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ABSTRACT
The propagation trajectories of the highest energy cosmic rays can be deflected by Galactic magnetic field

(GMF) and expected correlation between their arrival directions and the positions of their sources can be dis-
turbed. In order to explore whether the possible correlation is disturbed or not, we simulate the arrival distribution
of the highest energy protons (HEPs) with energies above 6×1019 eV taking 4 different GMF models into account
and investigate the cross-correlation between the protons and sources assumed in the simulation. We show that
the error of cross-correlation function adopted in this study is sufficiently small by accumulating 200 events. We
also find that the correlation is not disturbed largely in many cases after 200 events accumulation and positive
signals of the correlation are significantly expected at angular scale of 3-5◦. Only in the cases of the northern sky
with axisymmetric spiral structures of GMF, the cross-correlation functions are consistent with no correlation or
have very low significance even if the correlation is positive at small angular scale. Conversely, no observation of
the correlation within this scale implies no field reversal of GMF outside the solar system. Finally, we draw the
possible source directions of recently published data of the Pierre Auger Observatory (PAO) assuming the com-
position to be purely protons and irons, and demonstrate that the pure-iron assumption may break the correlation
of the PAO data with the large-scale structure of local Universe.
Subject headings: cosmic rays — methods: numerical — ISM: magnetic fields — Galaxy: structure

1. INTRODUCTION

The origin of the highest energy cosmic rays (HECRs) is
one of the biggest mysteries in astrophysics. Although theo-
retical candidates of HECR sources have been proposed (for re-
views, see Bhattacharjee & Sigl (2000); Torres & Anchordoqui
(2004)), we have not found any source yet. A difficulty to find
their sources is their deflections by intervening magnetic fields,
i.e., Galactic magnetic field (GMF) and intergalactic magnetic
field (IGMF). Since HECRs are charged hadrons, these mag-
netic fields deflect the trajectories of HECRs from their sources
to the Earth.

Recent progress to construct HECR observatories with larger
effective area has enabled us to accumulate a number of HECR
events and to draw anisotropic distribution of HECR arrival di-
rections (Takeda et al. 1999; Abraham et al. 2007, 2008).
The anisotropy includes information on the positions of their
sources and intervening magnetic fields from the sources to the
Earth. Also, the Pierre Auger Observatory (PAO) found the cor-
relation between the arrival directions of their 27 events above
5.7× 1019 eV and extragalactic astrophysical objects in local
Universe within z = 0.018 and angular scale of 3.1◦ (Abraham
et al. 2007, 2008). Several authors have also analyzed the PAO
data since publishing their HECR data. George et al. (2008)
showed a significant correlation of the PAO events with hard
X-ray selected active galactic nuclei (AGNs) by using the 2 di-
mensional generalization of Kolmogorov-Smilnov test. More
generally, the correlation with large-scale structure in the local
Universe had been shown (Ghisellini et al. 2008; Kashti &
Waxman 2008; Takami et al. 2009). Especially, Takami et
al. (2009) showed that the separation angles between the ar-
rival directions of HECRs and their sources are less than ∼ 15◦
by an analysis independent of specific source candidates, which
bounds the deflection angles of HECRs in the local Universe.

All these works indicate that the origin of HECRs is extragalac-
tic objects related to the distribution of galaxies. Furthermore,
in an optimistic view, we can interpret these results as an evi-
dence that intervening magnetic fields are not as strong as infor-
mation on the directions of their sources disappears like predic-
tions by Dolag et al. (2005); Takami et al. (2006). (but see Sigl
et al. (2004); Kotera & Lemoine (2008); Das et al. (2008);
Ryu et al. (2009) for strong IGMF). This interpretation implies
that much more accumulation of HECR events can unveil the
positions of their sources as strongly concentrated events within
a few degree, as demonstrated by Blasi & de Marco (2004)
without considering any intervening magnetic field. Takami &
Sato (2008a) showed that such a correlation is also predicted
for the highest energy protons (HEPs) even considering a struc-
tured IGMF model, which reflects matter distribution of local
Universe actually observed. We can regard these works as pre-
dictions of the PAO results. However, it is still under debate that
astrophysical objects which correlate with the PAO events are
really HECR sources because these objects have weaker activ-
ity than theoretically predicted source candidates (Moskalenko
et al. 2009).

Very recently, the PAO reported that significance of the cor-
relation reported in Abraham et al. (2007, 2008) decreased for
their new data in the same analysis before, though the correla-
tion is still significant (Hague et al. 2009). Thus, we should re-
consider the correlation of HECRs and their sources, and the ef-
fect of intervening magnetic fields to possible correlation. The
large deflection angles of HECRs could disturb the correlation.
Possibilities are (i) GMF affects the deflections significantly (ii)
the main composition of the HECRs is heavier than protons
(iii) the IGMF model used in Takami & Sato (2008a) was op-
timistic, i.e., the deflections predicted by the IGMF model is
smaller than that in the real universe. In this study, we focus
on the possibility (i) assuming that the composition of HECRs
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are protons and IGMF subdominantly affects the deflections of
HEPs. The other possibilities will be discussed subsequently.

