the Monte
lactic magnetic field, leading to an increase of the particle’scarlo approach, we show in Fig. 4 the scatter plot of proton
effective path length. Thus, the average time delay increasesergy versus delay after propagation over 32 Mpc. There is
with propagation distance, as visible in Fig. 3. Like the ar-5 strong correlation suggesting that energy changes of one
also show signs of Poisson statistics, visible especially whefimes of more than three orders of magnitude, i.e. we find an
propagating over short distances. _ _ energy dependence similar ¢ty.) > (BD/E)? as derived by

The time delay effectively reflects the arrival energy dis-achterberget al. [24] in the small scattering-angle approxi-
tribution tgepc 1/E3, as a result of the random walk process mation and the quasi-linear approximation of wave-particle
[20,24]. This also emphasizes the importance of an accuratgteractions. The correlation becomes less pronounced when
treatment of energy losses. For example, a direct comparisQitopagating over significantly larger distances simply be-
with the propagation code of Achterbeeg al. [24,29 for  cause the arrival energy distributions become much narrower
(almos} the same propagation parameters has shown differand the statistical nature of the energy loss is smoothed by
ences in the time delay up to one order of magnitudelXor the prevailing pair production and adiabatic losses. This cor-
=32 Mpc. For the same propagation distance, the code byelation, however, would have very important implications
Achterberget al. produces a peak in the arrival energy dis-for specific models of UHECR production, where the dura-
tribution about a factor of 2 lower than found in the presenttion of an active phase of the source competes with the time
work, due to its 20% overestimation of energy losses in thejelay of the protons during propagation. The extreme case
photoproduction regime. Together with a difference in thewould be the acceleration of UHECR in gamma ray bursts.
magnetic field sampling, which leads to an effective correla-The particles with the highest energies are expected to arrive
tion length I, ~390 kpc for the Kolmogorov spectrum first, followed by a dissipating widening halo of lower en-
used in the present worksee Appendix B compared to ergy protons, as emphasized by Waxman and Miralda-
lcor=1 Mpc for the homogeneous cell approach used inEscude 18].

Ref. [24], the observed differences can then be fully under- For large propagation distances, even protons injected
stood by the relatiofge | o /E2,, as derived in Refl24].  with 1075 eV show time delays that are a considerable frac-

Protons with injection energy<10'® eV suffer mainly  tion of the light propagation tim&5—10% for 512 Mpg
continuous BH pair production and adiabatic losses that ar&his would lead to a limiting proton horizon for a large set of
proportional to their path length. The substantial deflection irsource distances and magnetic field vall24. 512 Mpc is
the random magnetic field at such energies results in a siglready a limiting horizon for protons injected with20eV
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FIG. 5. Angular distribution of the arrival angle at Earth for ~ FIG. 6. v, + v, andve+ v, spectra atlEarth after propagating a
mono-energetic injection of protons of enerGy- 1075 eV, and  Mono-energetic proton beam of energy10eV at distances of 2,

for various source distances as indicated. The magnetic field is 3 32 and 128 Mpdfrom bottom to top in a 1 nGintergalactic
nG. magnetic field.

in 1 nG fields, as noted above. Electron neutrino spectra show another, very interesting
The scattering that leads to time delay also causes angulégature, that develops with distance. At a minimum distance

deviations from the direction to the source, as shown in Figof 2 Mpc the v, flux reaches its maximum of 1/2 of the,

5 for the injection of mono-energetic protons at the same segpectrum and shows a somewhat wider energy spectrum, en-

of distances. Note that in our propagation code the “ob-hanced at low energy. At larger distances an additional

server” sits on a sphere surrounding the injection point. Thecomponent develops at significantly lower energy. As al-

angle shown is the angle between the particle’s arrival direcready noted in Ref(9], these are7e 's from neutron decay.
tion and direction to the injection point. This “arrival angle” The resulting protons from the decay process carry most of

is somewhat different from the angle between particle’s ary,o energy, leaving for thge’s an average energy of only
rival direction and the injection direction. This method may _ 154 of the original neutron energy, and the peak is

fé}d to ?}n unﬁerestlm?teﬂof thebscatterlng anlglg and the t'”@aced at about two orders of magnitude to lower energy
elay when the particle fluxes become nearly ISOIropic angy;, respect to the’,, peak. The strength of this component

many particles have a high probability to scatter backy;eaces with distance relative to the diregtcomponent
through the “observer’s sphere.” It will not, however, affect +

strongly the results presented in this paper, because, as Fig.
demonstrates, we do not reach the limit of isotropic 3D dif-
fusion.

