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Beyond the Local Void: A comprehensive view on
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We use the reconstructed properties of the Amaterasu particle, the second-highest energy cosmic
ray ever detected, to map out three-dimensional constraints on the location of its unknown source.
We highlight possible astrophysical sources that are compatible with these regions and require-
ments. Among these, M82, a powerful starburst galaxy, stands out as a strong candidate due to
its position and proximity. To derive our constraints, we use CRPropa 3 to model all relevant
propagation effects, including deflections in the Galactic and extra-Galactic magnetic fields. We
consider key input quantities such as source distance, position, energy, and the strength and co-
herence length of the extra-Galactic magnetic field as free parameters. We then infer constraints
on these parameters by applying approximate Bayesian computation. We present our results,
demonstrating the impact of different assumptions for the arrival mass of the Amaterasu particle
and the systematic uncertainties on the energy scale as well as the impact of the Galactic magnetic
field.
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1. Introduction

Ultra-high-energy cosmic rays (UHECRs), are charged particles that exceed 𝐸 ≥ 1018 eV.
Their propagation is significantly influenced by magnetic fields, energy losses, and the complexities
of particle interactions, making it difficult to trace their origins. Despite progress linking UHECRs
to starburst galaxies (SBGs) and active galactic nuclei (AGN), these models fail to account for the
highest-energy events [17; 26; 27; 29].

This study focuses on the Amaterasu particle, the second highest energy cosmic ray ever
detected, observed by the Telescope Array Collaboration [28] at E = 244 ± 29(stat.)+51

−76(syst.) EeV.
Its trajectory points toward the Local Void, a region of extremely low matter density. Amaterasu’s
high energy and unique characteristics make it an ideal candidate for investigating UHECR origins
through individual event based studies [4; 6].

Previous works have investigated the possible source of Amaterasu by studying its compatibility
with models for UHECR production in nearby galaxies [10] and by estimating its deflection and
horizon through backtracking and 1D simulations [8; 11]. The results suggest that Amaterasu’s
detected direction does not strongly correlate with any known active galaxy, but seems to come
from the Local Void, an especially low-density region of the Universe [2]. This conclusion has led
to the proposal of past astrophysical transient sources [16], ultraheavy cosmic rays [22], magnetic
monopoles [20], Lorentz invariance violation [21], and superheavy dark matter [23] as possible
explanations for the Amaterasu observation.

We revisit this problem using 3D simulations through CRPropa3 and Approximate Bayesian
Computation (ABC) [5; 30]. This work models the particle’s propagation through Galactic and
extra-Galactic magnetic fields while accounting for uncertainties in source energy, composition, and
magnetic deflections. By systematically exploring potential sources within a Bayesian framework,
the analysis constrains a 3D posterior distribution of possible source regions. This offers new
insights into the astrophysical origins of UHECRs and highlighting the impact of assumptions and
that of the magnetic field model by comparing results obtained with JF12 [1] and those obtained
with UF23 [9].

2. Methods

To investigate the origin of the Amaterasu particle, we employ CRPropa 3 to model UHECR
propagation in 3D, incorporating interactions such as photo-pion production, photo-disintegration,
electron-pair production, and energy losses due to adiabatic expansion. The Galactic Magnetic
Field (GMF) was modeled first using the JF12 model and then the UF23, while the extra-Galactic
Magnetic Field (EGMF) was treated as a Gaussian random field with a Kolmogorov turbulence
spectrum.

To map out the possible volume of space consistent with the measured energy and arrival
direction of Amaterasu, we pick a set of free parameters. The source parameters such as the galactic
longitude and latitude, (𝑙, 𝑏), the distance, 𝐷src and the energy at the source 𝐸src. Additionally
we have two more free parameters, the strength and the coherence length of the EGMF 𝐵rms and
𝐿𝑐. We assumed an iron nucleus as the primary composition at the source, based on prior studies
favoring heavy composition at extreme energies [8; 29].
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To infer source locations, we apply Approximate Bayesian Computation (ABC), a likelihood-
free inference technique [7]. The ABC framework compares simulated UHECR arrival direction
and energy with the ones measure by TA for Amaterasu. Only sets of parameters that produce
simulated events consistent with observations within 3𝜎 are accepted. As we perform inference
within a Bayesian framework, we define priors for these free parameters. Our prior choices are
made to be constraining enough to include important physical information but wide enough to avoid
driving the resulting inference where possible. For more details, we refer to [24].

As discussed in [11], the reconstructed energy reported for the Amaterasu particle is subject to
large systematic uncertainties. To take these uncertainties into account in our analysis, we consider
2 different cases for the detected energy: 1) the nominal case with 𝐸nom = 244 ± 29 EeV, and 2) the
lower end of the systematic range with 𝐸low = 168 ± 29 EeV.