Cosmic rays arriving at the Earth are inevitably affected by
GMF. The importance has driven us to consider the propagation
of HECRs in the Galactic space (Stanev 1997; Medina-Tanco
et al. 1998; Harari et al. 1999; Kalashev et al. 2001; Alvarez-
Muniz et al. 2002; Tinyakov & Tkachev 2002; Prouza et al.
2003; Yoshiguchi et al. 2004; Tinyakov & Tkachev 2005;
Kachelriess et al. 2007; Takami & Sato 2008b). These works
have mainly investigated their propagation itself in detail and
have shown that predicted deflections of HEPs are less than
∼ 10◦, the deflection angles highly depend on their arrival di-
rections, and the apertures of HECR detectors to extragalactic
space are distorted. Some of them guessed HECR sources us-
ing information on observed events and their trajectories in the
Galactic space. However, they have not predicted possible sig-
nals to find their sources from the arrival distribution of HECRs.
Yoshiguchi et al. (2003) simulated the arrival direction distri-
bution of HEPs using plausible source distribution, taking their
propagation in a GMF model into account, but they focused on
only the auto-correlation of HEPs.

In this study, we focus on how do we see HEP sources in the
arrival distribution of HEPs. We consider the cross-correlation
between the arrival directions of HEPs and the positions of their
sources by simulations taking their propagation in magnetized
Galactic space into account. Since we know the positions of
HEP sources in simulations, we can calculate cross-correlation
functions between them. Cross-correlation function we adopt
in this study can also estimate the angular separation scale of
the correlation automatically.

This paper is laid out as follows: §2 is devoted to explain
GMF models, a HEP source model, the calculation method of
the arrival distribution of protons, and define cross-correlation
function. In §3, the cross-correlation functions of simulated
HEPs with their sources are calculated for several situations,
and the results are interpreted and discussed. Finally, the pos-
sibilities of (ii) and (iii) are discussed, and we summarize this
study in §4.

2. CALCULATION TOOLS

2.1. GMF Models

The structure of GMF is still controversial as briefly de-
scribed in our previous paper (Takami & Sato 2008b). Thus,
we also adopt 4 different and extreme models of GMFs fairly
used in that work, which were originally proposed by Stanev
(1997). Although we adopted a dipole magnetic field for a z
component of GMF in addition to its spiral component related
to the spiral structure of Milky Way matter in Takami & Sato
(2008b), we focus on only the spiral field in this study because
there is no direct evidence for the dipole GMF. We briefly in-
troduce the GMF models below.

The radial and azimuthal components of a spiral magnetic
field in the Galactic plane are given by

Br|| = B(r||,θ) sin p, Bθ = B(r||,θ)cos p, (1)

where r|| and θ are the distance from the Galactic center and
azimuthal angle around the Galactic center, respectively. Note
that θ is defined as increasing clockwise and θ = 0◦ corresponds
to the Galactic center. p is the pitch angle of the spiral field in
the neighborhood of the solar system, set to p = −10◦. We as-
sume 2 spiral structures: axisymmetric (AS) and bisymmetric

(BS), whose field strengths at a point (r||,θ) are written as

B(r||,θ) =





b(r||)cos
(
θ −β ln r||

r0

)
: BS

b(r||)
∣∣∣cos

(
θ −β ln r||

r0

)∣∣∣ : AS.
(2)

Here β ≡ (tan p)−1 = −5.67 and r0 = 10.55 kpc is the galactocen-
tric distance of the location with maximum field strength at l =
0◦, which can be expressed as r0 = (R⊕ + d)exp

[
−(π/2) tan p

]
,

where R⊕ = 8.5 kpc is the distance of the solar system from the
Galactic center and d = −0.5 kpc is the distance to the nearest
field reversal from the solar system in the BS model. Negative d
means that the nearest field reversal takes place inside the solar
system. Note that the AS model does not have any field rever-
sals. b(r||) is the radial profile of the strength of the magnetic
field, modelled by

b(r||) = B0
R⊕
r||

, (3)

where B0 = 4.4µG, which corresponds to 1.5µG in the neigh-
borhood of the solar system. In a region around the Galactic
center (r|| < 4 kpc), the field is highly uncertain and therefore
assumed to be constant and equal to its value at r|| = 4 kpc. The
spiral field is assumed to be zero for r|| > 20 kpc.

For a magnetic field in the Galactic halo, we adopt an ex-
ponential decreasing model with two scale heights (Alvarez-
Muniz et al. 2002),

B(r||,φ, |z|) = B(r||,φ)
{

exp(−|z|) : |z| ≤ 0.5 kpc
exp( −|z|

4 − 3
8 ) : |z|> 0.5 kpc

(4)

where the factor exp(−3/8) lets the field continuous on z. The
parities of the spiral fields are represented as

B(r||,φ,−z) =
{

B(r||,φ,z) : S type parity
−B(r||,φ,z) : A type parity.

(5)

The combination between the 2 spiral structures and 2 parities
leads to 4 different GMF models. We adopt these 4 GMF mod-
els in this study.

