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Ultrahigh-energy cosmic rays (UHECRs) with energies above 100 EeV provide important clues to the
most energetic processes in the Universe. At the highest energies, it is expected that UHECRs originate only
from nearby sources because of energy losses during propagation. In such a regime, small-scale anisotropies
in arrival directions could appear if the magnetic deflections in cosmic magnetic fields are sufficiently small,
for example, for a limited fraction of UHECRs with relatively low electric charge. Using the Pierre Auger
Observatory open data, we confirm that for events with energies above 100 EeV, there is no significant small-
scale anisotropy within 3°, indicating an almost isotropic sky distribution. To interpret this observation, we
consider that heavier nuclei have higher photodisintegration thresholds due to their smaller Lorentz factors,
resulting in longer propagation lengths. When combined with the nearly homogeneous distribution of
galaxies at such distances, this can naturally explain the absence of anisotropies even above 100 EeV. Based
on this idea, we perform mock observations of UHECRs above 100 EeV assuming pure-proton, iron, and
uranium compositions. We predict the expected UHECR distributions using the Millennium Run semi-
analytic galaxy catalog and turbulent extragalactic magnetic fields. By varying the source density pgque and
magnetic field strength a, we evaluate the anisotropy for each case. Without magnetic fields, the observed
isotropy above 100 EeV excludes the pure-proton and pure-iron cases. The pure-uranium case can reproduce
the observed isotropy when the source density is high and the magnetic field is turbulent. When the turbulent
field is strong, both the iron and uranium cases remain consistent with the data, whereas almost no parameter
set can explain the observation for a pure-proton composition. Our results constrain the possible combinations
of source density and magnetic field strength across different UHECR compositions and provide a framework
for interpreting future anisotropy measurements at the highest energies.

DOI: 10.1103/1Ikm-59qr

I. INTRODUCTION

The origins of ultrahigh-energy cosmic rays (UHECRSs)
remain a mystery. Due to the energy loss of the UHECRs
through their interaction with the cosmic microwave back-
ground (CMB) and infrared (IR) background, the origins of
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the UHECRs should be in the nearby universe [1,2][Greisen—
Zatsepin—Kuzmin (GZK) horizon]. Nevertheless, the origins
of UHECRs have not yet been identified. The magnetic fields
bend UHECR trajectories, creating a significant gap between
the arrival directions of UHECRS on Earth and their sources,
making it challenging to identify the sources. The highest-
energy cosmic rays among UHECRs were expected to be less
susceptible to the effects of magnetic fields due to their small
deflection angles. Previous theoretical studies on small-scale
anisotropy have predicted that the highest-energy cosmic ray
events would be concentrated around specific point sources,
leading to the identification of the origins of UHECRs [3-9].
Theoretical studies on small-scale anisotropies are believed
to have insights into the source density of UHECRs. The
Akeno Ground Air Shower Array (AGASA) reported a
small-scale anisotropy of UHECRs above 4 x 10!° eV in
[10]. They reported one triplet and three doublets within
2.5 degrees. The AGASA experiment’s report motivated
studies of UHECR sources and next-generation UHECR
observations over the past two decades.

Due to the small flux, it is difficult to observe a UHECR
event directly. The detection of extensive air showers
induced by UHECRs enables us to observe them.
Currently, two main experiments lead UHECR observation
in the northern and southern hemispheres, respectively: the
Telescope Array (TA) experiment [11] and the Pierre Auger
Observatory [12]. The Pierre Auger Observatory [12] also
searched for a small-scale excess of UHECRs above 60 EeV
[13]. In [13], they found no small-scale anisotropy and set
the lower bounds of source density to be ~10™* Mpc~3. In
the Telescope Array (TA) experiment [11,14] searched for a
pointlike source with observed data collected over five years
above 0.5 EeV, and found no evidence for the source in the
northern sky. Although many of the highest-energy
UHECRs have been detected, recent observations from
the Pierre Auger Observatory and the TA experiment have
not reported a clear point source, even for the highest-
energy cosmic rays above 100 EeV [15]. A single-event
observation also supports this. The highest energy UHECR
in the TA experiment [16][“Amaterasu” event] has been
found to arrive from the direction of the “void” region in the
nearby Universe. To explain these situations on arrival
directions of UHECRs, we investigate the effects of source
density, mass composition, and magnetic field on 100 EeV
UHECR anisotropies. From the absence of a clear small-
scale anisotropy, we estimate the lower limits of source
density, mass composition, and magnetic field strength.

