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Ginter Sigl}? Francesco Miniatf,and Torsten A. EnRlih
1GReCO, Institut d'Astrophysique de Paris, C.N.R.S., 98 bis boulevard Arago, F-75014 Paris, France
2Federation de Recherche Astroparticule et Cosmologie, UniveBids 7, 2 place Jussieu, 75251 Paris Cedex 05, France
3Max-Planck Institut fu Astrophysik, Karl-Schwarzschild-Strasse 1, 85741 Garching, Germany
(Received 7 January 2004; published 25 August 2004

We study signatures of a structured universe in the multi-pole moments, auto-correlation function, and
cluster statistics of ultrahigh energy cosmic rays abové &0. We compare scenarios where the sources are
distributed homogeneously or according to the baryon density distribution obtained from a cosmological large
scale structure simulation. The influence of extragalactic magnetic fields is studied by comparing the case of
negligible fields with fields expected to be produced along large scale shocks with a maximal strength consis-
tent with observations. We confirm that strongly magnetized observers would predict considerable anisotropy
on large scales, which is already in conflict with current data. In the best fit scenario only the sources are
strongly magnetized, although deflection can still be considerable, of order 20° ug®%eVi0and a pro-
nounced GZK cutoff is predicted. We then discuss signatures for future large scale full-sky detectors such as
the Pierre Auger and EUSO projects. Auto-correlations are sensitive to the source density only if magnetic
fields do not significantly affect propagation. In contrast, for a weakly magnetized observer, degree scale
auto-correlations below a certain level indicate magnetized discrete sources. It may be difficult even for next
generation experiments to distinguish between structured and unstructured source distributions.
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[. INTRODUCTION if it would be possible to follow the UHECR trajectories
backwards to their sources. However, this may be compli-
The origin of ultrahigh energy cosmic radHECRS is c_ated by_the possible presence qf extrag_alactic_magnetic
still one of the most challenging problems of modern astrofields, which wpuld deflect the particles during their travel..
physics. It is an open question which mechanism is resporf-urthermore, since the GZK-energy losses are of stochastic
sible for producing particles up to 3eV and beyond and Nature, even a detailed knowledge of the extragalactic mag-
where the corresponding sources can be fola@]. Al- netic fields would not ne_cessarlly a_llow to follow a UHECR
though statistically meaningful information about thetrajectory backwards to its source since the energy and there-

. P ... —fore the Larmor radius of the particles have changed in an
UHECR energy spectrum and arrival direction d|str|but|onunknown way. Therefore it is not clear if charged particle

rz?stronomy with UHECRSs is possible in principle or not. And

and distribution of the sources emerges naturally from th%ven if possible, it remains unclear to which degree the an-

data(for a short overview on the relevant literature see Ref-gular resolution would be limited by magnetic deflection.

[3]). There is on the one hand the approximate isotropic ar- qyjte a few simulations of the effect of extragalactic mag-
rival direction distribution[4] which indicates that we are petic fields(EGMF) on UHECRS exist in the literature, but
observing a large number of weak or distant sources. On thgsually idealizing assumptions concerning properties and
other hand, there are also indications which point more todistributions of sources or EGMF or both are made: In Refs.
wards a small number of local and therefore bright sourceq:12—16 sources and EGMF follow a pancake profile mim-
First, there seem to be statistically significant multi-plets oficking the local supergalactic plane. In RgfL7] highly
events from the same directions within a few degregS]. structured EGMF have been obtained from constrained simu-
Second, nucleons above-70 EeV suffer heavy energy lations, but the source distribution has been assumed homo-
losses due to photo-pion production on the cosmic microgeneous. In other studies EGMF have been approximated in
wave background—the Greisen-Zatsepin-Kuzit®ZK) ef-  a number of fashions: as negligiljl&8,19, as uniform[20],
fect[6]—which limits the distance to possible sources to lesr as organized in spatial cells with a given coherence length
than =100 Mpc[7]. For a uniform source distribution this and a strength depending as a power law on the local density
would predict a “GZK cutoff,” a drop in the spectrum. How- .

ever, the existence of this “cutoff” is not established yet However, the presence of the above mentioagparently
from the observationEs]. In fact, whereas a cut-off seems contradicting .hlntsmdl'cate that thg existing da}ta set might
consistent with the few events above?16V recorded by already carry information on non-trivial properties of sources

the fluorescence detector HiRe, it is not compatible with gggslzrggﬂvgn?geéhgf g\:jan;:t?clzdg;?rsosngﬁ followmg ques-
the 11 eventgalso above 1% eV) measured by the AGASA gedp y:
ground arrayf10]. The solution of this problem may have to (1) Do we observe a large number of dim or a small number

await the completion of the Pierre Auger projétt] which of bright UHECR sources?
will combine the two complementary detection techniques2) Is the source location distribution statistically homoge-
adopted by the aforementioned experiments. neous, or does it follow the matter distribution in the

Such apparently contradicting hints could easily be solved local Universe?
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TABLE I. List of simulated scenarios. The columns contain the number assigned to the scenario, the source density, whether the sources
are distributed as the baryon density in the large scale structure simulation box or homogefemsisly, the observer position 1 or 2
corresponding to Figs. 3 and 4, respectively, the magnetic field strength at the observer l@eatiandicates no fields, whereas a number
indicates the EGMF obtained from the large scale structure simulatlmbest fit power law index in the injection spectrem®, and the
overall likelihoods of fits to the data. The first six likelihoods are for the multi-polesE@bove the energy indicated as superscript in EeV
and over the range dfindicated as subscript. “AGASA only” and “AGASA SUGAR” indicates which exposure functions and data sets
were used. Above 40 EeV this corresponddltgs— 99 “AGASA +SUGAR” events, or tdN =57 “AGASA only” events. Above 10 EeV
comparison with an isotropic distribution of 1500 events was made, see text for more details. The last two likelihoods are for the auto-
correlation Eq(4) for #<20°, and the clustering within 2.5° up to multiplicity 10, respectively. The likelihoods are computed=férin
Eq. (5) which leads to reasonable discriminative power.

No. ndMpc 3] structure observer Bgys/G a L2, £ £, £ £ £ LR £,
AGASA only AGASA+SUGAR AGASA only

1 2.4x10°4 yes 1 1.%10°7 24 0070 0011 037 0.094 012 0.042 057 0.85
2 2.4x10°4 yes 2 8.x10%2 24 043 035 052 048 016 0.18 0.52 0.85
3 2.4x10°% yes 1 0 26 023 015 037 039 015 015 042 0.73
4 2.4x10°° yes 1 0 26 025 021 033 048 011 0.19 0.30 0.65
5 2.4x10°° no 1 0 26 036 034 045 051 013 024 065 0.71
6 2.4x10°° yes 2 8.x10'2 24 049 032 079 062 017 024 0.56 0.83
7 2.4x10°% no 1 0 26 035 040 042 047 012 017 0.53 0.78
8 2.4x10°° no 1 0 30 036 045 019 051 010 0.17 0.24 0.48
9 2.4x10°4 yes 2 0 26 032 031 051 049 013 020 050 0.75
10  2.4x10°° yes 2 0 26 024 070 032 046 010 0.18 0.46 0.65

(3) Are the particles strongly deflected by intergalactic mag-mersed in~0.1 G fields. Finally, we found that the degree-

netic fields? scale auto-correlation functions above4x 10 eV can
(4) What are the magnetic fields surrounding sources angerve as a discriminator between magnetized and unmagne-
observer ? tized sources.