2.2. Source model of HEPs

We consider HEP sources distributed to be compatible with
the large-scale structure (LSS) of local Universe actually ob-
served. The adopted GMF models reflect the structure of our
Galaxy to some extent and the deflection patterns of HEPs are
expected to be dependent on the arrival directions of them. Fur-
thermore, the PAO results imply HEP sources distributed to be
comparable with the LSS of local Universe (Abraham et al.
2007, 2008; Ghisellini et al. 2008; Kashti & Waxman 2008;
Takami et al. 2009). Thus, such a source distribution is essen-
tial. A model used in this study is originally based on Takami
et al. (2006). Here, the model is briefly explained.

In the model, we regard subsets of galaxies as HEP sources.
We adopt Infrared Astronomical Satellite Point Source Redshift
Survey (IRAS PSCz) catalog of galaxies (Saunders et al. 2000)
to construct the local distribution of galaxies. The IRAS PSCz
catalog matches our purpose well, since it is a flux-limited, uni-
form catalog and has very large sky coverage (∼ 84% on the
whole sky). However, this catalog includes 2 selection effects:
one is unobserved galaxies with fluxes below the flux-limit of
the IRAS satellite. The other is ∼ 16 % unobserved area which
corresponds to mainly the Galactic plane. We correct these
selection effects by using a luminosity function of the IRAS
galaxies (Takeuchi et al. 2003). For the former effect, we
add virtual galaxies with luminosities less than the observation-
ally limited flux in the vicinity of original IRAS galaxies. On
the other hand, we simply assume that galaxies are distributed
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FIG. 1.— Examples of trajectories of protons with the energy of 1019.8 = 6.3× 1019 eV projected into a plane perpendicular to the Galactic disk and including
the Galactic center and the Earth. Their arrival directions are (`,b) = (180.0◦,0.3◦) (upper panel), and (180.0◦,−0.3◦) (lower left panel), and (0.0◦,−44.8◦) (lower
right panel), respectively. There are 4 trajectories of the protons in each panels, which correspond to trajectories in the BS-S (red), BS-A (green), AS-S (blue), and
AS-A (magenta) GMF models.

isotropically for the latter one. Then, we randomly select galax-
ies according to a given number density of HEP sources, ns, to
make a subset of galaxies and regard it as a HEP source distri-
bution. Such a structured source distribution is adopted up to
200 Mpc from our Galaxy because of the completeness of the
IRAS PSCz catalog. Outside 200 Mpc, the distribution of HEP
sources is assumed to be isotropic. We focus on HEPs above
6× 1019 eV in this study, 90% of which can reach the Earth
from their sources within 200 Mpc . Thus, the isotropically
distributed sources does not strongly affect our results.

For the physical properties of HEP sources, we assume that
all the sources emit HEPs persistently with the same power with
a power-law spectrum of ∝ E−2.6 whose index can well repro-
duce the observed spectrum of HECRs above 1019 eV. We con-
sider 2 number densities of HEP sources, ns ∼ 10−4 and 10−5

Mpc−3. The former can best reproduce the anisotropy of the
arrival distribution of HECRs observed by the PAO (Takami &
Sato 2009; Cuoco et al. 2008). The latter is the number density
to reproduce the AGASA anisotropy well (Takami et al. 2006;
Blasi & de Marco 2004; Kachelriess & Semikoz 2005) and
also is allowed by the PAO if plausible magnetic fields in the
Universe are taken into account (Takami & Sato 2009).

2.3. Simulation of Arriving HEPs

In order to simulate the arrival distribution of protons for
a given source distribution, this study adopts a calculation
method developed by Takami et al. (2006). Generally, it costs
much time to calculate arriving cosmic rays in a magnetized
Universe because whether a cosmic ray injected from a source
to a direction can reach the Earth is not known until its trajec-
tory is calculated. Our method solved this problem and enables

us to calculate the arrival distribution of protons taking their
propagation in a magnetized space into account in reasonable
CPU time.

In this method, we focus on an inverse process of propaga-
tion of protons. The trajectories of protons are calculated by the
backtracking method. The trajectory of an oppositely-charged
proton ejected from the Earth can regarded as that of a pro-
ton coming from extragalactic space. Many oppositely-charged
protons (1,250,000 particles per logarithmic bin of energy in
this study) are ejected from the Earth isotropically, and calcu-
late their trajectories in the Galactic space. Once the particles
escape from the Galactic space, they fly away straightforwardly
with energy-gain until the comoving distances of the positions
of the particles exceed 1,500 Mpc or the energy of the particles
exceeds 1022 eV, which corresponds to the maximum injection
energy of protons at sources, or the propagation time exceeds
the age of the Universe. The boundary between the Galac-
tic and extragalactic space is assumed to be 40 kpc from the
Galactic center. We consider Bethe-Heitler pair creation, pho-
topion production with cosmic microwave background (CMB)
photons and adiabatic energy-loss due to the cosmic expansion
as the energy-loss processes of HEPs in intergalactic space. We
adopt Ωm = 0.3, Ωλ = 0.7, H0 = 71 km s−1 Mpc−1 for the cos-
mological parameters. For photopion production, we adopt in-
elasticity and mean-free path calculated by an event generator
SOPHIA (Mucke et al. 2000). The energy-loss is neglected in
the Galactic space because all the energy-loss lengths of pro-
tons are much larger than the scale of the Galactic space.