The “heavier” mass composition (usually assumed to be
heavier than iron) is suggested by observations from both the
Pierre Auger Observatory and the TA experiment [17-19]. In
particular, the observation of the slant depth of the air-shower
maximum X,,,, constrains the mass number of primary
cosmic rays. The Pierre Auger Observatory found the mass
composition getting heavier above approximately 2 EeV [17]
from their X,,, measurements. The TA experiment suggests
a heavier component above 100 EeV, based on the

arrival-direction distribution of UHECRs and assumptions
about the large-scale structure and magnetic-field models [19].
For the heavier composition case, the deflection by a magnetic
field larger than the proton case causes a more isotropic
distribution of UHECRs. In addition, one can expect a higher
photodisintegration energy threshold due to the smaller
Lorentz factors, which leads to a longer propagation length.

This paper also considers the possibility that the highest
energy cosmic rays are “super heavy,” indicating nuclei
heavier than °Fe (iron). We took 23U (uranium) as the
heaviest example of super-heavy nuclei that were detected
in solar abundances. These nuclei are generated in the
r-process. The possibility of r-process nuclei in UHECRs
has been suggested in previous work. [20] suggested heavy
nuclei from GRBs as UHECRs. Protomagnetars are also
suggested to be r-process UHECR source candidates
[21,22]. Motivated by the kilonova observation [23] and
Amaterasu event [16], the possibility of r-process UHECRs
is under discussion in some reports [24,25]. [24,25] suggest
the possibility of super-heavy nuclei, and they are gen-
erated in the r-process from binary neutron star (BNS)
mergers. [24] suggested the idea of BNS mergers as the
UHECR source, and at the same time, [25] suggested the
possibility that super-heavy UHECRs cannot be denied
from a “combined fit” [26] with a current observational
dataset of the Pierre Auger Observatory and TA experi-
ment. Discussions of distant-source contributions are
important for superheavy UHECRS because they undergo
longer propagation distances.

In this study, we test “light,” “heavy,” and “superheavy”
(e.g., proton, iron, and uranium) UHECR scenarios using
100 EeV UHECRs from an independent method: self-
consistent mock observations with N-body simulations. We
do not specify the source class for the UHECR origin and
assume that the UHECR source distribution follows that of
normal galaxies. Assuming an isotropic distribution of
UHECRs at 100 EeV, we constrain the lower limits on
source density, mass composition, and magnetic field
strength. We briefly introduce observed arrival directions
of UHECRSs (Sec. II). In Sec. III, we introduce the self-
consistent technique to generate mock UHECR datasets
through a convolution of an N-body simulation catalog and
cosmic-ray propagation. We present the results of the mock
observation and insights into source density and magnetic
field strength in Sec. IV.

II. ANALYSIS

We adopt a number of “doublets” to evaluate the
anisotropy on the arrival direction of UHECRs. We count
the number of pairs N, in a dataset as some pairs within
3 deg radius

N = %NZ [(Mf'a<ﬂ<n,nj> < xo>> > 2] (1)

i=1 j=1
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and

5(condition) { 1 if condition is true
condition) =
0 if condition is false,

where Nyenis 4, 49 indicate the number of events in the
dataset, angular distance between arrival directions n, and
the threshold of search radius (3 deg), respectively. We
define the radius A, to be 3 degrees, following the Akeno
Giant Air Shower Array (AGASA) studies [27] which
reported doublets within 2.5 degrees separation. Figure 1
shows the number of pairs N of the Auger Phase One
dataset [28] (black arrow). We count the number of pairs
Npair for 35 observed UHECR events whose energies are
more than 100 EeV. For comparison with an isotropic
distribution, we generate 100000 isotropic datasets at
random, each with the same number of events as the
observation. The number of pairs is Np, = 2.0 (a black
arrow in Fig. 1), which is located inside the isotropic N,
distribution.