(5) Can we discriminate between the case of sources with In the present paper we specifically focus on signatures
practical identical luminosities and the case of a powerfor the structure, density and luminosity distribution of
law luminosity distribution? UHECR sources, as well as for magnetic fields surrounding

The means by which we want to study these questions argources and observer. We will find, as expected, that for most
comparisons of simulated datasets to the observed one I$}f these observables, the current data set does not allow to
statistical tests on the arrival direction multi-pole momentclearly distinguish between limiting cases. We will therefore
and auto-correlation distributions, on the multi-plet statistics discuss how future experiments such as the Pierre Audgr

and on the UHECR energy spectrum. The simulated UHECRNd EUSO[23] projects will improve the prospects to mea-

events are produced by following the trajectories of particlesure these observables.

through a large-scale structure simulation which included a Here, we restrict ourselves to UHECR nucleons, and we

numerical model for the generation and evolution of theneglect the galactic contribution to the deflection of UHECR

EGMF. We thereby extend our former studig&22] to a  since typical proton deflection angles in galactic magnetic

larger parameter space and a higher degree of realism.  fields of severajuG are=<10° above 4 10" eV [24], and

The most important results of these former studies are: Ahus in general are small compared to extragalactic deflection
local component of sources withis 100 Mpc alone cannot in the scenarios studied in the present paper.

explain satisfactorily the observed isotropy at energies The simulations are described in more detail in the next

% 10'° eV [3]. In Ref.[22] and the present study we there- section. There we also describe the general features of our

fore take into account sources at cosmological distances byethod and define the statistical quantities used for compari-

periodically repeating the large scale structure simulatiorson with the data. Section Ill presents how large scale multi-
box. As a result we found that in combination, a comparisorPoles and small-scale auto-correlations probe magnetization
of spherical multi-poles fok< 10 and of the auto-correlation and UHECR source characteristics. It constitutes the main

at angles#=20° between observed and simulated data modpPart of the present paper. We conclude in Sec. IV.

erately favors a scenario in whi¢h UHECR sources have a

densityns~10"° Mpc™2 and follow the matter distribution

(i) magnetic fields are relatively pervasive within the large

scale structure, including filaments, and with a strength of In the next section we will investigate, from a statistical

order of auG in galaxy clustergiii) the local extragalactic point of view as defined below, the viability of various sce-
environment is characterized by a weak magnetic field belovnarios for the propagation of UHECRs in an extragalactic

0.1 uG. This is in contrast to Ref3] where the neglect of environment. These scenarios are listed in Table | and differ

cosmological sources marginally favored observers imin the UHECR source distributions, the strength of the

II. OUTLINE OF THE NUMERICAL TECHNIQUE
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EGMF, and the location of an hypothetical observer on I B B IO I A I IR o
Earth. The latter will also lead to different strengths of the M =max(M2, B)
EGMF within a few Mpc from the observer. In the following

sections we describe in detail how the various scenarios ar: r
characterized.

A. Large scale structure and extragalactic magnetic fields

The magnetized extragalactic environment which we uses ¢ 1 |-
for our experiments is produced by a simulation of the large ® [
scale structure of the Universe. The simulation was carried§ i
out within a computational box of 56~ Mpc length on a £ L
side, with normalized Hubble constant h :
=H,/(100 km s* Mpc™1)=0.67, and using a comoving i
grid of 512 zones and 256dark matter particles. This is the
same large scale structure simulation that was used in Refs -
[3,22] and is further described if25].

The EGMF adopted here is based on the numerical mode
developed in26] which has been shown to be compatible 10-2
with existing Faraday rotation measures with lines of sight 0'01 ""5"1' '1 """{'O' 11)2 11)3 11)4 11)5 11)6
both through clusters and the diffuse intergalactic medium. ' ' Log M
Thus, at simulation start the EGMF was initialized to zero
and subsequently its seeds were generated at cosmic shocksFIG. 1. Distribution of the number of celis as a function of
through the Biermann battery mechanid2i7]. This ap- maximumM of the Alfven Mach number and the plasma beta pa-
proach is alternative to the case in which the initial magneticgameter.
field is set uniform over the whole simulated volume. Since
cosmic shocks form primarily around collapsing structureghe large scale intergalactic magnetic field in different parts
including filaments, the above approach avoids generatingf the Universe is as reproduced by our numerical simula-
EGMF in cosmic voids. An alternative, more realistic but tion. However, as already pointed out the resulting EGMF is
also much more complicated scenario is discussed in Regonsistent with statistics of existing Faraday rotation mea-
[28], in which magnetic fields are injected into the interga-sures with line of sight through filaments despite the fact that
lactic medium by galactic outflows. Whichever the mecha-the magnetic field strength can be close to the equipartition
nism that generates it, the magnetic field is then evolvegalue with the gas total energg6].
according to the induction equation and is therefore ampli- It is worth pointing out that, because of the very scarce
fied in different parts of the universe by shear flows andobservational constraints on intergalactic magnetic fields,
compression according to the velocity field provided by theboth our assumptions have limitations. For example, an in-
simulated gas component. dependent experiment based on the detection from the Coma

As already pointed out in Reff3], given the tiny values of ~cluster of radio synchrotron emission and hard x-rays inter-
the initial seeds generated through the Biermann mechanisrreted as inverse Compton emission, would suggest that
the field strength at simulation erfdhen the cosmological magnetic fields in this cluster are lower by about an order of
redshift equals zejas much smaller than what is observed magnitude compared to what we are assuni®@. Simi-
in galaxy clusters via a number of experimef28]. There- larly, and more importantly, one cannot exclude the possibil-
fore, in order to avoid such discrepancies, it is necessary ty of much smaller magnetic fields in filaments than we
change the normalization of the simulated magnetic fiellessume, although some evidence for magnetic fields in fila-
strength. Our renormalization procedure simply involves aments at the level of a tenth ofaG may already exigt31].
rescaling of the overall magnetic field in the computational According to our simulation scenario and with the as-
box, such that the magnetic field in the core region of asumptions made, we find that EGMF are significant only
coma-like galaxy cluster ipredictedto be of order of guG  Within filaments and groups or clusters of galaxies. In Fig. 1
or so, as indicated by Faraday rotation meas{®8 As a  We test the assumption that the magnetic field is passive. In
result of this rescaling, the magnetic field strength volumeorder for the magnetic field to be dynamically important both
averaged over=0.5 Mpc within typical cluster cores is be- the Alfvenic Mach numberMa=v/v,=v/B/(4mp)*?, and
tween 0.7 and 2.3G. Since the magnetic field streng®,  the plasmaB parameterf=P,/(B%/87) must be smaller
in collapsed structures follows a well defined scaling relatiorthan unity. Thus in Fig. 1 we plot a histogram of the fraction
with the structures virial temperatuf80], the renormaliza- of cells as a function oM :max(l\/li,ﬁ). The histogram
tion of the magnetic field as described above can be easilghows that the condition of dynamically unimportant mag-
carried out even though coma like galaxy clusters do notetic field is violated only in a very small fraction of the
form in our simulation due to the relatively small computa- volume, which does not affect the evolution of the simulation
tional box. in any significant way. Furthermore, only a fraction of the

Lacking direct measurements of magnetic fields in fila-cells in those bins is characterizeg b a magnetic field
ments, we assume that the topology and relative strength @iapable of affecting the trajectory of UHECRSs. In any case,
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FIG. 2. The cumulative filling factors for EGMF strengtiteft pane) baryon density(right panel, in units of average baryon denkity
above(decreasing curvésand below(increasing curvesa given threshold, as a function of that threshold.