When the trajectory of the ith oppositely-charged proton
passes over sources, it obtains a weight for a positive arriving
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FIG. 2.— Arrival directions of HEPs with energies above 1019 eV emitted from sources located at 50 Mpc from the Earth (black circles) in Galactic coordinates.
The energies of HEPs are represented in color. The 4 different GMF models are taken into account.

proton as,

Pselec(E, i)∝
∑

j

1
(1 + zi, j)di, j

2

dN/dEg(di, j,Eg
j)

E−1.0

dEg

dE
, (6)

where j labels sources on the trajectory and a factor sums up
for j. zi, j and di, j are the redshift and comoving distance of
the jth source, respectively. Eg

j is the energy of the particle
when it reaches the jth source. dN/dEg(di, j,Eg) ∝ Eg

−2.6 is
the spectrum of proton ejection of oppositely-charged protons
at the jth source. dEg/dE can be calculated by the propaga-
tion data. E−1.0 is the appearance of isotropic ejection with
dN/dlog10E ∝ const. from 1019 to 1021 eV. The weight cor-
responds to a relative probability in order that the ith particle is
a really arriving proton. Thus, we randomly select the required
number of trajectories from all the trajectories according to
Pselec(E, i), and then arriving protons are obtained. The energy
and arrival directions of the protons are the energy and the in-
jection direction of corresponding oppositely-charged protons.
We take the angular accuracy of HECR observatories to deter-
mine the arrival directions of HECRs. We assume that the ar-
rival directions have a fluctuation described by a 2 dimensional
Gaussian distribution with σ = 1◦, which corresponds to the an-
gular accuracy.

2.4. Statistical Methods

We will discuss the correlation between the arrival directions
of HEPs and their sources in the next section. Cross-correlation
function for this purpose is defined as (Takami et al. 2009;
Blake et al. 2006),

wes(θ) =
ES(θ) − ES′(θ) − E ′S(θ) + E ′S′(θ)

E ′S′(θ)
, (7)

where the characters of E and S represent HEP events and their
sources about which the cross-correlation is calculated, respec-
tively. ES(θ) is the number of pairs between E and G with the
separation angles from θ to θ +∆θ divided by NeNs for normal-
ization, where Ne and Ns are the total numbers of the events and

sources considered, respectively. ∆θ is set to be 1◦. E ′ and
G′ represent HEP events and sources randomly distributed fol-
lowing the apertures of HECR observatories and observations
of HECR sources, respectively. EG′(θ), E ′G(θ), and E ′G′(θ)
have similar meanings to EG(θ). E ′ and G′ correct their non-
uniform apertures. Note that the apertures of HEP sources is
uniform in this study (see §2.2). By definition, w(θ) > 0 means
positive correlation.

The aperture of a ground array is simply described as (Som-
mers 2001)

ω(δ)∝ cos(a0)cos(δ) sin(αm) +αm sin(a0) sin(δ), (8)
where αm is given by

αm =





0 if ξ > 1
π if ξ < −1
cos−1(ξ) otherwise

(9)

and
ξ ≡ cos(θ) − sin(a0) sin(δ)

cos(a0)cos(δ)
. (10)

Here, a0 and θ are the terrestrial latitude of a ground array and
the zenith angle for an experimental cut. We simulate the aper-
tures of 2 HECR observatories; the PAO and Telescope Array
(TA). The PAO observes the southern sky and the TA observes
the northern sky. As we will see in §3.1, the deflection patterns
of HEPs in the southern sky are quite different from those in
the northern sky. The different signals of correlation between
HECRs and their sources are expected. Thus, we consider the
apertures of these observatories as representatives of HECR ob-
servatories in the southern and northern sky. The parameters are
a0 = −35.2◦ and θ = 60◦ for the PAO (Abraham et al. 2008),
and a0 = 39.3◦ and θ = 45◦ for the TA (Nonaka et al. 2009).

3. RESULTS

3.1. Deflections of protons by GMF

First of all, we briefly view the trajectories and deflections of
HEPs by GMF. The 4 GMF models predict different trajectories
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FIG. 3.— Deflection angles of arriving protons with energies of 1019.8 eV in color. The arrival directions are shown in equatorial coordinates. The difference
between the AS GMF models and BS GMF models is obvious in the northern hemisphere.

of HEPs, since they are different in field reversals and parities
above and below the Galactic plane.

Fig. 1 shows the trajectories of protons with the energy of
1019.8 eV and the same arrival directions in 4 GMF models.
Practically, we eject oppositely-charged protons from the Earth
and plot their trajectories. In order to see the effects of different
GMF models, we select 3 examples of the arrival directions of
protons. In the upper panel, we draw the trajectories of protons
with the arrival direction of (`,b) ∼ (180.0◦,0.3◦). The trajec-
tory of a proton propagating in the BS-S (AS-S) GMF model
is the same as that in the BS-A (AS-A) GMF model, since a
spiral field in the BS-S (AS-S) model is, by definition, the same
as that in the BS-A (AS-A) model above the Galactic plane.
The trajectories of protons are the same both in the S models
and in the A models as long as they propagate above the Galac-
tic plane. The trajectories of the protons in the BS models are
separated from those in the AS models just outside 15 kpc be-
cause of a field reversal of GMF. Once a proton passes over a
field reversal, its deflection direction is changed into the oppo-
site direction and the total deflection is weaken. This mech-
anism works only in the BS models. Thus, generally, the BS
models predict smaller deflections of HECRs than the AS mod-
els. Once oppositely-charged protons propagate away from the
Galactic plane, their deflections become smaller because a mag-
netic field becomes exponentially smaller. Therefore, the spiral
structure of GMF just in the vicinity of the solar system mainly
affects the deflections of HEPs.