III. SIMULATION

To interpret the observational result in Sec. II, we
conduct mock observations of UHECRs above 100 EeV
assuming pure-proton, iron, and uranium compositions.

A. Energy loss distance of heavy UHECRs

We calculate the energy-loss distances for uranium 233U
as an example of a nucleus heavier than iron *’Fe, which is
the heaviest species commonly considered in UHECR
studies. We use the cosmic-ray propagation code CRPropa
[29] for calculations. Since CRPropa does not include
information on 28U, we evaluate its energy-loss distances
separately and compare them with those of protons and *°Fe

. Number of pairs in Auger 2022 dataset
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FIG. 1. A pair count Ny of the Auger Phase One dataset [28]

(black arrow). The gray histogram shows the number of pairs
with an isotropic distribution.

obtained using CRPropa. We calculate the energy loss due to
photodisintegration by integrating photodisintegration cross
sections computed with TALYS-2.0 [30] over the photon
spectra of the CMB and IRB [31]. In the TALYS calcu-
lation, we consider photon energies from 0.2 to 200 MeV
with a logarithmic spacing of Alog;oe = 0.01, and we
enable the output of exclusive reaction channels with up to
eight emitted particles. The exclusive photodisintegration
cross sections are postprocessed to construct branching
ratios. We remove nonphysical channels (e.g., those with no
emitted particles or invalid residual nuclei), and for each
photon energy, the branching ratio of channel i is defined as

oi(e)
>ioi(e)

To reduce the number of channels, we retain only those
whose branching ratio exceeds 5% at least at one photon
energy. This procedure results in 21 photodisintegration
channels for 238U, corresponding to the dominant emission
channels of nucleons and light fragments. The average mass
loss per interaction is then evaluated as

(AA) = "b;(e)AA;,

bi(e) =

where AA; is the mass loss associated with channel i. The
total energy-loss rate is obtained by multiplying the inter-
action rate by the average fractional mass loss, (AA)/A.

Figure 2 shows the energy loss distances of proton, *°Fe,
and 23U. We can see that the energy-loss distances for *°Fe
are similar to those of 28U except for the energy scale. The
energies of background photons in the UHECR nuclei’s
rest frame are essential in the interactions, and energy loss
distances are approximately rescaled by the mass number A
of UHECR nuclei. By comparing the energy-loss distances
of 238U and °Fe around 100 EeV, we obtained a rescaling
factor of 2.6.

We performed one-dimensional propagation calculations
of proton and %Fe using CRPropa to estimate a distance r
distribution of sources p(r) above 100 EeV. In the propa-
gation, we assumed that the sources are uniformly distrib-
uted emitting cosmic rays with a power-law energy spectrum
dN/dE = E~? for protons. We assumed power-law energy
spectra dN/dE = E~' for °Fe and 2*U. We propagated
35,090/86,284/86,284 particles for pure-proton/iron/ura-
nium cases. The middle panel of Fig. 4 shows the calculated
source distribution p(r) (as we explain in detail in Sec. III B).

B. Distribution of matter (galaxies) in more
distant universe

To estimate the distribution of matter in a distant
universe, we need to refer to a galaxy catalog that contains
galaxies at distances of several hundred Mpc. Concerned
about the completeness of distant galaxy detection, we do
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FIG. 2. Energy loss distances of reactions of a proton (top
panel), *°Fe (middle panel), and 2**U (bottom panel) with CMB
and IRB photons at redshift z = 0. Solid black lines show the
total energy-loss distances. Solid gray lines indicate the adiabatic
energy losses due to the cosmic expansion.

not adopt observed galaxy catalogs (e.g., 2 MASS [32]).
Instead, we use a simulated galaxy catalog based on the
Millennium Run semianalytic model [33]. The semiana-
Iytic catalog is based on the ACDM simulation in a cube
with a side length of 500h~! Mpc. We adopt & = 0.673,
same as in CRPropa 3.2 [29]. To enlarge the volume of the
simulation, we connect 23 boxes. We choose UHECR
sources from the catalog with an assumption for source
number density pgouce- 10 convert the location of each

source (x,y,z) to the direction of the sky n = (I, b), we
assume the observer is at eight vertices. The conversion of
direction (/, b) from (x,y, z) is expressed as