The features of the angular distribution closely follow the
time delay distributions already shown. For large propaga- Berezinsky and GrigoreV] introduced the modification
tion distances, the cosmic ray arrival directions are distribfactor M (E,z) to represent the cosmological evolution of the
uted uniformly up to a maximum deflection angle, which UHECR spectraM(E,z) gives the ratio of propagated to
increases with propagation distance to reach more than 20hjected protons at the same enefgyfor a fixed injection
at 512 Mpc. At propagation distances smaller thanspectrum, as a function of the redshift of the injection dis-
~30 Mpc, thus a few times the proton interaction lengthtance compensating for the proton adiabatic losbE<E, z)

Aph, @ peak at small deflection angles occurs due to the efis thus exactly unity for proton energies below the
fect of Poisson statistics for proton-photon interactions. py-particle production energy threshold.

Finally Fig. 6 shows the electron and muon neutrino spec- At the highest injection energies the modification factor
tra generated by the injection of 2 eV protons at the shows the GZK cutoff, followed by a pile-up at the crossover
same set of distances. The muon neutrino spectra develop ak photoproduction and pair production energy loss. This
a function of the proton arrival energy spectra folded withpile-up is a direct consequence of the resonance nature of
the photoproduction cross section. The fluxes grow withphotoproduction and the hadronic particle production thresh-
propagation distance, and the maximum neutrino energpld. The next feature at still lower energy is a shallow dip
shifts to lower energy reflecting the decreasing proton eneorresponding to the pair production loss, followed by a
ergy. The growth rate with distance decreases for very largemall pile-up below it. The magnitude of the pile-ups and
distances, where the average proton energy significantly delips depend not only on the distance and the mean loss dis-
creases and y, is correspondingly significantly longer. tance at the photoproduction—pair production crossover, but

B. Cosmological modification of the cosmic ray source
spectrum
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1.0[ ' ' ] the pile-up of Led13]. However, due to an overestimate of

[ a the loss rate at this energy, the magnitude of the pile-up in
this paper is smaller than in our model. The dip just below
the pile-up is in reasonable agreement with all other works.

Figure 7b) illustrates the effect of scattering in the mag-
netic field by comparing the resulting corresponding modifi-
cation factors. The “no scattering” cunjelashed line, as in
Fig. 7(@)] is much higher than the more realistic “scattering
] curve” in the energy range between#@nd 16° eV. The
] reason is that particles in this energy range have considerable
] ] time delays and correspondingly much higher total energy
e " loss in pair production interactions. Another consequence of
b | the increased proton travel time due to scattering is the de-
velopment of a higher pile-up at about'#0eV, correspond-
ing to the large number of particles moved to lower energies
from the region of that dip. Note that simulation of*0eV
particles n a 1 nGfield is at the threshold of our direct
Monte Carlo approach, and the calculation is not carried to
lower energy where it might show an additional pile-up con-
tent. Figure o) thus demonstrates the importance of the
proton scattering in the extragalactic magnetic fields for the
shape of the final spectrum on arrival at Earth.