We can see the effect of the parity of GMF in the other pan-
els. The trajectories of protons with the arrival directions of
(`,b) = (180.0◦,−0.3◦) are described in the lower left panel. The
trajectories of oppositely-charged protons are deflected toward
the upside of the Galactic plane near the solar system in the case
of GMF models with the S-type parity. On the other hand, their
trajectories are deflected toward the downside of the Galactic
plane for the A-type parity. Note that the magnetic structure of
the BS-S (BS-A) model is the same as that of the AS-S (AS-A)
model until the first field reversals inside and outside the so-

lar system. The trajectories of the oppositely-charged protons
are also separated at ∼ 15 kpc due to a field reversal of GMF.
The lower right panel, in which the arrival directions of HEPs
considered are (`,b) = (0.0◦,−44.8◦), is another example that
HEP trajectories with the same arrival direction are separated
by different GMF models.

The deflection directions of HECRs highly depend on the
positions of their sources, their energies, and of course GMF
structure. Fig. 2 demonstrates the arrival directions of protons
above 1019 eV emitted from 8 extragalactic sources located at
artificial positions shown by black circles to see the directions
and strengths of their deflections. The energies of arriving pro-
tons are represented in color and the distance of sources is 50
Mpc.

We can see the dependency of the deflection angles on the
positions of HEPs. For instance, protons from a source with
(`,b) ∼ (−60◦,60◦) are little deflected even for ∼ 1019 eV in
the cases of the AS GMF models. Even for the BS models, the
protons with energies of ∼ 1019 eV are deflected by ∼ 20◦. On
the other hand, the deflections of protons from a source with
(`,b)∼ (120◦,60◦) are much larger for their energies of ∼ 1019

eV.
The arrival directions of protons from a source are arranged

reflecting their energies and the GMF structure of the source
direction (Yoshiguchi et al. 2003). The A-type parity leads
to a symmetric structure of deflection pattern of HEPs. This
arrangement structure of the arrival directions of protons can
be a hint to understand the GMF structure of the source direc-
tions. When we focus on protons with lower energies, some
events are highly deflected and then their arrival directions
do not reflects the positions of their sources. Furthermore, a
large fraction of such protons is contribution from cosmolog-
ically distant sources, and they work as background. So, the
lower energy component of the arrangement is hidden. On the
other hand, since the highest energy component of protons (red
points) reaches the Earth only from nearby Universe because of
Greisen-Zatsepin-Kuz’min (GZK) effect (Greisen 1966; Zat-
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FIG. 4.— Cross-correlation functions between the positions of HEP sources within 75 Mpc and the arrival directions of simulated HEPs above 6×1019 eV in the
cases of ns ∼ 10−4 (left) and 10−5Mpc−3 (right). The number of the protons is set to be 27 events and the aperture of the PAO is taken into account. These functions
are calculated under no GMF (green), the BS-S model (red), and the AS-S model (blue).

sepin & Kuz’min 1966), their arrangement is expected to be
more clear, although the deflection angles are small. Such a
component could be used to investigate GMF structures due to
their small (but not too large) deflections. Also, such small de-
flections are useful to investigate their sources. Thus, we focus
on the highest energy component of cosmic rays.

Finally, we see the distribution of the deflection angles of
HEPs. in the terrestrial sky. Fig. 3 shows the deflection an-
gles of protons arriving at the Earth with energies of 1019.8 eV
in equatorial coordinates. We can find that GMFs with the AS
structure predict larger deflection than those with the BS struc-
ture, as we discussed on Fig. 1. The difference between the AS
models and BS models is noticeable in the northern sky. Thus,
we can predict that the correlation of HEPs and their sources
is quite different between the AS and BS GMF models in the
northern sky. Note that the large deflection drawn in the lower
right parts of all panels is generated by a strong magnetic field
near the Galactic center.

3.2. Cross-correlation with HEP sources

Firstly, we see the effect of GMF to the cross-correlation.
Fig. 4 shows the cross-correlation functions between the po-
sitions of sources within 75 Mpc and the arrival directions of
simulated protons with energies above 6×1019 eV in the cases
of ns ∼ 10−4 (left) and 10−5Mpc−3 (right). The number of pro-
tons is set to that of the published PAO events (27 events).
Also, the anisotropic aperture of the PAO is taken into account.
These cross-correlation functions are calculated for unmagne-
tized Galactic space (green), the BS-S GMF model (red), and
the AS-S GMF model (blue). These cross-correlation functions
are calculated as follows; We simulate an arrival distribution
of a required number of HEPs for a given source distribution.
The arrival distribution and the source distribution enable us to
calculate cross-correlation function. We realize 100 source dis-
tributions with the same ns following the method of §2.2 and
calculate cross-correlation function in the same way for each of
them. Finally, we calculate the average and standard deviation
of the 100 cross-correlation functions and plot them as points
and error bars, respectively. Therefore, the error bars include
not only errors due to the finite number of simulated events but
also errors originating from the uncertainty of HEP source posi-
tions, i.e., the uncertainty of galaxy sampling in our HEP source
model. We can find that the correlation signals at small angu-

lar scale are suppressed by GMF. Note that a finite accuracy
to determine the arrival directions of HEPs considered leads to
positive values of the cross-correlation functions for no GMF at
the second and third bins.