Y 3)
0 = arccos G) (4)

= sign(y) - arccos _ 5

(1.b) = (¢, 7/2-0) (6)

The examples of the directional distribution n = (1, b) of
semianalytical galaxies are represented in Fig. 3. We also
show the matter density distribution m(r) of the semi-
analytical galaxies with distance r from the earth in the top
panel of Fig. 4. We can see a bump in the matter density
m(r) in the top panel of Fig. 4, which corresponds to the
clustering at distance r = 10-20/h Mpc, suggested in the
top-right panel of Fig. 3. As suggested in Fig. 3, the number
density of matter becomes homogeneous beyond
~200 Mpc. The second panel in Fig. 4 indicates the
calculated source distribution of 100 EeV UHECRs p(r)
in Sec. Il A. Gray-dotted, orange-solid, and blue-dashed
lines show the probability of source distribution for
100 EeV protons, irons, and uraniums, respectively. We
show the actual source distribution with distance m(r) x
p(r) in the last panel in Fig. 4. In any mass composi-
tion case, the highest source density peak is in
r~10-20/h Mpc, which reflects the highest peak of
matter density m(r). For both pure-proton and iron cases,
the source distribution m(r) x p(r) is similar due to the
relatively shorter propagation distances. However, the
propagation distance for a pure-iron case is slightly further
than that of a pure-proton case. The source distribution in
the pure-uranium case is different from the others. It
extends to a greater distance, r = 500 Mpc, due to the
longer propagation distance. Note that the zero-point
position (x,y,z) = (0,0,0) in the simulation does not
necessarily reflect the real Earth position. In this study,
we prioritize establishing a theoretically self-consistent
method for evaluating UHECR anisotropy using N-body
simulations rather than a single realization. Determining
Earth’s position is an important question when discussing
deflection by the coherent magnetic field structure, espe-
cially in the Galactic magnetic field. We discuss this topic
further in a future study.

C. Cosmic ray flux calculation

We calculate cosmic ray (CR) flux in the sky,
weighting with the luminosity distance and energy loss
distance d. calculated in the previous section (Fig. 2).
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FIG. 3. Simulated arrival directions from 0-10 Mpc/h to 90-100 Mpc/h. Black points show the direction of semianalytical galaxies
in Millennium Run simulation [33]. Because the number of semianalytical galaxies at distance r scales to >, we scale the color density

of each panel so that the reader can distinguish the distribution.
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FIG.4. Matter density m(r), calculated source distribution p(r),
and weighted source distribution m(r) x p(r) with a function of
distance r. Gray-dotted, orange-solid, and blue-dashed lines show
the probability distributions of sources for 100 EeV protons, iron,
and uranium, respectively. The density is normalized to 1 when
integrated over a distance of 1 Gpc.

The weight w is written as

w o r2p(r). (7)

To reflect the angular resolution of the detectors, we
assume von-Mises Fisher (vMF) like distribution
VMF(n;, 0,.,) with 0., = 1 degree, centering the galaxy
direction n; = (I,b). We describe VvMF(n;,6,) =
kexp(kcosn; -n)/(4xsinhk), and approximate the x as

1 ) following [34]. We can calculate CR flux

K= 2(1—COS(9mb)

F(n) as a sum of flux from each source
F(Il) = Zwi X VMF(ni’eres)’ (8)

and normalize

norm __ F(n)
F(n) S Fn)’ ©)
We generate CR events from the calculated CR
flux F(n).
We also consider the effects of a turbulent magnetic field.
Following [35], the smearing angle with a turbulent
magnetic field 0y, is expressed as:

r 1/2 2 1/2
Omag = 0.84Z
10 Mpc 1 Mpc

) (1 iG) <1oob;aev> R (10)

same expression as in [36]. We change the parameter 6, to

O, With a scaling of Z (g5 &pc)l/z(#pc)l/z(%) in Eq. (8).

We define scale factor @ = (15;)"/*(155)- Based on the

Ref. [36], we decide the search range of the scale factor
1076 to @ = 10, which is comparable with the observational
limits. We consider three representative cases in figures
with @ = 1 (strong), 1073 (medium) and 107 (weak). Note
that we adopt 60,,,, = 0., = 1 degree when the smearing
angle is smaller than the assumed angular resolution of
detectors [37].