It is important to note that the curves shown in Figh)7
are calculated for a source with unlimited lifetime. In addi-
Energy E, eV tion, by construction, energy loss due to cosmological evo-
lution does not enter the modification factdi(E,z). Impos-
ing a constraint on the source lifetime will change the
proton spectrum with a sharp cutoff Bt=3x 10?° ev. This cal-  modification factor considerably for low energies because,
culation (solid line) is compared to Refs[10] (dotted line,D  for @ given distance, the time delay due to the scattering in
=240 Mpc),[12] (dashed-dotted lind) =256 Mpc),[9] (dashed the turbulent magnetic field might become comparable to or
line, D=228 Mpc, E.=10%° eV) and[13] (dashed-dot-dot-dot €Ven exceed the source lifetime.
line, D=256 Mpc). Lower panel: comparison of the modification
factor for rectilinear propagatiofdashed curve, “no scattering” IV. FORMATION OF THE PRIMARY AND SECONDARY
curve and for propagationni a 1 nG nagnetic field(solid line, PARTICLE SPECTRA DURING PROPAGATION
“scattering curve’) including the effect of scattering.

log(M(E,z))

log(M(E,z))

-1.0

1018 1012 10°0 10°1

FIG. 7. Upper panel: modification factors for propagation over a
distance of 256 Mpc without magnetic field after injection d &

To study the development of the primary and secondary

also on the shape of the proton injection spectrum. Flattepartide spectra we followed the propagation of protons in-

. _2 . .
spectra create bigger pile-ups, because of the increased nu}ﬁgted with aE™~ power law spectrum with an exponential

1.5 H
ber of higher energy protons that have interacted to lose erfUtOff at 16%° eV, ie.

ergy. The pile-up energy is linked to the energy where losses
due to pair production take over from pion production losses, d_N
and is therefore strongly dependent on the details of the loss dE
processes in the simulations. Figur@)7showsM (E,z) for

propagation without magnetic field for the sole reason ofwe recorded the spectra after propagation over 10 Mpc in-
comparison with previous work. AE~2 proton spectrum tervals up to a source distance of 200 Mpc. The results of
with a sharp cutoff aE,=3x10%° eV is injected, and we this calculation are relevant for models of UHECR accelera-
propagate over a distance of 256 Mpc in our calculatiorntion at astrophysical shock fronts, although the cutoff energy
(solid linel compared to Refs.[10] (dotted line, D adopted in this calculation is fairly high. 10 000 protons were
=240 Mpc), [12] (dashed-dotted line) =256 Mpc),[9] injected with a power law spectrufmtegral spectral index
(dashed line, D=228 Mpc, E.=10?° eV) and [13] y=1) in each of 30 energy bins covering energies frort? 10
(dashed-dot-dot-dot lind) =256 Mpc). There is excellent to 10°? eV, i.e. 10 bins per decade of energy. We did not
agreement at all energies with the work of Protheroe andimulate the propagation of lower energy particles, which do
Johnson[12]. The sharp photoproduction peak of Rachennot experience photoproduction interactions, but followed
and Biermanrj10] is an artifact coming from their continu- the secondaries down to arbitrary low energies.

ous loss approximation for pion photoproduction. As noted Figure 8a) shows the evolution of the particles injected in
previously, Yoshida and Teshimg®] used a loss curve the highest energy bin #6°to 10?2 eV. The size of each
which shows a significant deviation from that used in therectangle is proportional to the fractional energy distribution
present paper, and hence their corresponding pile-up heighfter propagation over 10, 20, etc., Mpc. The rate of energy
is also larger than in our work. We agree with the position ofdegradation is dramatic. After only 10 Mpc the spectrum of

=AE 2exd —E/(10°1° eV)]. (11)
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from photoproductior{long dashed ling and from pair pro-
B a duction(short dashed line While the photoproduction com-
102 - . ponent rises very quickly and changes very little after 100
ECEP Mpc, the pair production component is almost proportional
S - to the distance, as most of the injected protons, despite the
S mn| SEEEG high threshold of 18 eV, have similar pair production
S Soo losses. At distances of 10@00 Mpc 51% (43%) of the
S B injected power is carried by nucleons, 31@&7%) by the
3 - IIIIIIii.. electromagnetic component and 18%0%) by neutrinos.
g 100 --c===sese=a----___ The neutrino fluxes will remain at the same level during
N BRI propagation over larger distances, and the established energy
- balance will only slightly change as nucleons yield some of
B el Bl el el Bl et their power to the electromagnetic component through pair
1019 = 2 wgr ’ production. Adiabatic losses will, of course, affect all com-
- oo Loy | ponents in the same way.
s 1.0 In addition to distributing a fraction of the energy of the
S b injected protons to secondary particles, the propagation
s 08 changes the energy spectrum of protons. The most energetic
T 06 nucleons lose energy fast and are downgraded after a short
% 04 - propagation distance. The number of nucleons with energy
I I above 18' eV decreases by 10%, 50% and 90% from the
0 e Sttt injected number of protons after only 1, 6, and 20 Mpc. The
0 100 200 corresponding distances for nucleons of energy above
propagationdistarics, Mpe 10%° eV are 10, 40 and 85 Mpc. The magnitude of these