When we consider a smaller number density of HEP sources,
the absolute values of the cross-correlation functions become
larger. However, the error bars of the cross-correlation func-
tions also become larger because the uncertainty of source po-
sitions is larger. Thus, statistical features are little changed by
ns.

Next, we simulate a current status of the PAO for 4 GMF
models. Fig. 5 shows the cross-correlation functions of HEP
sources within 75 Mpc and protons above 6× 1019 eV simu-
lated for the BS-S (red), BS-A (green), AS-S (blue), and AS-A
(magenta). The number of protons is assumed to be 27. We
take the aperture of the PAO into account in the left panel. For
comparison, the aperture of the TA is considered in the right
panel.

In the left panel, all the cross-correlation functions are not
consistent with a lack of the correlation at a few degree within
standard deviations, though at the first and second bins these are
consistent with zero because large error bars. Thus, the corre-
lation of HEPs and their sources is expected with a few degree
separation even at present. It is remarkable that the angular sep-
aration of the correlation is comparable with the the correlation
scale by the PAO (3.1◦).

We can find the difference of cross-correlation signals be-
tween GMF models in the northern sky (right panel). The pre-
dictions of the AS models are consistent with no correlation,
while the BS models predict positive correlation at a few degree
like the case of the southern sky. This difference is an appear-
ance of the difference of the deflection angles of HEPs between
the AS and BS GMF models, as we have seen in Fig. 3. We
can also see that the 2 BS models (or the 2 AS models) predict
quite similar cross-correlation functions. This means that the
difference between the S-type parity and A-type parity does not
appear on the cross-correlation function. Although the differ-
ence between the parities is the deflection directions of HEPs
as we saw in Fig. 2, the cross-correlation function does not in-
clude information on the deflection directions. These features
will be more clear by accumulating more events as discussed
subsequently.
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The error bars of the cross-correlation functions originate
from not only the finite number of events but also the uncer-
tainty of positions of HECR sources (i.e., the uncertainty of
sampling galaxies in our source model). We can decrease the
former errors by increasing the number of observed events,
whereas the latter type of errors cannot be reduced because we
do not know any source at present. For an ideal case where
the number of detected events is infinite, we can consider only
the latter errors. Practically, it is meaningful to estimate the
number of events for saturation of the errors because we can
discuss the correlation of HEPs and their sources based on al-
most only the uncertainty of the precise positions of the sources
after the accumulation of such number of events. Fig. 6 shows
the cross-correlation functions between HEP sources within 75
Mpc and arriving protons simulated for the BS-S GMF model
on the assumption of the PAO aperture. The numbers of pro-
tons considered are 27 (red), 100 (green), 200 (blue), 500 (ma-
genta), and 1000 (black). When the number of events is small,
errors due to the finite number of events occupy a significant
fraction of the total errors. As increasing the number of events,
the errors decreases and errors due to the sampling of galaxies
are dominated. An estimation by eye implies that the total er-
rors are sufficiently saturated by ∼ 200 events detection. This
is unchanged for other nS, GMF models, and the northern sky.
Thus, we consider 200 events for discussions below. If we ob-

serve the positive value of cross-correlation function after 200
event accumulation, it means that positive correlation between
HEPs and their sources is expected even if the uncertainty of
HEP source positions is taken into account.

Fig. 7 shows the cross-correlation functions of 200 protons
with energies above 6×1019 eV and their sources for the BS-S
(red), BS-A (green), AS-S (blue), and AS-A (magenta). The
assumed number density of the sources is ∼ 10−5 Mpc−3. The
apertures of the PAO (left) and TA (right) are taken into ac-
count. We can see the results of Fig. 5 more clearly because of
the smaller errors.

In the left panel, all the 4 GMF models predict the positive
correlation within standard deviations at small angular scale.
Thus, the correlation between HEPs and their sources is pre-
dicted despite the uncertainty of the source positions in the
southern sky. Separation angles of which significance is the
highest is 3◦ and 4◦ for the BS models and the AS models, re-
spectively. Separation angles at which positive correlation is
predicted are smaller in the BS models than in the AS models,
reflecting the difference of the deflection angles of HEPs. They
are also up to ∼ 6◦.

On the other hand, the predictions of the BS models are dif-
ferent from those of the AS models in the northern sky. In
the right panel, the cross-correlation functions calculated for
the AS models are consistent with no correlation within ∼ 3◦
within standard deviations, whereas the cross-correlation func-
tions are significantly positive for the BS models at the same
angular scale . At larger angular scale, the cross-correlation
functions are slightly positive for the AS models, but the signif-
icance is quite low. Thus, the predictions of the AS GMF mod-
els are almost consistent with no correlation. Since the differ-
ence between the BS and AS models is based on the existence
of field reversals, observations of very weak or no correlation
at the small angular scale imply no field reversals outside the
solar system.