D. Mock CR datasets generation

From the assumption of the CR flux map in Egs. (8) and
(9), we generate mock UHECR events for each dataset. We
repeat the same process and generate 1000 datasets for each
assumption. Following Eq. (1), we count the number of
pairs in each dataset and investigate the distribution. For
comparison, we also generate isotropic events in the same
manner as in Sec. Il and check the distribution of N, of
1000 datasets. We also test with different source number
density pyurce  €a5€:  Peource = 1076, 10733, 1073, 1074,
1074,10733,1073, 10723 Mpc~3 case. This range of source
density pyouce covers the density of Milky-Way-like gal-
axies, AGNSs, starburst galaxies [38].

For a fair comparison with the result of the observational
dataset in Sec. II, we apply the field of view (FoV) of the
Pierre Auger Observatory. We follow equations in [39] to
calculate the FoV:

@(8) x cos(ag) cos(8) sin(ay,) + ay, sin(ag) sin(5),  (11)

and

083040-6



INSIGHTS ON THE MASS COMPOSITION OF ULTRAHIGH ...

PHYS. REV. D 114, 083040 (2026)

0 (E>1)
€<-1)
cosTH(E) (=1 <é&é<1)

(12)

=< 7

_ cos(#y,) — sin(ay) sin(5)
¢ = cos(ag)cos(8)

, (13)

where 6, is the maximum zenith angle and a, is the latitude
of the observatory. We adopt 8,, = 80° and a(, = —35.2° to
produce mock datasets for the Pierre Auger Observatory.
Note that we treat declination 6 and galactic latitude b as
the same parameter for simplicity. We generate 35 events
over the FoV of Pierre Auger Observatory for each dataset,
which is the same number of events as in the observational
dataset in Sec. IL

Psource = 10760 proton, no magnetic field

.
(=23
j=3
j=1

e
8
Source distance [Mpc]

= —6.0
Psource = 10

Source distance [Mpc]

_ —6.0
Psource — 10

.
=
j=3
o

400

200

Source distance [Mpc]

FIG. 5. An example of a mock CR distribution without
turbulent magnetic fields. Colored circles indicate the direction
of UHECR sources, which show high flux weight. The area and
color of each circle show the relative contribution and source
distance, respectively. Black crosses show the distribution of
mock CR events. We mask the area outside the observatory’s FoV
as a gray region.

Figure 5 shows an example of a mock CR distribution
without turbulent magnetic fields. In the pure-proton and
iron cases, nearby sources make a major contribution to the
observed UHECRs. Due to the absence of deflection by
magnetic fields, events concentrate on their sources. In the
pure-uranium case, the source and event distribution
becomes more isotropic due to the contribution of distant
sources.

Figure 6 shows the example of a mock distribution with
turbulent magnetic fields (@ = 1) from the same sources in
Fig. 5. Due to the shorter distance from the sources and
smaller deflection angles, the CR events concentrate around
their sources in the pure-proton case. In the pure-iron case,
however, the distribution becomes more isotropic due to
larger deflection angles. The CR distribution in the pure-
uranium case favors isotropy because of contributions from
distant sources and large deflection by magnetic fields.

IV. RESULTS

We test the anisotropy of mock UHECR events in the
same manner as the observational dataset with Eq. (1).

060 proton, o =1

Psource — 1

Source distance [Mpc]

— —6.0
Psource = 10

Source distance [Mpc]

Ipc]

Source distance [N

FIG. 6. Same as Fig. 5, but in cases with turbulent magnetic
fields.

083040-7



HIGUCHI, KIDO, and NAGATAKI

PHYS. REV. D 114, 083040 (2026)

First, we show the result without the magnetic field
assumption, in which UHECR arrival distribution reflects
the galaxy distribution without magnetic deflections.
Figure 7 shows the distribution of N, for 1000 datasets
without the magnetic field assumption. The pure-proton
case cannot reproduce the isotropic distribution for any
source density considered in this figure. The pure-iron case
shows a similar trend to the pure-proton case. Only a
pure-uranium case reproduces the isotropic distribution
when source density is high (ex. pyuee = 1073? and
10749 cases).

