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The apparent isotropy of ultra-high energy cosmic rays

G. A. Medina-Tanco
Instituto Astronomico e Geofisico, Universidade do%®aulo, Brazil

Abstract. From the analysis of AGASA data aboyex 10'? 2 Numerical method and results

eV, we show that the ultra-high energy cosmic rays flux is

neither purely isotropic, nor reflects the expected anisotropyProbably the conceptually simplest production models of
from a pure source distribution that maps large scale structHECR are the ones involving bottom-up mechanisms. All
ture in the local universe. The arrival distribution seems toof them, require that the sources of the particles group in
be the result of a mixture of fluxes (e.g., dark matter halomore or less the same way as luminous matter does. Fur-
plus large scale structure) or the superposition of a direct anéhermore, on large scales, luminous matter trace roughly the
a diffuse radiation field components respectively. Anotherdistribution of cold dark matter (DM), although bias factors
viable option is an arbitrary extragalactic flux reprocessed byhave to be taken into account. DM is involved in most of the
a magnetized galactic wind model as recently proposed in théop-down production mechanisms. It is therefore important
literature. to check the expected signature from such a source distribu-
tion (which we will call the LLMD - local luminous matter
distribution - scenario).

We use a numerical simulation approach to track UHECR
propagation through the intergalactic medium and evaluate
their arrival distribution. The actual distribution of galaxies
is used for the UHECR sources nearer thaé Mpc Huchra
(1998). Additionally, the same procedure as in Medina Tanco
As ultra high energy cosmic rays (UHECR) continue to puz- (1997, 1998a) is used in the description of the intergalactic
zle physicists and astronomers alike, the basic question oftagnetic field (IGMF): a cell-like spatial structure, with cell
the isotropy of the flux beyond the unobserved GZK cut- Size given by the correlation length, o B;Z,,(r). The
off Greisen (1966); Takeda et al.  (1998) retains a highintensity of the IGMF, in turn, scales with luminous matter
priority. A recent analysis by the AGASA group Takeda density,pga as Biaur o py(r) Vallee (1997) and the
etal. (1999) shows a trend towards isotropy at the highespbserved IGMF value at the Virgo cluster (10~7 G, Arp
energies, although some clusters of events (3 doublets an(998)) is used as the normalization condition. Note, how-
a triplet) are identified with a very low chance probability. ever, that the IGMF could be ordered and coherent on large
This seeming contradiction is still more disturbing as both,scales Ryu et al (1998), in which case the propagation of
bottom-up and top-down production mechanisms generall JHECR should be strongly model dependent Medina Tanco
produce anisotropy to some degree in a natural way. In th¢1998b). Test particles (protons) are injected at the sources
present letter, we address the problem of isotropy of suprawith a spectrumiN/dE « E—2 (E < 10** eV) and prop-
GZK cosmic rays £ > 4 x 10'° eV) by using propagation agated through the intergalactic magnetic field up to the de-
simulations and one- and two-dimensional tests over simuiector on Earth. Energy losses due to redshift, pair produc-
lated and existing world data (mainly from AGASA). The tion and photo-pion production due to interactions with the
significance of the clusters of events detected by AGASA iscosmic microwave background radiation (CMBR) are also
also discussed in different scenarios. included.

The results of this calculation (Medina Tanco , 2001)

shows that, despite some conspicuous clusters in the vicin-
Correspondence td3. A. Medina-Tanco ity of the SGP, the actual observed distribution of UHECR
(gustavo@iagusp.usp.br) is much more isotropic than what one would expect if their
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sources aggregate like the luminous matter. Unfortunately 20 ~rrrrrrrrrrr e
given the non-uniform exposure in declination of the various
experiments and the low number statistics involved, it is not
trivial to quantify this statement. 16
The view of the AGASA group Takeda etal. (1999) is that
supra-GZK events arrive isotropically at Earth. Neverthe-
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less, to complicate things further, three doublets and a triple -2
within a separation angle @f5° are also observed. o
Independent tests are applied in order to confront AGASA
data, at the same level of statistical significance, with two op- 08 i
posite yet plausible scenarios: a completely isotropic UHECF ]
flux and a flux originated from sources that spatially map the 04 o N
. & o o

large scale distribution of matter inside the GZK-sphere.