We can see the difference between the BS and AS GMF
models more obviously by demonstrating the cross-correlation
functions calculated from a given source distribution with ∼
10−5 Mpc−3, shown in Fig. 8. The apertures of the PAO (left)
and TA (right) are considered. We realize the arrival distribu-
tion of 200 HEPs 100 times from the source distribution, calcu-
late a cross-correlation function for each of them, and estimate
the average and standard deviation of the 100 cross-correlation
functions. Thus, the error bars originate from only the finite
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FIG. 11.— Same as Fig. 10, but for HEP sources within 50 Mpc.

number of events. While all the 4 GMF models show similar
cross-correlation functions with significantly positive signals at
small angular scale in the southern sky, cross-correlation func-
tions are clearly different between the AS and BS GMF mod-
els in the northern sky. In this example, the BS models predict
strongly positive correlation, but the cross-correlation functions
derived from the AS models are consistent with zero at small
angular scale.

When we consider larger number density of HEP sources,
the values of the cross-correlation function become smaller at
small angular scale as seen in Fig. 5. Nevertheless, the qualita-
tive features of the cross-correlation functions are unchanged.
Fig. 9 shows the same figure as Fig. 7, but the number density
of the sources is ∼ 10−4 Mpc−3. The significance and angular
scale of positive correlation is similar to the cases of ns ∼ 10−4

Mpc−3.
So far, we have fixed the maximum distance of HEP sources

considered for correlation as 75 Mpc, which is the same dis-
tance as analyses by the PAO (Abraham et al. 2007, 2008) (
z = 0.018 in the concordance cosmology ). However, this value
was derived to optimize the correlation signal, and therefore it
does not have inevitability, although it is not inconsistent with
the GZK scenario. Thus, we check the correlation by changing
the maximum distance considered, adopting 100 Mpc and 50
Mpc.

Fig. 10 shows the cross-correlation functions of 200 protons
with energies above 6× 1019 eV and their sources within 100
Mpc. ns ∼ 10−4 Mpc−3 (upper panels) and ns ∼ 10−5 Mpc−3

(lower panels) are assumed. The anisotropic apertures of the
PAO (left panels) and TA (right panels) are taken into account.

Compared to Figs. 7 and 9, qualitative features are the same,
that is, positive correlation is predicted at small angular scale
except for the AS GMF models in the northern sky. The ex-
ception shows the cross-correlation functions almost consistent
with no correlation. Fig. 11 shows the same as Fig. 10, but the
maximum distance of HEP sources considered for correlation
is 50 Mpc. They have also the same qualitative features as Fig.
10. However, we can find that the significance of positive cor-
relation is lower than in Figs. 7, 9 and 10, because of relatively
large error bars. A main reason of this is a smaller volume in-
cluding considered sources. Since the number of sources used
for correlation analysis is small, the fluctuations of the cross-
correlation functions become large. Thus, the investigation of
spatial correlation with nearby sources is not always efficient.
On the other hand, considering distant sources is also not al-
ways better because there are the deflections of HEP trajecto-
ries by IGMF, which has much uncertainty, in a real situation.
Therefore, the maximum distance of sources with which the
correlation is considered should be treated as a parameter at
present, when we analyze observational data actually.

4. DISCUSSION & CONCLUSION

In this study, we considered the propagation of HEPs in the
Galactic space and investigated the cross-correlation between
the arrival directions of HEPs with energies above 6×1019 eV
and the projected positions of their sources by using simula-
tions. We found that the expected correlation between HEPs
and their sources is not disturbed and is positive at small an-
gular scale in many cases after 200 HEPs detection, although
a coherent (spiral) component of GMF efficiently deflects the
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FIG. 12.— Arrival directions of the PAO events published in Abraham et al. (2008) (red) and the possible directions of their sources on the assumption that all
the PAO events are protons (green) and irons(blue). In other words, we backtrack the PAO events following the BS-S model (upper left), BS-A model (upper right),
AS-S model (lower left), and AS-A model (lower right), and plot their velocity directions at the boundary between the Galactic space and extragalactic space.

trajectories of HEPs. An exception is the cases of the AS GMF
models in the northern sky. In these cases, the predicted cross-
correlation is consistent with no correlation or has very low sig-
nificance even if it is positive, which reflects that the BS mod-
els predict the smaller deflections of HEPs than the AS models
especially in the northern sky. Since the difference of the de-
flection angles is produced by field reversals of GMF, null ob-
servation of the correlation between HEPs and their sources or
very weak correlation imply no field reversals of GMF at least
outside the solar system. These features are qualitatively un-
changed if we change the maximum distance of HEP sources
with which we consider the correlation in the range within 100
Mpc.

Finally we discuss 3 points which are able to affect the re-
sults of this study; the compositions of HECRs (possibility
(ii) listed in §1), GMF in the Galactic halo, and intergalactic
magnetic field (possibility (iii) listed in §1). Recent reports of
the PAO showed that HECRs include a large fraction of the
heavier nuclei by < Xmax > and the deviations of Xmax mea-
surements (Bellido et al. 2009) (although the HiRes reported
proton-dominated composition at the highest energy (Belz et
al. 2009)). A remarkable point is that the PAO simultaneously
reported that the correlation between the arrival directions of
HECRs and the positions of nearby astrophysical objects (Abra-
ham et al. 2007, 2008; Hague et al. 2009). Since the trajecto-
ries of heavy nuclei are more deflected by intervening magnetic
fields than protons, the observed spatial correlation tends to be
disturbed if heavy nuclei are included in observed HECRs.