as discussed in Sec. IV we consider the case of a fieldhus a UHECR produced by a source where matter density
strength normalization reduced by a factor 10 with respect tds high will be subject to the action of magnetic fields within
our fiducial model. This would correspond to a left-shift of an extended volume surrounding the source, before breaking
the x-axis in Fig. 1 of two decades, such that the EGMF ignto a void where magnetic fields are much weaker. A rela-
virtually dynamically unimportant in all cells of the simula- tively large structure about 17 Mpc away from the weak field
tion. observer is identified for calculation purposes as the Virgo
About 90 percent of the volume is filled with fields cll_Jster. We_orient our terrestrial c_oordinate system so that
=10 nG and in the voids fields are10™ 1! G. In Fig. 2 we this cluster is close to the equatorial plane.
show the cumulative filling factors for both the EGMF
strength and the baryonic gas. The volume field averages are B. UHECR sources
(IB)=1.5x10"% G, and (B?))"?=7.9x10"® G, with co- For a given number density of UHECR sourcas, we
herence lengthss Mpc in the strong field regions, and thus explore both the case in which their spatial distribution is
compatible with Faraday rotation bound23,32. Note that either proportional to the local baryon density, as in R},
the hallmark of a highly structured field is a ratio or completely homogeneous. Further, due to the unknown
((B2)Y2/(|B|)>1, as in the present case. source positions and properties, there will be a cosmic vari-
As in Refs.[3,22], we explore the case of two observers ance in the results. In order to be conservative and maximize
located at different positions within the simulated volume:this variance, we will therefore assume that all UHECR
The first is located in a filament-like structure with EGMF sources, are distributed in luminosity;, so that their con-
~0.1 uG, and the second at the border of a small void withtribution of UHECR per lod); is roughly constant witlQ); .
EGMF ~10 ! G. Figures 3 and 4 show two-dimensional In addition we allow the spectral index; of the emitted
cuts through the EGMF and baryon density around these twpower-law distributions of UHECRS to vary and assume that
observer positions. Notice that the structure of the magnetieach source accelerates UHECRs up t6 8¥. Specifically,
field is quite more extended than that for the baryonic gasour assumption can be summarized as follows:

magnetic field baryon density
— :

T pCO.C0O
3 ™ 00.00

60 60
10.00

9 a

?\ 40 g\ 40
= - 1.00
20 20 0.10
0.01

0 20 40 &0 8] 20 40 60
x/Mpe x/Mpc

FIG. 3. Log-scale two-dimensional cut through magnetic field total strength in Gealss scale in Gauss, left paneind baryon density
in units of average baryon densifgolor scale, right panglThe observer is in the center of the figures and is marked by a star. The EGMF
strength at the observer 0.1 uG. Note that both panels correspond to the same cuts through the full large scale simulation box.
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FIG. 4. Same as Fig. 3, but for an observer situated in a small void where the EGMF streadtf i G.

dng ., surrounded by several 100 Mpc of sources in each direction.
dQ_“Qi “ for 1<Q;<Qpax Since the energy loss length for nucleonssi4 Gpc above

' 10'° eV [34], all relevant distant sources are taken into ac-
dn count in this manner.
d_aS: const fora—Aa<ai<a+tAa (1)

i

C. UHECR propagation and event detection

_ 11 ) . . .

Emac= 107" €V, For each configuration, consisting of a choice of source

o , . positions and a set of paramet&)s and «;, many nucleon
where Q; has been put in dimensionless units. The powetajeciories originating from sources in the Gpeolume

law distribution inQ; could be further motivated by the Iu- \yere computed numerically. As in previous wofR,12—
minosity function of the EGRETy-ray blazars w@lch has 14 16, particles are propagated taking into account Lorentz
this SShapgl in the power range “’i@srg.s_ =Qi  forces due to the EGMF and energy losses. In this respect,
=10%erg s* [33]. Constant source characteristics corre-pion production is treated stochastically, whereas pair pro-
spond toQma=1, Aa=0 in Eq.(1). If not explicitly stated  qyction is treated as a continuous energy loss process. Cos-
that sources with identical properties are assumed, we Willyological redshift cannot be taken into account because the
always us&ma= 100, Aa=0.1. Finally, the actual value of propagation time is not known before hand. However, this is
a, representing the central value of the power law indexag minor effect since the travel time of the trajectories does
distribution, together with the total power of injected UHE- ot exceed ~3 Gyr, corresponding toz~0.6 down to

CRs are left as free parameters to be obtained from a best i1 ey see Fig. 5. Trajectories connecting sources and ob-

analysis when the simulation results are compared with observers in different copies of the simulation box are taken
servational data. into account.

We also assume that neither total pow€,, nor the
power law spectral indexy;, change significantly on the
time scale of UHECR propagation. For energies higher than
the GZK cutoff this is not an issue because the sources ar
nearby and the propagation time, given by the distance in
light years added by the time delay provided in Fig. 5, is less
than the typical duty cycle of, say, a radio source. On the
other hand, for UHECRs of lower energies the propagation_
time can be up to a few Gyr, see Fig. 5. However, the flux of %
UHECRSs at these energies is dominated by many sources ¢+
relatively large distances and, therefore, should not be sensi
tive to time variations of individual sources.

Taking advantage of the periodic boundary conditions, we
build a “hyper volume” by adding periodic images of the
simulation box until the linear size of the enclosed volume is Y=="
~1.5171 Gpc, that is larger than the energy loss length of 100 1000
nucleons above #®eV. The distributions of sources and the eV
EGMF are identical in each box for a given realization. Fur-  F|G. 5. The distribution of UHECR detection ener@y and
ther, in each replicated box within the central Gpc of thedelay timer with respect to straight line propagation, for scenario 6
hyper volume we place an observer at the same positiolm Table I, averaged over 26 realizations of* Kimulated trajecto-
(relative to the box This ensures that each observer is stillries above 18 eV each.
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An eventwas registered and its arrival direction and en-For the AGASA experimentl0] ay=35°, 6,,=60°, and for
ergy recorded each time the trajectory of the propagatinghe former SUGAR experimernB5] on the southern hemi-
particle crossed a sphere of radius 1.5 Mpc around one of thephereay= —30.5°, #,,=55°. For a full-sky Pierre Auger
observers. Events at replicated observers in different boxeype experiment we add the exposures for the Southern Au-
are recorded by the same counter. The counter is stoppegkr site withay,= —35° and a putative similar Northern site
when 10 events(a realization have been recorded. For with a,=39°, andé,,=60° in both cases, with an assumed
more details on this method see R¢f2—14. Modeling the  angular resolution of=1°.
observer as a sphere corresponds to an average over observ+rom the distributions obtained in this way typically 200
ers located on that sphere. The concrete directions of featur@sock data sets consisting df,,s observed events were se-
in the UHECR sky distribution can never be accurately redected randomly. For each such mock data set or for the real
constructed in this approach. However, quantities which onlyjata set we then obtained estimators for the spherical har-
depend on angular distances such as the multi-poles, th®onic coefficientsC(l), the auto-correlation functioN(6),
auto-correlation function, and the number of event clusteraind the number of multi-plets(n) of n events within an
can properly be accounted for by this approach. angled,,. As in Refs[3,22] the estimator foC(l) is defined

Having provided all the relevant definitions, for various as
scenarios explored in the next section we build statistical
samples in the following way. We generate ten realizations ' Nobs )2
for the source positions. For each one of them we use the Ch= (2 —Y|m(u')) , 3
distributions in Eq(1), with Q= 100, Aa=0.1, and typi- =1 @i
cally generate 50 realizations with different pow@y and . . . .
injection spectral indexy; , whereas the maximal accelera- v_vher(iewi is the t’\cl>tal expenmental exposure at arrival direc-
tion energy is held constant at2@V for simplicity. Thus, tionu', N=X;_; l/w; is the sum of the weights &/, and
for each scenario typically 500 realizations corresponding to/1m(U') is the real-valued spherical harmonics function taken
different configurations of source positions and emissiorft directionu’. Also as in Refs[3,22] the estimator foN(6)
characteristics are simulated. The variation of results wittS defined as
these configurations constitutes cosmic variance.