We also calculate N, and test the anisotropy with an
assumption of a turbulent magnetic field. Figures 8—10
show the distribution of N, for 1000 datasets with
turbulent magnetic fields. We show the strong magnetic
field (MF) case, medium MF case, and weak MF case in

Psource =107 Mpce™2, no magnetic field

Figs. 8, 9, and 10, respectively. In the pure-proton case,
there is still a discrepancy between the isotropic distribution
and the CR distribution. On the other hand, the pure-iron
and pure-uranium cases show isotropic distributions due to
scattering by magnetic fields (scale factor « = 1). When we
assume smaller effects by turbulent magnetic fields
(@ = 1073-107%), even a pure-uranium case cannot repro-
duce an isotropic distribution. We note that the pure-iron/
uranium case shows isotropic distribution (when scale
factor a = 1) for different reasons. In the pure-iron case,
the dominant sources are nearby galaxies, as suggested in
Fig. 4. Due to the large scattering angle by turbulent
magnetic fields, UHECRs from the nearby source become
isotropic. In the pure-uranium case, distant sources up to
500 Mpc away can contribute to the observed arrival
direction. In addition to the scattering angle by the turbulent

Psource =107+ Mpc™3, no magnetic field
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FIG. 8. Same as Fig. 7, but for the case when we assume turbulent magnetic fields (weak MF).

magnetic fields, isotropic distant sources can contribute to
the isotropy.

With no detection of a significant doublet in simulations,
we can place lower limits on the source density and magnetic
field strength. We define the “allowed region” using the N,
distribution of isotropic (isotropic mock dataset) and aniso-
tropic (mock dataset with proton/iron/uranium) samples. If
the median value of N ;. with an anisotropic sample is inside
the one-sided 95% of the isotropic distribution, we define the
parameter set (@, psource) as an allowed region with 95% CL
Fig. 11 shows the allowed parameter space of (@, Psource)s
which can produce the isotropy. Almost all the parameter
sets (@, psource) T€ject the pure-proton case. The pure-ura-
nium case can explain the current observation with turbulent
magnetic fields when the source density is high
(p = 107*> Mpc™3). When the turbulent field is strong,
the pure-iron and uranium cases are consistent with the
observations.

V. DISCUSSIONS

A. Rejection of pure-proton case

As shown in Fig. 11, the pure-proton case is allowed only
when the turbulent magnetic field is extremely strong
(a = 10). It is well explained that the magnetic fields must
be strong enough to erase the anisotropies that would
otherwise arise from galaxy clusters within the GZK
horizon. The rejection of the pure-proton case is consistent
with current observational trends with X, measurements
by the Pierre Auger Observatory [17], which indicate a
heavier mass composition at higher energies. Current obser-
vational limits on GZK photons and neutrinos provide the
strongest existing constraints on the proton component of
UHECRs, although they do not yet exclude a pure-proton
composition above 100 EeV. The nondetection of GZK
photons by the Pierre Auger Observatory and the Telescope
Array places the tightest limits around 100 EeV, where a

083040-9



HIGUCHI, KIDO, and NAGATAKI

PHYS. REV. D 114, 083040 (2026)

Psource :1073'0 Mpcf?ﬂ scale factor = 1073'0

Psource :1074'0 1\/Ip0737 scale factor = 1073'0

i....% isotropic : il...% isotropic
800 i 7 proton 800F I proton
iron : iron
[0 uran T uran
600 F 600
wn wn
= =
=) =
S 400} S 400 "
200 200F \é?‘ — ]
\LT Wl
0 O | o | e iR e, 55t
0.0 10.0 125 150 175 0.0 2.5 5.0 7.5 10.0 125 15.0 175
N, pair N, pair
Psource =107 Mpc =3, scale factor = 10739 Psource =1075Y Mpc =2, scale factor = 10739
. isotropic . isotropic
800 .00 proton 800 proton
iron iron
0 uran [ uran
600 600F
wn wn
= g
3 =i
2 S
© 400F © 400F v
200k 5 R 200f -
: Y wiaiVYAE o | . N b o
0 L ye e \LM__FXQ’E‘Q o a0 ole bl olo o 0 e, 5 .\\ \.—l—l___;—,——u-f o hlo oo
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5
Npair Npair