It is expected from a reaction with CMB photons that the
main component of heavy nuclei in HECRs is iron. Nuclei
can be broken through giant dipole resonance by interactions
with CMB photons at ultra-high energy. The giant dipole res-
onance predicts a GZK-like spectral steepening, but the en-
ergy of steepening is lower than the GZK steepening because
its threshold energy is smaller than that of photopion produc-
tion of protons (e.g., Allard et al. (2005)). The energy of the
steepening by the giant dipole resonance increases as increas-

ing the atomic number of nuclei, and then the energy becomes
comparable with the energy of the GZK steepening. Thus, the
dominant component of heavy nuclei in HECRs should be irons
to fit an observed energy spectrum with the GZK-like feature.
Lighter nuclei disturb such a spectral shape. Compositions
other than protons and irons must be a very small fraction. It is
quite serious for the spatial correlation observed by the PAO.

In Fig. 12, we demonstrate that source positions of the PAO
events with the IRAS galaxies within z = 0.018 (black dots) as-
suming that all of the PAO events are protons (green) and irons
(blue). We backtrack the detected PAO events (red) in the 4
GMF models and plot their velocity directions just outside the
Galaxy (at 40 kpc from the Galactic center). These circles rep-
resent the intrinsic directions of their sources on the assump-
tion of no IGMF. We can obviously find that the inferred direc-
tions of iron sources are not consistent with the distribution of
nearby galaxies. It is a fine-tuning problem that the deflection
by IGMF improves the correlation. Thus, pure iron scenario is
problematic in the viewpoint of the spatial correlation. In order
to satisfy the consistency of the results of composition measure-
ments and the spatial correlation observed by the PAO, HECRs
also include significant fraction of protons. The proton compo-
nent can unveil the positions of HEP sources as we have shown
in this study. In this viewpoint, the fraction of irons to protons
is an essential quantity to explain the current result of the PAO.

We consider only spiral fields of GMF in this study. How-
ever, vertical components (perpendicular to the Galactic Plane)
of GMF have been observed both in the vicinity of the solar sys-
tem (Han & Qiao 1994) and around the Galactic center (Han
2007). A magnetic field in the Galactic halo might also affect
the deflections of HECR trajectories. The existence of Galactic
wind has been indicated by Galactic diffuse soft X-ray observa-
tions (Everett et al. 2008). On the other hand, high-sensitivity
observations of several edge-on galaxies with galactic winds
have revealed so-called X-shaped magnetic fields in their halos
(Krause 2007; Beck 2009). These facts imply other structured
components of GMF in the halo of our galaxy. This effect to
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HECR propagation in the Galaxy should be considered and it is
a next target of our studies.

In a real situation, HECRs are deflected by not only GMF but
also IGMF. However, our current understanding about IGMF is
poor and IGMF modellings have large uncertainty. A numerical
simulation on cosmological structure formation in local Uni-
verse showed a magnetic structure highly concentrated to dense
region (Dolag et al. 2005). In this case, HEPs are almost not
deflected except the directions of clusters of galaxies, since the
cross-sectional area occupied by strong IGMF is small. A sim-
ple modelling of IGMF by Takami et al. (2006) also predicted
relatively small deflection angles of HEPs and showed that HEP
sources are unveiled by HEPs themselves within a few degree
(Takami & Sato 2008a). These 2 IGMF models are based on
a realistic matter structure of local Universe constructed by the
IRAS catalog of galaxies. On the other hand, hydrodynamical
simulations on cosmological structure formation predicted rel-
atively strong IGMF in filamentary structures up to 10nG (Sigl
et al. 2004; Das et al. 2008). A large cross-sectional area
of filamentary structures with ∼ 10 nG fields makes HEPs be
deflected significantly and a large part of information on their
sources is lost. Note that these IGMFs have uncertainty on ob-
server’s positions because their resultant matter distributions
do not correspond to local Universe actually observed. How-
ever, an IGMF model of Das et al. (2008) does not lose the
correlation between the arrival directions of HEPs and large-
scale structure of nearby Universe (Ryu et al. 2009). More-

over, another modelling of IGMF pointed out the possibility
of fake correlation, which means that HECRs are scattered at
strongly magnetized region not including their sources (Kotera
& Lemoine 2008). In this case, the correlation with large-
scale structure may be also conserved. Thus, it is uncertain
at present because of the uncertainty of IGMF itself whether
IGMF disturbs possible correlation between the arrival direc-
tions of HEPs and the positions of their sources, though the
correlation with the large-scale structure is expected by many
works. One possibility to know IGMF structure is a project
of Faraday rotation measurement by Square Kilometer Array
3. The Faraday rotation on the whole sky will give us useful
information on magnetic fields in our local Universe.

In this study, we discussed the effects of GMF in cosmic ray
astronomy. As we briefly discussed in this section, the under-
standing of the heavy components in HECRs and IGMF will be
a key to investigate the potential of cosmic ray astronomy.
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