2|+1/\7m:7|

1 if 6 isin same bin ag

C
N<0>=%2 A

D. Data processing iZi |0 otherwise

The process of converting the simulated events to quanti- ds(0) is th lid le si f th dina bin. |
ties that can be compared with observations was described &0 S(6) is the solid angle size of the corresponding bin. In

length in Ref[3]. Here we simply summarize the procedure. EQ' (4) the n_ormalizatiqn faCtO'CZQE/(NObS(NODS_l))’
For each realization discussed above, the events werdith (e denoting the solid angle of the sky region where the

used to construct arrival direction probability distributions €XPeriment has non-vanishing exposure, f chosen such that
above a given energy on regular grids of solid angle bins oftn iSOtropic distribution corresponds (6) =1.

size A in both declination and right ascension. For the full _Finally, the multi-plets are obtained as follows: For a
sky, for example, there are-180°/A¢ bins in declination 91VeN set ofNyps ordered events, the first event is considered

and, at declinatior, =(360°/A A)coss bins in right ascen- S & singlet. Then for all other events we check if they lie

sion. We chose\ @ small compared to the instrumental an- Within distancedy, of one of the other events defining the
gular resolution; typicallyA 6=0.5°. The sky distributions center .Of a multi-plet. If Yes, the multlpI|C|ty G th_at multi-
are multiplied with the solid-angle dependent exposure funcplet is increased by one, if not, the event is defined as the
tion for the respective experiment and are convolved with thé&enter of anew multi-plet, starting as a §|nglet. .

angular resolution which is=1.6° above & 10° eV and In passing We_note that other statistical quantlt_les h_avg
~2.5° above 18 eV for the AGASA experimenf10]. Due bee_n Co_nS|c_iered in the_ literature, s_uch_as _cumulatlve distri-
to the poorer angular resolution of the SUGAR ], we butions in right ascension and declination |n the context of
will use a resolution of 2.5° when combining AGASA and the Kol_mo,’gorov-Smlrnoy te_s|13§], and the |n_format|on-
SUGAR data. Energy resolution effects, supposed to be g imension pf the sky distributior{37]. We will not use
orderAE/E=30%, are also taken into account. these statistics in the present work.

. . The different mock data sets in the various realizations
For the exposure functiom(5) we use the parametriza- . i R
tion of Ref [1%] which depenés)only on declineatio?] yield the statistical distributions a(l), N(6), andM(n).
' One defines the average over all mock data sets and realiza-

w(8)*cogag)cog 8)sin am) + aysin(ag)sin(8), tions as well as two errors. The smz_;\IIer erfeh_ovyn to the
left of the average in the figures belpis the statistical error,
0 if €1, i.e. the fluctuations due to the finite numtéy,s of observed
h _l if e<—1 events, averaged over all realizations. The larger error
where am= o (shown to the right of the average in the figures bel@the
cos (&) otherwise, “total error,” i.e., the statistical error plus the cosmic vari-
) . ance. Thus, the latter includes the fluctuations due to finite
-, C0d6m) —sin(ag)sin() number of events and the variation between different realiza-
with é= (2 . o
cogag)cog d) tions of observer and source positions.
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Given a set of observed and simulated events, after exabove 4x 10'° eV. In fact, as pointed out by the authors of
tracting some useful statistical quantiti&, namelyC;,  Ref.[38], the AGASA and SUGAR experiments have com-

N(6), andM(n) defined above, we define parable exposure in the northern and southern hemisphere,
_ n respectively. In addition, while SUGAR’s angular resolution
. S data— S, simu is much worse than for AGASA and in general prevents a
Xn:z ( AS simu ) (5) combination of the two data sets, this does not affect multi-

polesI=<10 because they are not sensitive to scatd9°.
where the index runs over multi-pold, angular bin of6, Comparing columns 7 with 10 and 8 with 11 in Tab. | shows
and multiplicity n, respectively. HereS; joarefers toS ob-  that the inclusion of SUGAR data does not significantly
tained from either the real data set or the simulated mockhange the likelihood ranking of simulated scenarios in

data sets, an@ gy, andAS: g, are the average and stan- €rms of multi-poles. _

dard deviations of the simulated data sets. Thus, thergrisa  Finally, using the combined exposure of AGASA
for the real data, and g, for each of the simulated mock +SUGAR, for each scenario we compute the expected val-
data sets which consist of the same total number of UHECK!€S ©of the multi-pole coefficient for the:1500 events ob-
events. This measure of deviation from the average predic€rved above 18ev. This is interesting because no sign of
tion can then be used to obtain an overall likelihood for the2nisotropy was found by either the AGASA or the SUGAR
consistency of a given theoretical model with an observe@XPeriment at these energies. Since data down e are

data set by counting the fraction of simulated data sets witfiot Publicly available, we simply compare our results with a
n larger than the one for the real data. completely isotropic distribution. The corresponding likeli-

hoods are also summarized in Table I.

As discussed in Ref22], the current best fit is provided
by scenario 6, i.e., for structured sources of density
~10"° Mpc™2 roughly following the baryon density and

We now turn to a systematic discussion of signatures ofmmersed in fields up to a few micro Gauss, whereas the
magnetization and UHECR source characteristics in the amsbserver is surrounded by fields10 7 G. In addition, we
gular power spectrum, the auto-correlation function, and theaote thatif the sources are homogeneously distributed, the
clustering of the UHECR arrival distributions. best fit density of the three values considered in Taljgeé-

The scenarios studied are presented in Table | togetherarios 5, 7, and Bturns out to be the intermediate orr,
with a statistical measure of their likelihoods. To summarize,~2.4x10 °, in rough agreement with Ref19]. However,
UHECR sources whose number density is given in column 2he likelihood is a very shallow function afs and implies
are distributed either proportionally to the simulated bary-uncertainties of at least an order of magnitude.
onic density or homogeneous{yes” or “no,” respectively, To illustrate the general impact of an EGMF on propaga-
in column 3. The observer is either in a region with or tion, we show in Fig. 5 the distributions of delay times
without appreciable magnetic fields, as quantified more prewith respect to straight line propagation with arrival energies
cisely in Figs. 3 and 4, respectively. Finally, the EGMF isE, averaged over all realizations for scenario 6 in Table I.
either taken from the simulation with local value as indicatedNote that the various peaks at small time delays10* yr
in column 5, or completely neglectétho EGMF”). For all  are due to UHECRs from discrete, nearby sources which
scenarios our statistical assessments are based on typicathostly see the relatively weak fields around Earth in this
200 simulated mock data sets each for 500 different realizascenario. One can show that the number of such peaks in-
tions of source locations and emission characteristics, as disreases with the source density. For the same scenario 6, Fig.
cussed in Secs. Il C and |1 D above. Scenarios 1-6 in Table 6 shows the distribution of UHECR deflection angtesvith
have already been presented in R@R], whereas scenarios respect to the line of sight to the sources above various en-
7-10 are new. ergy thresholds. This shows that deflection can be substantial