FIG. 9. Same as Fig. 8, but for the case when we change the magnetic field strength (medium MF).

pure-proton composition would otherwise produce an
observable photon flux through the GZK process.
Similarly, the upper limits on GZK neutrinos from Auger
and TA provide complementary constraints on the proton
fraction in this energy range. Finally, recent results from
IceCube [40], which set the most stringent upper limits on
the proton fraction above 30 EeV using high-energy neutrino
observations, are consistent with these results. Future studies
with higher statistics on higher-energy neutrinos are
expected to set an upper limit on the proton fraction in
the higher-energy range focused on in this paper.

B. Possibility of super-heavy UHECRs

In this paper, we propose that the highest-energy cosmic
rays above 100 EeV are composed of super-heavy nuclei
and originate from a more distant universe than previously
thought, making the arrival-direction distribution more

isotropic and consistent with current observations. Our
hypothesis in this study will be tested by future observa-
tions of the highest-energy cosmic rays and analysis of their
chemical composition. We also note that the chemical
composition is altered by interactions between the highest-
energy cosmic rays and the CMB/IR. The super-heavy
UHECRSs will interact with background photons, producing
secondary gamma rays and neutrinos during propagation.
Future observations of secondary gamma rays and neutrino
fluxes will also play important roles in constraining the
chemical composition.

A simple count of doublet or small-scale anisotropy
cannot distinguish the mass composition of UHECRs
above 100 EeV when the turbulent magnetic fields are
strong. Large-scale anisotropy studies above 100 EeV may
provide information on the source population and on
scattering by turbulent magnetic fields [41,42], which
should be our next topic.
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FIG. 10. Same as Fig. 8, but for the case when we change the different turbulent magnetic field scale (strong MF).
C. Discussions on source populations anisotropy and is consistent with our results.

It is predicted that small-scale anisotropy studies provide
an insight into source populations [7,8]. Reference [7]
predicted the most appropriate source density to be
Psouce = 3 % 107 Mpc~3, based on the reports of small-
scale anisotropies in the AGASA observation above 10 EeV
[10]. Reference [8] also investigated the reproducibility of
isotropy of UHECRs, and suggested the possibility of
number density to be pyouee = 10721073 Mpc~>. In these
studies, they assume pure proton composition.
Reference [13] reported the lower limit of source density
to be ~10™* Mpc= from the arrival directions of UHECRs.

Although the assumed energy threshold and mass
composition differ, previous studies do not contradict
our results. Another recent work has reported constraints
on source density from a different approach to small-scale

Reference [38] constrained the source density and
EGMF from the dipole amplitude obtained with the
Pierre Auger Observatory. Reference [43] derived the lower
bound to be 1.0 x 10~* Mpc~ from a large-scale structure
model and the highest event in the TA experiment [16].
Reference [18] constrained source density to be >2 x
10~ Mpc™ from the observed arrival directions of
UHECRs above 100 EeV with the TA experiment.
Further comparisons are necessary in future work.

D. Realization of simulations

Although we focus on establishing a simple self-con-
sistent method to evaluate the reproducibility of isotropy,
the realization of simulations is an important issue relative
to observations.

083040-11



HIGUCHI, KIDO, and NAGATAKI

PHYS. REV. D 114, 083040 (2026)

95% allowed region for 100 EeV UHECR

—2.5

-3.0

\/
uran

—5.0

source density log(psource)

iron
—5.5 F proton X
X searched parameter

=6 -5 -4 -3 =2
scale factor log o

FIG. 11. Allowed parameter space for source density and scale
factor (a, psource)- Black crosses indicate the parameter points we
search. Gray, orange, and blue regions show the allowed
parameter space (&, Psource)-

In this study, we assume a simple turbulent magnetic
field in [35,36]. It is suggested that magnetic fields have
structure, and discussions on anisotropy with Galactic
magnetic field (GMF) models are mandatory [44,45]. It
is suggested that coherent deflection by the magnetic fields
affects the anisotropy analysis [46].

