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We investigate the propagation of ultraheavy (UH) nuclei as ultrahigh-energy cosmic rays (UHE-
CRs). We show that their energy loss lengths at < 300 EeV are significantly longer than those
of protons and intermediate-mass nuclei, and that the highest-energy cosmic rays with energies
beyond ~ 100 EeV, may originate from such UH-UHECRs. We derive constraints on the con-
tribution of UH-UHECR sources, and the allowed energy generation rate densities are consistent
with those of collapsars and compact binary mergers. A nearby transient, e.g., a low-luminosity
gamma-ray bursts (LL GRBs), may give a special contribution to the observed UHECR flux, and
we explore the possibility of simultaneously explaining both the Auger and TA spectra. These
models predict a measurable shift toward heavier compositions above 100 EeV, testable with next-

generation UHECR observatories.
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1. Introduction

The origin of ultrahigh-energy cosmic rays (UHECRSs) has been a long-standing mystery for
over 50 years since the first detection of ~ 100 EeV cosmic rays. The origin of UHECRs remains
one of the most significant unresolved problems in modern astroparticle physics. Since their first
detection in the 1960s, substantial progress has been made in measuring their energy spectrum.

Traditionally, there are two basic requirements of UHECR sources, Hillas condition and ener-
getics of UHECRs. The total energy generation density of the UHECRSs above ~ 3 EeV, as inferred
from the observations, is Qjj ~ 6 X 10* erg Mpc~3 yr~! for mixed composition [1]. The Hillas
condition is often considered a confinement condition, representing the maximum acceleration
capability of a source. Various sources meet this condition, making them potential candidates for
UHECRs.

There are new clues for the sources of UHECRs from latest observations by Auger and TA,
including composition and anisotropy. The large-scale anisotropy of UHECRS, particularly the
dipole observed by the Auger Collaboration, provides strong evidence that UHECRS originate from
extragalactic sources [2]. Auger data suggest a mixed composition of UHECRs, with intermediate-
mass nuclei(e.g., carbon and oxygen) and/or heavy nuclei (e.g., iron) contributing significantly
beyond 10 EeV [3]. In particular, the fraction of protons gradually decreases above the ankle, while
intermediate-mass nuclei may become dominant at higher energies. The contribution of heavy
nuclei appears negligible in the energy range of 1034 — 10'°# eV [3], but these results are strongly
influenced by hadronic interaction models. The distribution of X,,x, measured by TA, is consistent
with Auger data, although the interpretation is still debated. Recent analysis suggests narrow rigidity
and nearly identical sources, with a factor of two dispersion in maximum rigidity [4].

Inrecent years, there has been a surge in the detection of transient high-energy sources across the
entire electromagnetic spectrum, from radio to gamma rays. Transient sources that are linked to the
deaths of massive stars, including gamma-ray bursts (GRBs), engine-driven supernova/hypernova,
pulsars, and magnetar-driven transients. GRBs are the brightest and probably the most powerful
high-energy astrophysical phenomenon in the Universe. High-luminosity GRBs (HL GRBs) have
typical isotropic radiation luminosity ~ 10°! — 10°3 erg s~'. GRBs are treated as promising sources
of UHECRSs due to their acceleration ability and energetics. Unlike high-luminosity (HL) GRBs,
low-luminosity (LL) GRBs allow nuclei to survive, the narrow-rigidity problem could be solved if
the external shock accelerates the CRs, and the event rate of LL. GRBs is higher than that of HL
GRBs [5]. New-born pulsars and magnetars are formed following the massive stellar collapse and
low-mass neutron star merger remnant. Heavy nuclei may come from the neutron star’s surface and
accelerate to the UHE energy range. Tidal disruption events (TDEs) have been suggested as the
sources of UHECRs [6]. A fraction of TDEs have relativistic jets, e.g., Sw J1644, Sw J2058, Sw
J1112, and AT 2022cmc. UHECRS could be accelerated in the internal and external reverse/forward
shock of TDE jets [6].

2. Ultraheavy nuclei

Ultraheavy (UH) nuclei, which are defined as nuclei heavier than iron-group nuclei throughout
this work, are believed to be synthesized due to the r-process occurring inside neutron-rich envi-
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ronments . The sources of UH nuclei can be BNS and neutron-star—black-hole (NSBH) mergers, as
well as collapsars including GRBs and magnetorotational supernovae.

Compact binary mergers include binary neutron star mergers (NS-NS) and black hole-neutron
star mergers (BH-NS). Short GRBs are often associated with NS-NS and BH-NS mergers, their jets
are efficient acceleration sites of CRs as long GRBs. For merger shocks, the large charge number
can accelerate ultra-heavy UHECR (UH-UHECR) nuclei to the UHE energy range. UH nuclei are
synthesized as a result of the r-process occurring inside neutron-rich environments. The third peak
material exists in the equatorial plane (dynamical ejecta). Merger shocks from NS-NS or BH-NS
mergers have been suggested to the sources of UH-UHECR nuclei, which could be associated with
the origin of the Amaterasu particle [7, 8].