changes emphasizes the importance of detection of very high
FIG. 8. (a) Arrival energy distribution for protons injected with energy particles: for particles of energy above BX° eV
energy between H° and 162 eV after propagation on (same as the highest energy event detected by the Fly’'s Eye
10, 20,...200 Mpc(b) Fractional energy contained in nucleons [30]) these distances are 1, 10 and 30 Mpc. The rapid ab-
(solid line), y rays from photoproductiofiong dashesand BH pair  sorption of the highest energy cosmic rays implies that the
production(short dashesfor protons injected with the energy spec- horizon of the highest energy protons is very small, and in-

muon (long) and electronshor) neutrinos and antineutrinos. sources.

protons injected in a 0.1 logarithmic bin have spread over
one and a half orders of magnitude. The width of the energy
distribution increases with the propagation distance up to The Monte Carlo propagation of ultrahigh energy protons
~30 Mpc and then decreases. Qualitatively this behavior isn a random extragalactic magnetic field has obvious advan-
very similar to the calculation of Aharonian and Crofiird],  tages over other approaches to calculations of proton propa-
although the direct comparison is difficult because of thegation in the cosmologically nearby Universe. To start with,
different approach to the calculation. The average behaviothis approach takes fully into account fluctuations in the po-
of all protons injected with energy above aboutsitions of proton interactions, and thus also in the proton
3x10% eV is similar, although the magnitude of the spreadenergy losses and production of secondary particle fluxes. It
decreases—particles of energy below°l@V suffer much  also naturally generates the correlations between the proton’s
smaller losses. After propagation over about 100 Mpc therrival energy, its time delay, and its angular deviation from
spectrum shown in Fig. 8 is already final—it is concentratedthe source direction. We have also shown that mathematical
within  roughly 1/2 order of magnitude around approaches which use a diffusion description of magnetic
~8x 10 eV. This energy slowly decreases because of paiscattering, although superior in computational speed, can
production and adiabatic losses during propagation ovelead to significant systematic errors for propagation distances
larger distances, but without change in the shape of the dismaller then~100 Mpc.
tribution. These features of the calculation become extremely valu-
The lower panel of Fig. 8 shows the fractional energyable when applied to specific models of UHECR accelera-
carried by different particles after propagation in terms of thetion, especially models that involve a relatively sh@om-
total energy of the protons injected with energy spectrunpared to light travel time and proton time delagctive phase
described by Eq11). The proton curve, which also includes of the source. An extreme example for such a model is the
neutrons, always dominates. The energy content in proton§RB model for UHECR acceleration. However, other mod-
however, is only about 50% of that injected for distancesels involving interacting galaxies or radio galaxies of specific
above 120 Mpc. The rest of the injected energy is distributednorphology could also be affected, especially if embedded
between the electromagnetic component and neutrinos. Noie regions of high(randon) magnetic field.
the difference between the phottand electropcomponents At energies that allow protons to photoproduce, namely

V. DISCUSSION, CONCLUSIONS, AND OUTLOOK
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10000 - oG whereNj is the number of particles injected with energy.