We regenerate the mock UHECR datasets from the same
galaxy catalog in Sec. III. We apply the “GMF lens” in
CRPropa 3.2 [29] to the CR flux, which is calculated in
Sec. III C. We adapt the JF12 model [44,45] as the GMF
model. We show examples with the JF12 model in Fig. 12.
The regular GMF model decreases the lower limit of source
density by one magnitude. The turbulent field allows for a
much wider parameter space than the regular GMF model.
Recently, there have been reported updates to GMF models
[47,48]; large systematic differences remain among the
models. Further comparison of the effects of magnetic
fields, using the updated GMF models, is necessary.

95% allowed region for 100 EeV UHECR
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The source distribution and extragalactic magnetic field
structure along a large-scale structure are other questions
for realization. We do not adapt the observed galaxy catalog
(e.g., 2 MASS [32]) to account for the detection complete-
ness of distant galaxies. The appropriate reproduction of
the actual local Universe is one challenging problem. We
need to note that the result in this paper is only one set of
realization: a position of the observer and the coordinate
system. There is a degree of freedom in how one choose the
position of the observer within the cube with a side length
of 500h~! Mpc. Even if we choose the one point of
observer, there is still flexibility to define the coordinate
system. The flexibility of coordinate system affects the
position of the FoV of the observatory and the GMF
models. The modeling of extragalactic magnetic fields is
also a challenging question. The extragalactic magnetic
field may be affected by large-scale structures such as
“filaments,” ‘“voids,” and “clusters.” The convolution
analysis of galaxy distributions and magnetic field structure
is necessary to connect UHECR arrival directions to
sources along the large-scale structure [49].

The magnetic structure may affect the multiplet analysis
approach. [50] developed a new technique to constrain the
single source and magnetic field structure from the pattern
of arrival direction and energies of UHECRs, based on the
assumption that the magnetic field structure changes the
traces of multiplets. Based on this approach, [51] reported
the multiplet in the public Auger dataset and suggested the
Sombrero Galaxy as the source. In these cases, the
multiplets are not correctly evaluated with a simple circle
with the same search radius 4y. Applying the magnetic field
structure to the model and analysis method, with deflection
considered, may provide additional insight into our work.

E. Future prospects for observations

The direct observation of X,,, by fluorescence detectors
(FDs) is important to determine the mass composition of
UHECRs. Current FD observations in the TA experiment
and the Pierre Auger Observatory do not report mass

95% allowed region for 100 EeV UHECR
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FIG. 12. Same as 11, but with JF12 model [44,45]. Left and right panels show without and with turbulent fields, respectively.
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composition above 100 EeV. Future reports on X, from
TA and TA x 4 [52] experiments and AugerPrime [53] are
expected to constrain the mass composition at higher
energies. The higher-statistics UHECR dataset above
100 EeV with full-sky exposure is mandatory for precise
measurements of small-scale anisotropies. For further
investigation, TA x4 [52] and AugerPrime [53], and
The Global Cosmic Ray Observatory [ [54], GCOS] will
take an important role.

VI. CONCLUSION

We searched for small-scale anisotropy (doublet) in the
public dataset from the Pierre Auger Observatory [34]. We
confirmed there is no significant small-scale anisotropy
within 3° for UHECRs with energies above 100 EeV. This
indicates an almost isotropic sky distribution.

To interpret the nondetection of the anisotropy, we have
tested scenarios in which UHECRs are primarily composed
of light nuclei (such as protons), heavy nuclei (such as
iron), or super-heavy nuclei (elements heavier than iron),
using mock UHECR observations from the semianalytical
galaxy catalog and assuming turbulent magnetic fields.

We set the lower limits on UHECR source density p and
magnetic field strength (o = (75 5 )2(-E5)). In the
absence of magnetic fields, the isotropy excludes the
pure-proton and iron cases. The pure-uranium case can
explain the current observation with turbulent magnetic
fields when the source density is high (ex.
Psource = 107*3 Mpc~3). When the turbulent field is strong,
the pure-iron and uranium cases are consistent with the
observation. Almost all the parameter set (p,a) within
observational constraints rejects the pure-proton case. The
realization of the magnetic field structure in the simulation
and future reports on X, will play an important role in

discriminating between the super-heavy mass composition
scenario and other scenarios.
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