UH nuclei synthesized in magnetically dominated GRB outflows are discussed as UHECRs,
and possible signatures of UHECR nuclei are investigated. UH nuclei have the advantage of being
accelerated to energies beyond 100 EeV, compared to conventional light- and intermediate-mass
group nuclei, which could provide an additional contribution to the highest-energy CRs.

3. Propagation of Ultraheavy nuclei

UH nuclei can be photodisintegrated and spalled into lighter nuclei due to their interactions
with background target photons and matter, respectively. For the propagation of UHECRs from
their source to Earth, interactions with the cosmic microwave background (CMB) and extragalactic
background light (EBL) are dominant, and we utilize the public code CRProra 3.2 to propagate
UHECRSs through intergalactic space [9]. However, because CRPropa 3.2 does not provide a module
for nuclei with mass numbers of A > 56, we newly generate the photodisintegration cross section
table of UH-UHECRs using the nuclear reaction network Tarys 1.96 [10, 11] as an extension to
CRProra 3.2. In our photodisintegration reaction network, the maximum atomic number and mass
number of nuclei are Z = 92 and A = 238, respectively, with a total of 2434 isotopes. In addition,
the decay of unstable UH-UHECRSs is implemented with the data table taken from NuDart 3 [12].

The survival of nuclei is one of the main arguments for finding the sources of UHECRs. We
can estimate the energy loss time scale using the following formula

1 c < _ I e 1 dn
tAy(EA) = E /ém déoay(E)ka(€)E ‘/é/zm ds;E, (1)
where y,4 is the Lorentz factor of UHECRs with the mass number A, &y, is the threshold energy
measured in the rest frame of the initial nucleus (NRF) and dn/de is the differential number density
of target photons [6]. Here, 04, (&) = Ao, (&) is the photohadronic cross-section related to the
= &L = AN where N is the
total number of nucleons in the parent nuclei, and AN is the number of ejected nucleons in each

photomeson or photodisintegration process. The inelasticity is k4 (€)

channel. The inverse of the total energy loss length is written as 4! = 4! ondis T o . phmes
Ao+

toss.BH T oss.aq> Where Aiossad = ¢/Ho ~ 4000 Mpc is the adiabatic energy loss length. The

photodisintegration energy loss length is /li’(lfiis e (nCMB&phdis)_l ~ 1.3(A/195)792! Mpc, where
Odis = TAyKay is the effective photodisintegration cross section and k4, =~ 1/A is the inelasticity at
the giant dipole resonance (GDR). The effective photodisintegration cross section for UH nuclei can

be analytically approximated as 04y = 0GprRAEGDR/EGDR ~ 120(A/195) 12l mb for A 2 10, where
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Figure 1: Total energy loss lengths for various nuclei: p, He, O, Fe, and Pt. The black dashed line is the
energy loss length due to the adiabatic expansion of the universe. CMB and EBL are considered as target
photons.

0GDR ~ 4.3x10728A1-35 cm? is the GDR cross section, AZgpr ~ 21.05A79-35 MeV is the width, and
£GpR ~ 42.65A7921 MeV is the resonance energy in the nuclear rest frame. The typical resonance
energy is EN'™ ~ 0.5A4m,c26pr /& = 1.9x 102! eV (A/195)°7(5,/6.6 x 10~* eV)~!, where &,
is the target photon energy. Extrabackground light (EBL) is more relevant to the photodisintegration
of UH nuclei with ~ 10%° eV. Energy losses due to the Bethe-Heitler pair production process are also
important for UH-UHECRS because of their large atomic numbers. The photomeson production
process is irrelevant when considering the propagation of UH-UHECRs due to the high-energy
threshold at ~ 4 x 10%> eV (A/195)(&;/6.6 x 107* eV)~!. As seen in Fig 1, UH-UHECRs can
travel longer distances than the GZK (Greisen-Zatsepin-Kuzmin) distance for UHECR protons and
the energy loss length of iron-group-mass nuclei.

To calculate the UHECR spectrum and composition on Earth, we take into account the change
in the composition of UH-UHECRSs during propagation, as the UH nuclei become progressively
lighter with the ejection of one or more nucleons. In Fig. 2, we provide the results of our fitting
for the energy spectrum and composition of UHECRs measured by Auger. We see that the
energy generation rate density of the three UH nuclear species is constrained to be Qélll{gf;jHECR <

(0.1 = 15) x 10*? erg Mpc™3 yr~!. The results for the TA data are shown in Fig. 2, where we

TA <
UH-UHECR ~

(1.4 -5.6) x 10 erg Mpc =3 yr~!, for both composition models, which is about 3 times larger than

find that the energy generation rate densities of UH-UHECRSs are constrained to be Q

that derived based on the Auger data for both composition models.