Columns 7-14 of Table | show the likelihood significan- even at the highest energies. Qualitatively this can be under-
ces discussed in the previous section obtained by comparirgiood as follows: Neglecting energy loss processes, the rms
the predictions from each scenario with currently availabledeflection angle over a distancén EGMF of rms strengtis
experimental data. Particularly, as in previous studies, wand coherence length, is 6(E,r)=(2rl/9)%%r  [39],
carry out a comparison in terms of multi-poles, auto-where the Larmor radius of a particle of chage and en-
correlations and multi-plet statistics. As for the experimentalergy E is r, =E/(ZeB). In numbers this reads
data we use the 57 AGASAAkeno events above 4

-1 r 12
(10 Mpc)

Ill. RESULTS: PROBING EGMF AND UHECR SOURCE
CHARACTERISTICS

% 10'° eV, when studying the auto-correlation function and

clustering properties of UHECRs which are sensitive to 6(E,r)=0.8°Z 5
small scales. For the large scale multi-poles, however, larger 10 eV
sky coverage including the Southern hemisphere is desirable ( B )

[ 1/2
1 Mpc)

in order to get realistic estimates of the true multi-poles.
Therefore, following Ref[38], when comparing with multi-
polesl|<10 we will also use the combination of 50 events
observed by AGASA(excluding 7 events observed by Ak- for r=I.. Keeping in mind that sources are correlated with
eno and 49 events seen by SUGAR for a total of 99 eventselatively strong fields and that according to Fig=40% of

10°G ©
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FIG. 6. The cumulative distribution of UHECR deflection angles with respect to the line of sight to the sources largerakaraged
over 24 realizations for scenario 6 in Table I. Shown are the distributimiddle, histograrmand 1e variations(upper and lower curves
above 4<10'° eV (upper left pang| above 18° eV (upper right pan@] and above X 10?° eV (lower panel. Also given on top of the

figures average and variances of the distributions.

the volume is filled with fields=10 nG, we can see that the sources. Furthermore, for the source densify2.4

deflections of order 20 degrees up to®18V should there-

X 10 ° Mpc 2 of the typical scenario 6 of Table I, the av-

fore not be surprising. It is interesting to note in this contexterage distance to the closest source=i$5 Mpc, and thus
that, as can be seen from Figs. 2—4, the EGMF in our simuelose enough to make magnetized regions of several Mpc
lations tend to be more extended than the baryons and thusound the sources extend of order ten degrees on the sky,
the distribution of sources if they follow the baryons. A sig- see also Fig. 4, left panel.

nificant part of the total deflection can therefore be contrib-

The analytical approximation for the time delay corre-

uted by fields that are not in the immediate environment ofponding to the deflection E¢g) is 7(E,r)=r 6(E,r)?/4, or

declination [°]

g T e ]
50 F ey - > G0 3
PRI oz S T B, ]
b
E RIS Cag Y e g~
50 S & S
g :
360 180 0

40, < E/EeV < 9000,

right ascension [°]

1.00

0.01

100. < E/EeV < 9000.

1.00

declination [°]

180
right ascension [°]

FIG. 7. Arrival direction distributions predicted within scenario 6 of Table |, averaged over 34 realization’s sifrilated trajectories
above 18° eV each. The filled red sphere represents the overall direction to the supergalactic center. Left=g@Ravents above 4
X 10 eV, convoluted with an angular resolution of 2.5°. Right parel0* events above 8 eV, convoluted with an angular resolution

of 1°.
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o Nobs( 40. < E/EeV < 1000.)= 5000 & Nobs( 40. < E/EeV < 1000.)= 5000
10— E — T T T T 1 T T 1T T T 13 10 E 1 T T T 1 T T — T T T T | L | 3
10—3_ 1010 _ 10—3_| voll' O of|' @ R A
E 10|' "Cliolieo]ie F E B[ ol [ 1] rof) ol [3|["3)]" B 8 [0
EIo]] 1o |<>| 1of| 10]| 10 |<>| '°| 'lg‘|'|8|f -
S| 1 Sl
1074k E 1074k E
107 E 107 E
. 1 1 1 1 1 3 . L | 1 | 1 | ]
0 2 4 6 8 10 0 2 4 6 8 10

1 1

FIG. 8. Angular power spectru@(l) as a function of multi-polé, for the full sky Pierre Auger observatory assumbig,= 5000 events
observed above 410 eV. The left panel assumes sources with identical properties, whereas the luminosity functi@nhvizas used in
the right panel. We show the realization averaggiamonds, statistical(left) and total(right) error bars, respectively, predicted by the
model. The redthick) diamonds and re(thick, outej error bars represent scenariguhmagnetized structured sourgeshereas the black
(thin) diamonds and blackthin, innep error bars represent scenario(inmagnetized homogeneously distributed soyrcEse source
density isng=2.4x 10" % Mpc~2 in both cases. The straight line is the analytical predict@®rs (47N, 1, for the average multi-poles for
complete isotropy.

-2 r 2/ deflection can be neglected, a homogeneous distribution of
( ) ( ¢ ) sources predicts, not surprisingly, an angular power spectrum
10 eV 10 Mpc/ | Mpc more isotropic than a structured source distribution. Unfor-
2 tunately, cosmic variance is sufficiently large that one can
definitely discriminate the case of a structured distribution of

yr. @) sources only if the measured multi-poles happen to be sev-
eral standard deviations above the prediction of a homoge-
neous distribution. This can happen only when the source

nt that the tvpical or tion distance dr from fuminosities are almost uniform, which is rather unrealistic.
accou at the typical propagation distance drops Iro therwise, the measured multi-poles are consistent with both

few pundreq Mpc at~10eV to <30 Mpc above g crured and unstructured source distributions, see Fig. 8.
=10 eV. Finally, Fig. 7 shows, for this same scenario, thejy addition, within cosmic variance, the multi-poles depend
predicted structure of arrival direction distributions. jnsjgnificantly on the source density. In contrast, magnetic
Sufficient data to definitely discriminate among the differ- fie|ds tend to significantly decrease their values, while at the
ent scenarios presented in Table I, e.g., the presence of difyme time reducing cosmic variance, see Fig. 9. As a result,
fuse EGMF as well as UHECR source ch_aracterlstlcs';,. _W'"predictions of low-scale multi-poles abovex40® eV for
have to await the next-generation experimental facilitiesgxt generation experiments tend to deviate from isotropy
such as the Pierre Augé¢ll] and EUSO[23] projects. To  mgre significantly than for unmagnetized sources.
demonstrate what can be achieved with these new experi- 1o demonstrate these tendencies more quantitatively, in
ments, we will work out the predictions for various observ-Taple || we provide the predictions for the sum of the first
able statistical quantities for UHECRs both above 4igp multi-poles for the scenarios from Table I.
x 10 eV and 16° eV for the Auger full sky observatory.
For this we will assume an exposure about 25 times larger
than AGASA, which is reachable after about three years of
running experiment. It corresponds t81500 events ob- If magnetic field effects can be neglected, the small-scale
served above % 10'° eV and~ 30 events above tHeV if a auto-_correlation function will depend strongly on the source
GZK cutoff is present, or-200 events above fPeV if no  density: Few sources imply strong auto-correlations with
GZK cutoff is present. We will also sometimes considerconsiderable cosmic variance as well as strong clustering,

~5000 events abovext10' eV, as is expected to be easily whereas many sources imply weak auto-correlation with
achieved by the EUSO experimdi3]. comparatively small cosmic variance. In the case of homo-

geneously distributed sources with identical properties this
was indeed suggested as a measure of the source density
[19]. Figure 10 demonstrates that this is also true for struc-
tured sources. Furthermore, for a given source density the

One expects that the nonuniformity in the source distribusmall scale auto-correlation is relatively insensitive to the
tion (structure mostly influences the large scale multi-poles. structure of the source distribution, as becomes evident in
Figure 8 shows that, for a given source density, if magnetid-ig. 11.