1nG —— To start with, Rgy is small at any energy, and demon-
strates the resonant nature of the photoproduction cross sec-
total loss length tion. At E=10?° eV Rg, is about 100 Mpc, while at
2x10%° eV it decreases to 20 Mpc and becomes smaller
than 10 Mpc for energies abovex30?° eV. For injection
energies above 0 eV the horizon energy dependence is
similar to that of the energy loss distance shown in Fig. 1.
These protons are not affected much by the magnetic field
since their scattering angles are small, but suffer mainly from
energy degradation due @y encounters. Below 0 eV
the picture changes. The scattering in the magnetic field in-
creases the propagation time and thus causes additional en-
ergy loss and an increase of the ratjg/Rsp.

Stronger magnetic fields create delays that could be
longer than the light propagation time from the source and
reverse the trend—the horizon starts decreasing below

FIG. 9. Proton 50% horizon as a function of injection energy for ~ 6> 10'° eV and is restricted to 75 Mpc at f0eV. Since
average random magnetic fields of Gdashed histogram1 (solid  the average time delay is inversely proportional&g the
histogram, and 10(dotted histogramnG. See text for definition. decrease ORsg is expected to become more drastic at lower
The solid line is the total energy loss length from Fig. 1, shown hereenergy. One consequence of the strong energy dependence of
for comparison. Rgq is, for example, that our attempts to correlate the arrival

directions of UHECR with different types of astrophysical
above 18° eV, the energy degradation is extremely rapid.objects should use only objects within the particle horizon
This is not very surprising because of the very short photodepending on the magnetic fields strength in different re-
production interaction length at energies corresponding t@jions of the Universe. Independently of the magnetic field
the maximum cross section—i.B,, below 4 Mpc for ener-  value, however, the horizon defined above is much smaller
gies between 4 10°° eV and 16" eV. This energy range is than the conventional numbers of 50 or 100 Mpc for the
very relevant, as it is just above the highest energy particlefighest energy cosmic ray events.
detected by the Fly's Eye and AGASA arrdygd,2]. A large There are many relevant astrophysical problems which
part of this rapid energy dissipation in our calculation is duecan be studied with the approach described in this paper. We
to the correct implementation of the fluctuations in photopro-plan to use the code for proton propagation in regular mag-
duction interactions irsOPHIA A good example for the size netic fields associated with large scale structutesal su-
of the fluctuations is the proton energy distribution afterpercluster, supergalactic plan@he regular fields, especially
propagation over 10 Mpc shown in Fig. 8, which coversif they reach the observationally allowed limits of 0.Q3G
more than one and a half orders of magnitude. This is agnd even 0.1uG, could change the propagation patterns for
extreme case. However, every partiCIe injected with an eniot® eV cosmic ray protons and alter the horizon values
ergy well above the photoproduction threshold would veryshown in Fig. 9. We also plan to set limits on models of slow
rapidly result in a distribution extending down to the thresh-yHECR acceleration on shocks of very large dimensions and
old, within the first 10 Mpc. to look for possibilities of ultrahigh energy-ray halos

This rapid energy dissipation creates additional problemground the sources and along the tracks of the UHECR pro-
for models of cosmic ray acceleration at astrophysicakgns.

shocks. Apart from the difficult question of the maximum
acceleration energy, such models require that a significant
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APPENDIX A: MONTE CARLO SAMPLING losses as continuous process, this energy depends on the path
OF INTERACTION POINTS lengths. Correspondingly, the probability for one interaction

. . o in the int | 6,5+ds) is gi b
In the following we discuss the application of the veto In the interval 6,s+ds) is given by

algorithm to the sampling of interaction points along a ds

nucleon propagation path. The probability of having no had- Pin(s)ds= Pno(oys)m, (A2)
ronic interaction with a photon of the CMB within a path P

length interval §;,s,) reads whereP,4(0,s) is the probability that no interaction has oc-

curred before. In our approach we replagg(E(s)) by the
P (51.5,)—expl — J’Sz ds (A1) constanti p, min and use Eq(A2) to sample the path length
not=1»%2 s; Mpr(E(9) | distance from the current locatios€0) to the next inter-
action. This interaction point is then accepted with the prob-
The interaction length itself depends only on the nucleorability X, min/Apr(E(S)). Hence the interaction probability
energy. However, because of the treatment of Bethe-Heitletan be written as