3. Results

The results are summarized in figures 1, 2 and 3. These are sky maps in Galactic coordinates.
The contours outline the 10%, 30%, 70%, and 90% regions of highest posterior density. Figure
1 shows the composition dependent contours for 𝐸nom = 244 ± 29 EeV and the JF12 model of the
Galactic magnetic field. While 2 and 3 show the results for the 𝐸low = 168 ± 29 EeV run, the earlier
using JF12 and the latter UF23 as the Galactic magnetic field model.

In Figures 1, 2 and 3, the total posterior distribution is compared to known astrophysical
sources, with the SBG source list from [14] and AGN from [25] and [19] shown. We also include
quiescent galaxies from the 2MASS survey [18]. All objects are color-coded according to their
distance from Earth.
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Figure 1: Sky maps resulting from the nominal energy run (case 1) with JF12 as the Galactic magnetic
field model, showing the possible source positions of Amaterasu in galactic coordinates. The magenta star
marks the measured arrival direction of Amaterasu, and the dashed line outlines the Local Void. The circular
markers show galaxies within the accepted 𝐷src range, with larger markers indicating SBGs and AGN and
smaller markers showing quiescent galaxies. In Fig.1, the contours outline the 10%, 30%, 70%, and 90%
regions of highest posterior density. The contours are composition-dependent. The orange contours show
the case for light elements with 𝐴 < 4, pink for 4 ≤ 𝐴 < 28, and blue for 𝐴 ≥ 28.

When considering the nominal energy, Fig. 1, and the JF12 model of the Galactic magnetic
field, the source posterior distribution only overlaps with three of the astrophysical objects from the
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Figure 2: Sky maps of the low energy run (case 2) with JF12 as the Galactic magnetic field model. The
layout is as in Fig. 1.
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Figure 3: Sky maps of the low energy run (case 2) with UF23 as the Galactic magnetic field model. The
layout is as in Fig. 1.

catalogs that were used in this work that are within the maximum accepted distance 𝐷src ≤ 12 Mpc.
Of particular interest is the starburst galaxy NGC 6946. Moreover, this overlap occurs only for
a heavier composition at arrival, 𝐴 ≥ 28. NGC 6946 has also been found close to the region of
possible source positions in [8] However, it was disfavoured as a convincing source candidate as
it contributes only 3% to the total 1.4 GHz radio flux of SBGs within distances similar to those
considered here. When considering the lower energy case, Fig. 2, the accepted distance range is
higher 𝐷src ≤ 15 Mpc, allowing more possible sources. Moreover within the 30% contour we find
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the starburst galaxy M82. It lies a few degrees from the TA hotspot and is commonly invoked as a
UHECR source candidate [12; 13]. In this case also, there is overlap with astrophysical objects only
when a heavy composition is assumed at arrival. However, as it can be seen in figure 3, when we
use the UF23 base model for the Galactic magnetic field, NGC 6946 is not only a possible candidate
when assuming a heavy arrival composition, but also for a medium one 4 ≤ 𝐴 < 28. However,
in this case, M82 overlaps only with the 90% contour and the center of the distribution does not
contain any known active astrophysical objects.

4. Conclusion

We have investigated the origins of the Amaterasu particle, using 3D simulations and Approxi-
mate Bayesian Computation to map out potential source regions. Our analysis incorporates various
factors, including the particle’s energy, arrival direction, composition,and the influence of Galactic
and extra-Galactic magnetic fields. We have shown that our results are particularly interesting when
considering the systematic uncertainties on the detected energy and a heavier arrival composition.
In this case, many astrophysical candidates appear. Moreover we have shown how our results change
depending on which Galactic magnetic field is used, showing the importance of correctly modeling
the magnetic field of the galaxy. Several astrophysical objects lay in the volume we have constrained
offering many alternatives beyond the local void for the origin of the Amaterasu particle, including
the starburst galaxies NGC6946 and M82.

Acknowledgements

N. Bourriche acknowledges the financial support from the Excellence Cluster ORIGINS, which
is funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) under
Germany’s Excellence Strategy - EXC-2094-390783311.

References

[1] R. Jansson and G. R. Farrar, “A new model of the Galactic magnetic field,” The Astrophysical
Journal, vol. 757, no. 1, p. 14, 2012. DOI: 10.1088/0004-637x/757/1/14.

[2] R. B. Tully, E. J. Shaya, I. D. Karachentsev, H. M. Courtois, D. D. Kocevski, L. Rizzi, and
A. Peel, “Our peculiar motion away from the local void,” The Astrophysical Journal, vol. 676,
no. 1, pp. 184–205, 2008. DOI: 10.1086/527428.

[3] J. Kim, D. Ivanov, C. Jui, and G. Thomson, “Energy spectrum measured by the Tele-
scope Array surface detectors,” EPJ Web of Conferences, vol. 283, p. 02005, 2023. DOI:
10.1051/epjconf/202328302005.