4. Origin of Amaterasu particle

Recently, TA detected an Amaterasu particle with an energy of £ = 240 EeV, the second
highest energy cosmic ray detected on Earth [18]. The highest energy UHECR, at 320 EeV, was
detected by the Fly’s Eye air shower detector in 1991. However, no clear sources have been identified
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Figure 2: Energy spectra and the first/second moments of Xp,x distribution are shown considering both
conventional and UH nuclei. Auger data are obtained from Refs. [13, 14], while TA data are from Refs. [15,
16]. Note that the data point in the red vertical band corresponds to the Amaterasu particle [17].

for these highest-energy CRs. As shown in Fig. 2, the Amaterasu particle may be explained as a
UH-UHECR event.

To explore this possibility in more detail, we examine the backtracked direction of the Amat-
erasu particle for different nuclear species, as shown in Fig. 3, where we adopt the Galactic magnetic
field model. For light or even iron nuclei, the direction of the Amaterasu particle lies in the local
void region (yellow dotted curve in Fig. 3). If it is a UH nucleus, the source may exist outside the
local void or even near the supergalactic plane thanks to the larger atomic number.

5. Possible contribution from a nearby transient

Based on the best-fit model to the Auger data, we assume there are some nearby transient
sources in the northern sky, mainly coming from the supergalactic plane, accounting for the spectral
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Figure 3: Skymap of backtracked particles with mean energy E = 244 EeV and variation E = 70 EeV for
p (Z = 1, black), Fe (Z = 26, red), Zr (Z = 40, green) and Pt (Z = 78, blue) in equatorial coordinates. For
each nuclear species, we inject 100 particles. The arrival direction of the Amaterasu particle is (R.A., Dec.)
=(255.9+0.6° 16.1 + 0.5°) in equatorial coordinates, indicated as a black circle. The black circle indicates
the arrival direction of the Amaterasu particle. The supergalactic plane (S.G.P.) is shown as black dotted
curves, and the Galactic plane (G.P.) is shown as black solid curves. The color bar represents the expected
relative flux from sources in the local large-scale structure.

excess observed by TA . We show a specific example in Fig. 4, where the flux per steradian is
calculated by dividing the total flux by the detector’s field of view, AQ ~ 2x. The observed TA
spectral excess may be affected by the systematic uncertainty on the energy scale, and we decrease
the TA energy scale by a factor of 8.5% to match the Auger spectra in the low-energy range.

Based on the best-fit model to the Auger data, we assume there are some nearby transient
sources in the northern sky, mainly coming from the supergalactic plane, accounting for the spectral
excess observed by TA. For demonstrative purposes, we assume a nearby low-luminosity GRB
located at d = 5 Mpc from Earth, and adopt the 16TJ model shown in Table I of Ref. [5] as
the default composition model of nuclei, fo : fsi : fs = 0.52 : 0.37 : 0.11, and the total
injection UHECR luminosity above 10'8 eV is Lugecr = 0.7 x 10%! erg s~ Additionally, UH
nuclei could be synthesized in the relativistic jet of GRBs, where the most abundant UH nuclei
can be the first-peak r-process elements such as Se, and the corresponding injection luminosity
is Lun-unecr =~ 0.7 x 10% erg s~!. The typical delay time of UHECRs by the extragalactic
magnetic field can be TgG ~ 1.7 yr (Z/34)2E;,220.SB]25G’_11.5(lc/l Mpc)(d/5 Mpc), where Bgg
is the magnetic field strength that can be very weak in the void region, and d is source distance.
The Galatic magnetic field cause an inevitable time delay, 75

d
5 EV. Thus, the total required energy of UHECRSs emitted by a transient source is estimated to be

~ 200 yr for a particle with rigidity

Euvnecr ~ (LUHECR + LUH—UHECR)(TEG + Tgal) ~ 4.5 x%x 10% erg, which can be consistent with
cosmic-ray energy budgets of collapsars. Note that even in this specific case our constraints on the
energy generation rate density of UH-UHECRs still hold, and the results with the Auger data are
applicable.
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Figure 4: Demonstrative example for explaining the TA spectrum with the best-fit model to the Auger data
(Model A) with an additional contribution of UHECRSs including UH nuclei from collapsars.

6. Summary

We provided detailed study on the propagation of UH-UHECRS, and derived general constraints
on their contribution to the observed UHECR flux. Thanks to their energy loss lengths at <
10?! eV, which are longer than those of protons and intermediate-mass nuclei, UH-UHECRs may

significantly contribute to the highest-energy cosmic rays beyond ~ 10?°

eV, including the Amaterasu
event. The allowed energy generation rate densities are consistent with those of collapsars and

compact binary mergers.
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