Two pools of particles, with 20 million protons each, were . ik N
constructed: one strictly isotropic, the other obtained from SN W AT ST R
the simulation results depicted in Figure 1. Independent sam 30 60 90 120 150 180 210 240 270 300 330 360
ples are extracted from these reservoirs using the response ¥, [deg]
declination of the exposure of the AGASA experiment as a
selection criteria Uchihori et al. (1997). The size of each in- Fig. 1. Amplitude and phase of the first harmonic calculated o

dividual sample is equal to the number of events (47) actua”ysamples drawn form the isotropic (circles) and anisotropic (LLMD -
observed by AGASA abové x 109 eV. crosses) distributions. The size of individual samples is 47 protons,

h | | vsis th b d di as in AGASA. The hatched region is th&s() error box calculated
The most elemental analysis that can be made regar NBom AGASA observations, while the thick horizontal bars are the

isotropy is one-dimensional, in right ascension (RA), where; ; error bars for the phases of Volcano ranch, Haverah Park and
other complicating factors like non-uniform exposure in dec- vakutsk experiments. Samples are selected with the same declina-
lination and low number statistics are more easily dealt with.tion distribution expected for the AGASA experiment.

A quantitative treatment to characterize the anisotropy in
RA is the first harmonic analysis Linsley (1975). Thus,

given a data sample, the amplitudg, = \/a?, + 2, and  exclusion of the observed UHECR events inside the obscu-
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phasel,;, = tan ! (b15/a1,) are calculated, where;, =  ration bandp < 10°, changes the phase of the AGASA re-
25V cosay, by, = 23N sina; anda is the right  sult by only6? (from 258° to 252°) and, therefore, previous
ascension of an individual event. conclusions are unchanged by this effect.

ri, and ¥y, are calculated foi0® samples drawn form Clearly, a two-dimensional analysis of the data would be

the isotropic and anisotropic (LLMD) distributions and the highly desirably in order to answer questions as simple as
results are shown in figure 1 with small dots and crosses rewhether the data is isotropic or unimodal. One way of do-
spectively. Both cases are very well discriminated inthe ing this, given the small number of events involved and the
W, plane. The error box for the first harmonic of AGASA non-uniformity of the distribution of events in declination
data (calculated by Medina Tanco and Watson (1999)) isdue to experimental limitations, is to analyze the normal-
also displayed (hatched region), and is completely consistenized eigenvalues;, 72 and 3 of the orientation matrixT
with an isotropic UHECR flux. Moreover, the AGASA result of the data. Definindl’;; = I, vivy, wherev® are the

by itself, seems completely inconsistent with the LLMD sce- N unit vectors representing the data over the celestial sphere
nario. However, when the phase and amplitudes obtaine@nd assuming < 7, < 7 < 73 < 1, the shape;y =
from other major experiments are considered (large, thicklogio(73/72)/logio(72/71), and the strength parametegr—
horizontal bars in Figure 1 for Haverah Park -HP- Volcano logio(73/71), can be built Fisher et al. (1993). The shape
Ranch -VR- Yakutsk -YK; see Medina Tanco and Watson criterion v is useful in discriminating girdle-type distribu-
(1999)) the picture looks suggestively different, since all thetions from clustered distributions. The larger the value, of
phase observations are clustered inside the same quadrantiimore clustered is the distribution. Uniform, nearly isotropic,
RA, covering the right wing of the Virgo peak. That is, de- distributions havel ~ 0. Because of the nature of the ex-
spite the fact that every isolated measurement is consistergerimental setup, the observed distribution of UHECR is gir-
with isotropy, the observed phases seem to show a systentie in nature, regardless of the isotropicity of the UHECR
atic enhancement in the direction of the interface betweerflux. Therefore, in figure 2 we compare the results fo?