ﬂEJ):15X1032{

" B
10°G

These numbers are consistent with Fig. 5 if one takes int

B. Source density

A. Signatures of structured versus homogeneous source
distributions
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Noye( 40. < E/EeV < 1000.)= 5000 Noue( 40. < E/EeV < 1000.)= 5000
T T -1 T T T T T T T T T T T T T T - T T ~T T T T T T T T T T T T T T T4
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FIG. 9. Same as Fig. 8, but comparing predictions of structured sources with same densities and different magnetizatiorighi€kle red
diamonds and redthick, oute) error bars represent scenaridragnetized sourcgswhereas the blackhin) diamonds and blackthin,
innen error bars represent scenariduhmagnetized sources

However, if the sources are immersed in magnetic fieldwill therefore be approximated by scenarios with sources of
of order=0.1 uG, as they can occur in galaxy clusters andidentical properties and cosmic variance is expected to be
filaments, the auto-correlation function becomes almost inminimal. In contraste=2 implies that all luminosities con-
sensitive to the source density and instead becomes a probébute approximately equally to the observed flux. This is
of source magnetization, as discussed below in Sec. Ill Dclose to the case we chose in Ef). which therefore tends to
This is because a structured EGMF of such strength diffusesaximize cosmic variance. As can be seen from Fig. 12, in
cosmic rays up to 1 eV over the whole region immersed this case the uncertainties of large scale multi-poles due to
in such fields, as can be seen from the rough estimatéslEq. cosmic variance are in general larger than the ones due to the
Therefore, the number of sources within such regions doenite number of events observed, even for the relatively
not significantly affect the auto-correlations any more, whichsparse data set currently available. For the small scale prop-
increases the uncertainty in the source density. erties described by the auto-correlation function and cluster

frequencies, forN,,e=100, cosmic variance is in general

C. Source luminosity function

. . . . . N 100. < E/EeV < 1000.)= 200
If the source luminosity function is parametrized by —— ".( —— /? < 10009 ———

dns/dQ=xQ™ ¢ in an interval Qin<Q<Qmax then for«

100
<2 the most luminous sources will dominate, whereas for Hlje
a>2 the weakest sources will dominate. These two cases C )"'
L [le
TABLE II. Predictions for the sum of the first ten multi-poles, T ok |o
S12,C,, above 4<10% eV for N,ps=5000 observed events, with 2 : |°| o
and without source luminosity variations according to Eg. The \;/ C H |° |
two errors represent statistical and tdiacluding cosmic variange i |°| ﬂ Fll I li Il |
errors, as in the figures. The rows represent the scenarios of Table i F‘ H FI ﬂlﬂ |§| |ﬂ I|g| |ﬂ |§| |H|
1E T L |
Luminosity function Eq(1),  constant luminosity, E | LEL
10°21°,¢C, 10°31°,C C
1
2 6.87+0.39=5.9 2.2 0.16+0.58 0 5 10 15 20
3 10.6+0.52+17 4.48+0.27+2.3 theta (deg)
g‘ égfitgjéf;% Z;gig;:i?? FIG. 10. The auto-correlation function fot,,=200 events ob-
: ' : : : : served above £8 eV for the full sky Pierre Auger observatory for
6 4.11£0.25+2.7 2.27£0.17+0.69 a bin size ofA§=1°. Averages and errors are as in Fig. 8. Com-
7 8.30=0.46-9.4 2.570.18-0.55 pared are unmagnetized structured sources with different densities:
8 14.8-0.75+ 16 14.9-0.73£ 16 The red(thick) diamonds and re¢thick, oute) error bars represent
9 9.07+0.49+13 2.88+0.20+0.57 scenario 4 (1;=2.4x10"° Mpc™3), whereas the blackhin) dia-
10 11.4-0.58+12 8.38-0.48+5.1 monds and blacKthin, innep error bars represent scenario 13 (

=2.4x10"* Mpc2) in Table I.
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Nobs 100. < E/EeV < 1000.)= 200 angles, independent of whether or not the sources are struc-

! ' tured. This is because if sources are immersed in consider-

| able magnetic fields, their images are smeared out, which
Ip||

100
also smears out the auto-correlation function over a few de-

| grees.
ﬁl As shown in Fig. 14, this effect is significant onbg
=10° events are observed above 40 eV, as will be the

10

N(theta)

case for the Pierre Auger project, and alsoNf,=100

||"| iflal tollo ] events are observed abovéd8V, as could be achieved, for

g g |°| |ofie]lofle |‘>I Il example, by the EUSO project. At these energies the stron-

1 | | [T b gest auto-correlation at small angles is predicted by scenario

‘ | | 4 in Table I, where sources follow the large scale structure in

L I I the absence of magnetic fields. For a given source density,

1% iB 50 the auto-correlation predicted by homogeneously distributed
theta (deg) sources in the absence of magnetic figktsenario 5 in Table

I) lies in between the one predicted by structured sources in
FIG. 11. Same as Fig. 10, but Compaflng unmagnetized sourcefe absence of magnetic fieltscenario 4 in Table)land the

with the same density=2.4x10"° Mpc™* with structured and  gng of structured sources with magnetic fiefssenario 6 in
unstructured distributions: The réthick) diamonds and reghick, Table |

outep error bars represent scenario(gtructured source distribu-
tion), whereas the blackthin) diamonds and blackthin, innep
error bars represent scenarigif®mogeneous source distributjan
Table I.

o
o]

As an example, the predictions for the auto-correlation
function in the first degree bin are summarized in Table III.
This also confirms the discussion in Sec. Il B: For structured
sources in the absence of magnetic fields, the degree-scale
uto-correlation function decreases with increasing source
ensity, whereas it is rather independent of the source density
if the sources are immersed in magnetic fields. Finally we
observe that the low-autocorrelation in case of magnetized
sources hardly depends on their densities, as can be seen by

Scenarios 3 and 4 are somewhat disfavored by autceomparing scenarios 2 and 6 in Table lll. In contrast, for
correlation and clustering: Structured sources produce monrenmagnetized sources the degree-scale auto-correlation is
clustering in the absence of magnetic fields, as can be seequite sensitive to the source density and always significantly
for example, in Fig. 13. While this effect is marginal in the higher than for magnetized discrete sources. This is clearly
current data set, it will develop into a strong discriminatordemonstrated by Fig. 14. A consequence of this is that in the
for future experiments: Scenarios with no significant mag-absence of magnetic fields the auto-correlation function and
netic fields predict a stronger auto-correlation at smaliits fluctuations can indeed be used as a measure of the source

smaller than or comparable to the statistical error, as can b
seen from Figs. 10 and 11 and Figs. 13 and 14.