[4] N. Globus, A. Fedynitch, and R. D. Blandford, “Treasure maps for detections of extreme energy
cosmic rays,” The Astrophysical Journal, vol. 945, no. 1, p. 12, 2023. DOI: 10.3847/1538-
4357/acaf5f.

5

https://doi.org/10.1088/0004-637x/757/1/14
https://doi.org/10.1086/527428
https://doi.org/10.1051/epjconf/202328302005
https://doi.org/10.3847/1538-4357/acaf5f
https://doi.org/10.3847/1538-4357/acaf5f


P
o
S
(
U
H
E
C
R
2
0
2
4
)
0
7
1

P
o
S
(
U
H
E
C
R
2
0
2
4
)
0
7
1

Beyond the Local Void: A comprehensive view on the origins of the Amaterasu particle Nadine Bourriche

[5] R. A. Batista et al., “CRPropa 3.2 – an advanced framework for high-energy particle propa-
gation in extragalactic and galactic spaces,” Journal of Cosmology and Astroparticle Physics,
vol. 2022, no. 09, p. 035, 2022. DOI: 10.1088/1475-7516/2022/09/035.

[6] N. Bourriche and F. Capel, “Cosmic cartography with UHECRs: Source constraints from
individual events at the highest energies,” Proceedings of 38th International Cosmic Ray
Conference — PoS(ICRC2023), p. 362, 2023. DOI: 10.22323/1.444.0362.

[7] D. B. Rubin, “Bayesianly justifiable and relevant frequency calculations for the applied
statistician,” The Annals of Statistics, vol. 12, no. 4, 1984. DOI: 10.1214/aos/1176346785.

[8] M. Unger and G. R. Farrar, “Where did the Amaterasu particle come from?,” The Astrophysical
Journal Letters, vol. 962, no. 1, p. L5, 2024. DOI: 10.3847/2041-8213/ad1ced.

[9] M. Unger and G. R. Farrar, “The Coherent Magnetic Field of the Milky Way,” The Astrophys-
ical Journal, vol. 970, no. 1, p. 95, 2024. DOI: 10.3847/1538-4357/ad4a54.

[10] M. Yu. Kuznetsov, “A nearby source of ultra-high energy cosmic rays,” arXiv, 2023. DOI:
10.48550/arxiv.2311.14628.

[11] R. U. Abbasi et al., “An extremely energetic cosmic ray observed by a surface detector array,”
Science, vol. 382, no. 6673, pp. 903–907, 2023. DOI: 10.1126/science.abo5095.

[12] R. U. Abbasi et al., “Indications of intermediate-scale anisotropy of cosmic rays with energy
greater than 57 EeV in the northern sky measured with the surface detector of the Telescope
Array experiment,” The Astrophysical Journal Letters, vol. 790, no. 2, p. L21, 2014. DOI:
10.1088/2041-8205/790/2/l21.

[13] H.-N. He, A. Kusenko, S. Nagataki, B.-B. Zhang, R.-Z. Yang, and Y.-Z. Fan, “Monte Carlo
Bayesian search for the plausible source of the Telescope Array hotspot,” Physical Review D,
vol. 93, no. 4, p. 043011, 2016. DOI: 10.1103/PhysRevD.93.043011.

[14] A. Aab et al., “An indication of anisotropy in arrival directions of ultra-high-energy cosmic rays
through comparison to the flux pattern of extragalactic gamma-ray sources,” The Astrophysical
Journal Letters, vol. 853, no. 2, p. L29, 2018. DOI: 10.3847/2041-8213/aaa66d.

[15] A. R. Bell and J. H. Matthews, “Echoes of the past: ultra-high-energy cosmic rays accelerated
by radio galaxies, scattered by starburst galaxies,” Monthly Notices of the Royal Astronomical
Society, vol. 511, no. 1, pp. 448–456, 2022. DOI: 10.1093/mnras/stac031.

[16] G. R. Farrar, “Binary neutron star mergers as the source of the highest energy cosmic rays,”
arXiv, 2024. URL: https://arxiv.org/abs/2405.12004.

[17] F. Capel and D. J. Mortlock, “Impact of using the ultrahigh-energy cosmic ray arrival energies
to constrain source associations,” Monthly Notices of the Royal Astronomical Society, vol. 484,
no. 2, pp. 2324–2340, 2019. DOI: 10.1093/mnras/stz081.