Pi(s)ds=| P (03)+Jsﬂf> (05)(1—M)ﬁ (51,5)
int nove O)\ph,min nov ==t }\ph(E(sl)) nov=Le
s dsl ~ ( )\phmin )IS d52 ~ ( Aphmin )~
+ | —Pn(0,59)| 1— - Pho(S1:8)| 1= ———< | Pno(S2,89)+ . ..
J'O )\ph,min no( l) )\ph(E(Sl)) Sl)\ph,min no( ! 2) )\ph(E(sz)) no( 2 )
)\ph min ) ds
X ' , A3
)\ph(E(S)) )\ph,min ( )
|
where we have used APPENDIX B: IMPLEMENTATION OF THE MAGNETIC
FIELD
_ S-S, A turbulent magnetic field which is frozen into a fluid
Pno(Sz,Sl)ZEXP{ k. ] (A4)  with fully developed hydrodynamic turbulence would follow
ph,min a Kolmogorov spectrum, which is defined by
— —5/3
The first term in square brackets corresponds to the probabil- H(k)=To(k/ko) (B1)

ity that no interaction was sampled in the intervalsj0,The |\ harek is the wave numbei31]. I (k) is the energy density

second term is the contribution which comes from an mter-per unit wave numbertk, the smallest wave number of the

action point sampled &; but rejected with the probability turbulence, the inverskal is sometimes called the “cell

1—\ oI N o
ph,min®&ph- L . size” of the turbulence. Hence we have for the total ener
The integration limits in Eq(A3) ensure the ordering of densi 9y

: ) . . . . ty[32
the interaction points according to the simulation method, y1s2]
0<s;<s,<---<s. Symmetrizing the integration limits Bers
yields Ut0t=§= J dk 1(k). (B2)
ds s In the propagation program we consider 3 discrete wave
Pin(s)ds= exp[ — ] numbers. Thus we have to rewrite this integral in terms of a
Npn(E(S)) A ph,min discrete spectrum iR, starting withky and continuing with

o < 1 1 n ki=2k;_4, 1=1,2. These are equally spaced apart in, lgg
% — j r( - ) with A(log,k)=1. Hence the energy density we should as-
a=o N!'| Jo A ph,min Npn(E(S)) cribe to each of the three wave numbers is approximately
s ds ds I (k) dk
=exp, — , A5 Ui~ ————| A(log, k)
p{ fo)\ph(E(s’))] W) "~ dliog; k)|, 1%
[\ —2m

which is identical to Eq(A2) and shows that the described =lokoIn 2(k_0) : (B3)
simulation method reproduces the correct, energy-dependent
interaction length. The total energy density is then a simple sum:
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B2 with the sum of the outward normal componenBobver the
87 YotUit+U,. (B4 surface of the & 8x 128 Mpc volumeV. The volume av-
eraged value of di\B) is calculated as
We normalize the field to a total energy density correspond-
ing to(|B])=1 nG, i.e.Uy=~4x102° ergcm 3.

The technical implementation of the magnetic field into
our propagation code is as follows. We divide the propaga-
tion volume into cubes of 1 Mpc side length, and attach toThe rms value of(V-B) for 10,000 field realizations is
each of them a homogeneous fi@lgwith magnitudeB, and (V- B);me=3.7X10"° nG/kpc.
random direction. Each of these cubes is divided into 8 cubes We also calculate the effective correlation lenth, by
of 0.5 Mpc side length, to which a fiel; of magnitudeB;  equating
and random direction is vectorially added to the fiBld The
procedure is repeated once more, so that our field is eventu-
ally realized on elementary cubes of 0.25 Mpc side length,
each of which carries a magnetic fieBy+B,+B,. We
check that diB=0 by approximating the surface integral The best fit value of,, is 390 kpc.

(V-B)=%E B, ds. (B5)

(B(x)-B(x+ g))=Bz(x)exy{ - ﬂ) (B6)
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