the SGP and the large adjacent Local void. It must alsoisotropic (rhombes) and LLMD (circles) samples respectively
be noted that Haverah Park and Volcano Ranch data behaweith the AGASA sample in the-( plane. It can be seen that
more like a transition between the isotropic and LLMD sce- the isotropic and LLMD scenarios should be very well sep-
narios. Three out of four first harmonic phases (HP, YK andarated with the available data, albeit its smallness. AGASA
VR) include the North galactic pole within one S.D. level, data (thick cross), on the other hand, does not fit either of
while the forth (AGASA) include it within two S.D.. The these scenarios, being an intermediate case.
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. ) . . . Fig. 3. Expected frequency of doublets for the isotropic (crosses)
Fig. 2. Two-dimensional eigenvector analysis (see the text for theand LLMD (rhombuses) models respectively. The horizontal bars

definition of the shape and strength parameters). The heavy crosg,q, the expected mean and one standard deviation intervals for
is the AGASA observation. Rhombuses and circles correspond tQ4ch model.

isotropic and LLMD simulations respectively.

verse, shows a remarkable degree of isotropy, despite a no-

Figure 3 shows the number of doublets with separationy,jq,s tendency for clusters to appear on top of large scale
smaller than 2.5 obtained from10* samples of47 events structure signatures (Fig.1).

each, drawn frpm 'SO.UOP'C and LLMD populations. AGASA 2) AGASA's RA distribution is consistent with an isotropic
observed 3 pairs, which is a large number ( 8% chance prObadistribution (Fig.2)

bility) for an isotropic UHECR flux, and a rather small num- . . .
o ey 3) 10* simulated experiments equivalent to AGASA show
% C 0 m-
ber (butstil inside the 68% C.L. at 13% probability) if co that a set as small as 47 UHECR is enough to separate ex-

pared with the average value of 5.5 pairs obtained for thetremel well isotropic and LLMD scenarios in the amplitude-
anisotropic flux. The situation is analogous for triplets. One y P P

riplet was actually observed by AGASA, while3 + 3.1 is phase plane; AGASAs error box is completely consistent

expected for the LLMD model arftl02+0.2 for the isotropic with isotropy and inconsistent with LLMD (Fig.2)
model. It should also be noted that the AGASA triplet C2 and . 4) Nevertheless, the phases of HP, VR, YK and AGASA

pair C1 (actually a triplet if Haverah Park data is included), &l in the same quadrant in phase (Fig.2), which covers the
as well as the lower energy cluster BC2 fall on the SGP, oninterface between the SGP in the general Virgo direction and

top of a maximum of the arrival probability Medina Tanco the adjacent LO(_:aI void.. T_he first three experiments include

(1998a), strengthening the case for an extragalactic origin inth€ North galactic pole inside 1 SD, and AGASA at 2 SD.

side this structure. 5) The comparison of AGASA data with0* simulated
data sets from isotropic and LLMD fluxes on th€& (shape-
strength) plane show that the former is an intermediate case,

3 Discussion and implications more clustered than isotropic samples but less than LLMD
(Fig.3).

Different tests have been applied to the analysis of the isotropy 6) The number of pairs observed by AGASA is too large

of UHECR with E > 4 x 10'° eV. Test samples are drawn for an isotropic flux, but it is within the 68% CL for LLMD

from both, an isotropic flux of particles and an anisotropic flux (Fig.4).

flux originated in sources with the local luminous matter dis- While a first order interpretation of the AGASA data cer-

tribution. Samples used to compare with AGASA data havetainly points to an isotropic flux of UHECR, consideration

a size of 47 events and are selected according to the sam# the first harmonic analysis of other data sets and of two-

declination sensitivity as AGASA's. Our results can be sum-dimensional tests over the AGASA data itself, as well as

marized as follows: expected numbers of doublets for isotropic and anisotropic

1) The comparison between arrival directions of the samples, point to a more complicated, intermediate picture

UHECR abovet x 10" eV and the expected arrival prob- Wwith a certain degree of mixture of both limiting cases.

ability density, calculated under the assumption of UHECR We can envisage at least three scenarios in which such a

sources that cluster as the luminous matter in the nearby uniresult could be obtained:
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