6

https://doi.org/10.1088/1475-7516/2022/09/035
https://doi.org/10.22323/1.444.0362
https://doi.org/10.1214/aos/1176346785
https://doi.org/10.3847/2041-8213/ad1ced
https://doi.org/10.3847/1538-4357/ad4a54
https://doi.org/10.48550/arxiv.2311.14628
https://doi.org/10.1126/science.abo5095
https://doi.org/10.1088/2041-8205/790/2/l21
https://doi.org/10.1103/PhysRevD.93.043011
https://doi.org/10.3847/2041-8213/aaa66d
https://doi.org/10.1093/mnras/stac031
https://arxiv.org/abs/2405.12004
https://doi.org/10.1093/mnras/stz081


P
o
S
(
U
H
E
C
R
2
0
2
4
)
0
7
1

P
o
S
(
U
H
E
C
R
2
0
2
4
)
0
7
1

Beyond the Local Void: A comprehensive view on the origins of the Amaterasu particle Nadine Bourriche

[18] J. P. Huchra et al., “The 2MASS redshift survey—description and data release,” The As-
trophysical Journal Supplement Series, vol. 199, no. 2, p. 26, 2012. DOI: 10.1088/0067-
0049/199/2/26.

[19] M. Ajello et al., “3FHL: The third catalog of hard Fermi-LAT sources,” The Astrophysical
Journal Supplement Series, vol. 232

[20] P. H. Frampton and T. W. Kephart, “The Amaterasu Cosmic Ray as a Magnetic Monopole
and Implications for Extensions of the Standard Model,” arXiv, 2024. arXiv: 2403.12322.

[21] R. G. Lang, “New physics as a possible explanation for the Amaterasu particle,” arXiv, 2024.
arXiv: 2405.03528.

[22] B. T. Zhang, K. Murase, N. Ekanger, M. Bhattacharya, and S. Horiuchi, “Ultraheavy Ultrahigh-
Energy Cosmic Rays,” arXiv, 2024. arXiv: 2405.17409.

[23] P. Sarmah, N. Das, D. Borah, S. Chakraborty, and P. Mehta, “The Amaterasu particle:
constraining the superheavy dark matter origin of UHECRs,” arXiv, 2024. arXiv: 2406.03174.

[24] N. Bourriche and F. Capel, “Beyond the Local Void: A comprehensive view on the origins of
the Amaterasu particle,” arXiv, 2024. arXiv: 2406.16483.

[25] W. H. Baumgartner, J. Tueller, C. B. Markwardt, G. K. Skinner, S. Barthelmy, R. F. Mushotzky,
P. Evans, and N. Gehrels, “The 70 Month Swift-BAT All-Sky Hard X-Ray Survey,” The
Astrophysical Journal Supplement Series, vol. 207, no. 2, p. 19, 2013. arXiv: 1212.3336.

[26] A. Aab, P. Abreu, M. Aglietta, et al., “An indication of anisotropy in arrival directions
of ultra-high-energy cosmic rays through comparison to the flux pattern of extragalactic
gamma-ray sources,” The Astrophysical Journal Letters, vol. 853, no. 2, p. L29, 2018. DOI:
10.3847/2041-8213/aaa66d.

[27] R. U. Abbasi, M. Abe, T. Abu-Zayyad, et al., “Observation of a large-scale anisotropy in the
arrival directions of cosmic rays above 8 × 1018 eV,” The Astrophysical Journal Letters, vol.
867, no. 2, p. L27, 2018. DOI: 10.3847/2041-8213/aaebf9.

[28] R. U. Abbasi, M. G. Allen, R. Arimura, et al., “An extremely energetic cosmic ray ob-
served by a surface detector array,” Science, vol. 382, no. 6673, pp. 903–907, 2023. DOI:
10.1126/science.abo5095.

[29] A. Abdul Halim, P. Abreu, M. Aglietta, et al., “Constraining models for the origin of ultra-
high-energy cosmic rays with a novel combined analysis of arrival directions, spectrum,
and composition data measured at the Pierre Auger Observatory,” Journal of Cosmology and
Astroparticle Physics, vol. 2024, no. 01, p. 022, 2024. DOI: 10.1088/1475-7516/2024/01/022.

[30] M. A. Beaumont, “Approximate Bayesian Computation,” Annual Review of Statistics and Its
Application, vol. 6, pp. 379–403, 2019. DOI: 10.1146/annurev-statistics-030718-105212.

7

https://doi.org/10.1088/0067-0049/199/2/26
https://doi.org/10.1088/0067-0049/199/2/26
https://arxiv.org/abs/2403.12322
https://arxiv.org/abs/2405.03528
https://arxiv.org/abs/2405.17409
https://arxiv.org/abs/2406.03174
https://arxiv.org/abs/2406.16483
https://arxiv.org/abs/1212.3336
https://doi.org/10.3847/2041-8213/aaa66d
https://doi.org/10.3847/2041-8213/aaebf9
https://doi.org/10.1126/science.abo5095
https://doi.org/10.1088/1475-7516/2024/01/022
https://doi.org/10.1146/annurev-statistics-030718-105212

	Introduction
	Methods
	Results
	Conclusion