D. Source magnetization

Nobs( 40. < E/EeV < 9000.)= 99, £= 0.522 Nobs( 40. < E/EeV < 9000.)= 99, £= 0.875
010007 * * T~ * " T~~~ T+ T ™ 713 (O K0 oV . s B B L L
0.0100 - - 0.0100 - -
- o] o 4 L i
<
0.0010 - 0.0010 | |® ° o |<>| ° =
oooor bl M oM 00y ooootl o o o 0 oo )y )
0 R 4 6 8 10 0 2 4 6 8 10

FIG. 12. The angular power spectru@{l) as a function of multi-polé, predicted for the AGASA SUGAR exposure functiosee
text), for Nyp,e= 99 events observed above 40 EeV, sampled from the simulated configurations of scenario 2 in Table I. The diamonds indicate
the realization averages, and the left and right error bars represent the statistical arjphd¢htding cosmic variance due to different
realization$ error, respectively; see text for explanations. The histogram represents the AGASBAR data. The overall likelihood
significance fom=4 andl <10 in Eq.(5) appears at the top of the figures. The left panel takes into account cosmic variance due to variation
of source properties assumed to be parametrized by(BqThe right panel assumes that all sources have identical properties and thus
cosmic variance is uniquely due to variation in source location.
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Nops( 40. < E/EeV <

9000.)= 57, £= 0.556

Nobs( 40. < E/EeV < 9000.)= 57, £= 0.301
—_—

10

10

N(theta)
N(theta)

0 5 10 15 20 0 5 10 15 20
theta (deg) theta (deg)

FIG. 13. The angular correlation functidw( #) as a function of angular distan@e predicted for a bin size ok =1° for the AGASA
exposure functiorisee texy, for N,,=57 events observed above 40 EeV, sampled from the simulated configurations. Note that an isotropic
distribution would correspond tdl(#)=1. Averages and errors are as in Fig. 8. The histogram represents the AGASA data. The two
scenarios shown correspond to structured sources of equal densityseithario 6, left pangland without(scenario 4, right pangl
magnetization. The overall likelihood significance for4 and #<10° in Eq.(5) appears at the top of the figures. It is not significantly
different for somewhat larger bin sizés#=2°.

density, as suggested in RgL9]: The strength of the auto- Furthermore, Table Il shows that the small-scale auto-

correlation at small scales as well as its cosmic variance atorrelation is rather independent of the observer position:

all scales increase with decreasing source density. Howeverhe pairs of simulations 3, 9 and 4, 10 with unmagnetized

this effect can be almost completely erased by magnetisources differ only in the observer position, respectively, see
fields surrounding the sources. Such fields also tend to corFable I. Their predictions for the average degree-scale auto-
siderably reduce the effects of cosmic variance, especially atorrelations indeed differ by amounts much smaller than

low source densities, as Fig. 14 demonstrates. This is alseven the statistical error. This suggests that the concrete re-
reflected by the fact that oscillations predicted to occur in thealization of the local large scale structure is mostly irrelevant

actually measured auto-correlation function, i.e., predictedo tendencies presented in the current paper.

for a given realization of sources and magnetic fields, are As discussed in Sec. Ill A, magnetized sources also tend
considerably suppressed by magnetic fields. This is demorie suppress large scale multi-poles as well as their cosmic
strated by Fig. 15. variance. However, since unmagnetized sources, in particular

Nypo 40. < E/EeV < 1000.)= 1500 Nyuo( 40. < E/EeV < 1000.)= 1500
— e : —_—— e e e

10

1ol:§||

N(theta)
N(theta)

0 5 10 15 20 0 5
theta (deg) theta (deg)

FIG. 14. The auto-correlation function fdf,,=1500 events observed above 40 EeV for the full sky Pierre Auger observatory. Left
panel: Comparing magnetized sources with different densities. Thehiel) diamonds and reghick, oute) error bars represent scenario
6 (ns=2.4x10° Mpc %), whereas the blackthin) diamonds and blackthin, innej error bars represent scenario &.€2.4
X 10~4 Mpc3) in Table I. Right panel: Same as upper panel, but in the absence of magnetic fields, i.e., comparing s¢emrioiek set
with scenario 3black, thin setin Table I.
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TABLE lll. Predictions for the auto-correlation function in the N.us( 10. < E/EeV < 1000.)= 1500
first degree binN(1°), for various threshold energies and number E |<I> L L L
of observed eventdl,,s. The two errors represent statistical and r ]
total (including cosmic variangeerrors, as in the figures. The rows L i
represent the scenarios of Table I. — o _

No. E=107eV, E=4x10eV, - Fo lo[].1{[ o]} o]} fo o[

Ngps=200 Nops= 1500 g '|°|°|°|°|°I°|°I°|'3|°

2 45.4-12+ 17 10.10.86=1.6 LG0T - L

3 72.9:17*+35 16.3:1.6x4.3 o 3

4 98.0+21+53 19.7+2.0+5.5 : | E

5 83.0+18+34 15.9+1.5+3.4 L o

6 44.8-12+19 11.2£0.97+1.6 M M I R P 1 B A B

7 60.8+ 15+ 30 13.1+1.3+2.2 0 2 4 6 8 10

8 191+33+88 37.9-3.1+11.6 L

9 68.6-17+37 14.4-1.4-3.6 FIG. 16. The angular power spectrum obtained for the combined

10 100+21+40 20.2:1.9x4.4 AGASA+SUGAR exposure function, foN,p,e=1500 events ob-

served above 10 EeV. The rdthick) diamonds and redthick,
outen error bars represent scenario 6, whereas the kthak) dia-

in case of structured distributions, predict cosmic variance§onds and blackthin, innep error bars represent scenario 1. The
nearly as large as the averages of the multi-poles, smalf"€ key is as in Fig. 8.

multi-poles cannot be used as a signature of strongly magne-

tized sources. . . _
hanced by the increased confinement time. Thus the ob-

served flux is dominated by a few closer sources and appears
more anisotropic.

If the observer is immersed i 0.1 uG fields, consider- Furthermore, scenarios in which the observer is immersed
able lowi multi-poles are predicted. This possibility is al- in an EGMF<0.1 G predict UHECR spectra with a pro-
ready disfavored by current dafta2], as seen from Table I. nounced GZK cutoff. In contrast, if the observer is strongly
We demonstrate this by comparing the predictions of scemagnetized the cutoff is attenuated. One can understand this
narios with a strongly or negligibly magnetized observer foras a partial compensation between energy attenuation lengths
the large scale power spectrum above®¥V in Fig. 16.  which decrease with increasing energy and magnetic diffu-
This can qualitatively be understood as follof&2]: The sion lengths which increase with energy. As long as the
presence of a region with a relatively strong magnetic fieldsource density is sufficiently high around the observer, the
surrounding the observer preferentially shields off UHECRshumber of sources contributing to the flux decreases more
from sources that are farther away from the observer, in parslowly with increasing energy than in the absence of mag-
ticular those outside of the magnetized region. In contrastetic fields. For a strongly magnetized observer the observed
the flux from sources within the magnetized region is en-spectrum appears to be less modified with respect to the

E. Magnetic fields surrounding the observer

N..( 100. < E/EeV < 1000.)= 200 Ny 100. < E/EeV < 1000.)= 200
T 'l_ T T T T T T T T T T T T '_ T T T T T T T T T T T

T T
100 é_ _é 100 _; —§
; L ;

T T
5 1F ER R E
= F 1 S E ]
= 1 £ it ]
1
M. L M M . M B R B
0 20 40 60 80 0 20 40 60 80
theta (deg) theta (deg)

FIG. 15. The auto-correlation function for the full sky Pierre Auger observatoryy fge=200 events observed above 100 EeV, predicted
by one particular source realization fog=2.4x10"° Mpc™ 3. Left panel: scenario 6 in Table |, i.e., with magnetic fields. Right panel:
scenario 4 in Table 1, i.e., without magnetic fields.
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1 111im

100.0 In the latter case the magnetic fields were normalized so as to

reproduce published values of Faraday rotation measures for

r: clusters of galaxies and filamenf28,26. We chose two

o S ] cases for the location of the observer: in a relatively high

v TE - E field region withB=0.1 xG and in a negligible field region

E - T3 with B=10"""G.

= R i In Ref. [3] it was found that in the case of structured

£ i = ] magnetic fields an observer immersed 0.1 uG fields

2] T E 3 was marginally favored whereas isotropy observed at

g - ] 10 eV could not be explained by the local component

- N | alone. In Ref.[22] and in the present paper we took into
0.1 Ll account the contribution of sources beyond the large scale

10 100 1000 structure simulation box by making use of the periodic

E [EeV] boundary conditions of the simulation box. As a result we
_ _found that the AGASA data is consistent with and even mar-
FIG. 17. Predl(?ted spectrum observable by AGASA for Scenan(gina”y favors scenarios with magnetic fields up to a few
2 (weakly magnetized obseryeas compared to the AGAS@oS  mjcro Gauss in galaxy clusters whose structure is obtained
and HiRes-I[9] (starg data. The histogram marks the average andfrom the large scale structure simulation, and where the
the two lines above and below the 1-sigma fluctuations over th<=Sources follow the baryon distribution. Contrary to R
simulated realizations. The solid straight line marks the injection.[hiS scenario requires that the observér is in a relatively low
spectrum. For comparison showred, thin histogramis the spec- field region,B<0.1 uG. This also allows to explain isotropy

trum predicted by scenario (ktrongly magnetized obseryeBoth . :
cases correspond to the same source density-2.4 observed at 1§ eV reasonably well. That the fit quality

%104 Mpc-2, there is significantly worse than at higher energies, as can be
seen from Table I, may have to do with significant evolution

injection spectrum. This tendency is confirmed by our Monteof thg chgracteristics_of sources.at large distances whose con-

Carlo simulations, see Fig. 17. tr|but|on increases w!th decreasing UHECR energy. The best
By comparing auto-correlations and clustering in sce it scenario also pred_lcts a pronounced GZK coutoff as well as

narios with and without EGMF we also confirmed that mag-Considerable deflection of order 20° up=dl0?®eV. Thus,

netic lensing40] is insignificant for these highly structured If this scenario is further confirmed by future experiments,

EGMF, even for cases where the observer is immersed iRharged particle astronomy may not be possible.

strong magnetic fields. Structured sources and magnetic fields up to a few micro
Gauss in galaxy clusters and the Earth immersed in relatively
IV. DISCUSSION AND CONCLUSIONS low EGMF B<0.1 4G in fact seem to be the most realistic

scenario. Thus, already existing UHECR data allow probing

We studied the effects of nonuniform UHECR source dis-the large scale structure distribution of UHECR sources and
tributions and EGMF imprinted in the multi-pole moments, magnetic field! We have demonstrated how future detectors
auto-correlation function, and cluster statistics of UHECRssuch as the Pierre Auger and EUSO projects can further
with energies above 1®eV. We compared scenarios where probe EGMF and UHECR source characteristics: Strongly
the sources are distributed homogeneously or according tmagnetized observers predict considerable large scale
the baryon density distribution obtained from a simulation ofanisotropies between 10eV and 18° eV which is already
the large scale structure of the Universe. We also compareiled out by current data on the percent level. Furthermore,
the case in which the sources are all identical and in whictstrong fields surrounding the observer would predict a GZK
their power and spectra of injected UHECRs are distributeatutoff that is less pronounced than for negligible fields. Low
according to functions that maximize cosmic variance. Theauto-correlations at degree scales imply magnetized sources
changes in the results due to variation in the locations anduite independent of other source characteristics such as their
properties of the sources were evaluated as cosmic varianagensity. The latter can only be estimated from the auto-
The source luminosity function was chosen close to the criticorrelations halfway reliably if magnetic fields have negli-
cal case where all luminosities contribute comparably to thegible impact on propagation. The multi-poles fee 10 are
observed flux in a logarithmic distribution, which tends to relatively insensitive to the source density and on average
maximize cosmic variance. In this case we found that cosmitend to be smaller if sources are magnetized. At the same
variance of large scale multi-poles tends to be larger than theme, magnetized sources also tend to reduce cosmic vari-
statistical fluctuations if the number of observed events isince of these multi-poles, and as a result their predictions
=100. In all other cases, notably for the auto-correlationsabove 4x 10'° eV for future experiments tend to deviate
and cluster multiplicities, cosmic variance is small comparedrom isotropy more significantly than for unmagnetized
to statistical fluctuations foN,,<=100 events. sources. Unfortunately, especially if source luminosities fluc-

The influence of EGMF is assessed by comparing the cadeiate considerably, it may be difficult to distinguish between
of UHECR propagation whefa) EGMF are negligible and structured and homogeneous source distributions even with
(b) they are not and are modeled through a simulation ohext generation experiments.
large scale structure formation and magnetic field evolution. For the required average local source number density and
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continuous power per source above'®6V we find Ng This non-linear behavior of deflection with field normaliza-
=10 °5-10"% Mpc 3, and Q.<10%ergs ' respectively, tion is mostly due to the strongly non-homogeneous charac-
the latter within about one order of magnitude uncertainty tater of the EGMF. Note that a field strength normalization
both sides. This corresponds to an average UHECR emissiveduction by a factor 10 corresponds to a left-shift of the
ity of quuecr=N<Qs~1.5x10*" ergMpc 3 s, with an  x-axis in Fig. 1 of two decades, such that the EGMF is vir-
uncertainty likely somewhat smaller than for the above quantually dynamically unimportant in all cells of the simulation.
tities, since it is fixed by the observed UHECR flux. Note  The remaining discrepancy in typical UHECR deflection
that the uncertainty img is increased by the structured petween our present work and REE7], for cases meaning-
EGMF which tends to mix contributions from individual ful to compare, is most likely due to the different EGMF
sources residing in these fields. models used by the different authors. A detailed consider-
A simple study of deflection angles in the context of aation of these differences is well beyond the scope of this
constrained _Iarge scale struc'Fure S|m_ulat|on has _recently be%per, although we plan to investigate this issue further in a
undertaken in Re{17]. They find maximal deflection angles forthcoming paper. So little is known about large scale mag-
of a few degrees abovex410'° eV, considerably smaller netic fields and their evolution. This makes signatures for

than in our present study. This may be due to at least tWenagnetized sources, as discussed in the present paper, even
reasons: First, these authors do not study structured sourcgfyre important.

which tend to be in regions of high density and magnetic
fields which introduces a bias towards small deflection in the
case of Ref[17]. In fact, if we take the EGMF scenario
corresponding to scenario 2 in Table I, but with a homoge-
neous source distribution instead, we obtain average deflec- We would like to thank Martin Lemoine and Claudia Isola
tion angles of =61° above 4 10eV, =33° above for earlier collaborations on the codes partly used in this
10%% eV, and=10° above X 10?° eV. This is smaller than work. The work by F.M. was partially supported by the Re-
the deflection angles obtained in scenarios where source pgearch and Training Network “The Physics of the Intergalac-
sitions and strong magnetic fields are correlated, see Fig. 6ic Medium” set up by the European Community under the
but still considerably larger than values obtained in IRET]. contract HPRN-CT2000-00126 RG29185. G.S. thanks the
In fact, even if the magnetic field strength is reduced by avlax-Planck-Institut fu Physik, Werner Heisenberg Institut
factor 10 in our simulations, the average deflection anglevhere part of this work has been performed for hospitality
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