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Abstract: The ultra-high-energy cosmic ray (UHECR) puzzle is reviewed under the hints of a few
basic results: clustering, anisotropy, asymmetry, bending, and composition changes with energies.
We show how the lightest UHECR nuclei from the nearest AGN or Star-Burst sources, located inside
a few Mpc Local Sheets, may explain, at best, the observed clustering of Hot Spots at tens EeV energy.
Among the possible local extragalactic candidate sources, we derived the main contribution of very
few galactic sources. These are located in the Local Sheet plane within a distance of a few Mpc, ejecting
UHECR at a few tens of EeV energy. UHECR also shine at lower energies of several EeV, partially
feeding the Auger dipole by LMC and possibly a few nearer galactic sources. For the very recent
highest energy UHECR event, if a nucleon, it may be explained by a model based on the scattering
of UHE ZeV neutrinos on low-mass relic neutrinos. Such scatterings are capable of correlating, via
Z boson resonance, the most distant cosmic sources above the GZK bound with such an enigmatic
UHECR event. Otherwise, these extreme events, if made by the heaviest composition, could originate
from the largest bending trajectory of heaviest nuclei or from nearby sources, even galactic ones. In
summary, the present lightest to heavy nuclei model UHECR from the Local Sheet could successfully
correlate UHECR clustering with the nearest galaxies and AGN. Heavy UHECR may shine by being
widely deflected from the Local Sheet or from past galactic, GRB, or SGR explosive ejection.

Keywords: UHECR; multiplet; Z boson; lightest nuclei; AGN; jets; hot spot; local sheet

1. Cosmic Rays: A Brief History of a Wide Puzzle, in Search of a Model

Cosmic rays (CR) are both neutral or charged particles. Massless photons and gravi-
tons are not usually considered as CR that are made by particles with a mass. Therefore, in
this introduction, (1) we first recall the relativistic path of neutral particles and their nearly
straight trajectories in our sky or near gravitational objects; (2) we also recall the main
relativistic hadron interaction with cosmic photons leading to the nucleons scattering, to
their loss of energy, and to their bounded distances; (3) we describe the expression for the
charged particles bending by cosmic magnetic fields, applying them first to the observed
Moon and Sun shadows; (4) we study the observed nuclear composition changes with the
increase in their energies and their consequent different bending in their propagation within
our Galaxy and nearby Universe; (5) we remind a first probability estimate to validate
our lightest nuclei model correlating events with sources in the Local Sheet, since the last
decade. We also recall the foreseen signals, before their observations, of rare secondary
traces and their associated multiplets along the few UHECR spot regions along Cen A.
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1.1. The Neutral Particle Deflections

Photons are massless and neutral particles. We can see them flying straight from their
sources. Their bending in empty space is ruled only by gravity. Therefore, they offered,
since Galileo in the last four centuries and since Maxwell in the last century, a very sharp,
fruitful multicolor astronomy. Their tiny gravity bending along masses was observed
following the Einstein 1915 general relativity formula:

4dm
Ap = B 1)

In the formula, the mass m is G - M/ ¢? size, while b is the photon impact distance. This ratio
is twice the Schwarzschild radius of the body over the minimal impact photon skimming
distance, usually the star radius. This tiny deflection along our Sun’s edge was historically
observed only in 1919.

The neutral particle with mass trajectory follows different geodesics. Therefore, their
bending is more complex. At nonrelativistic regimes, they follow a path like the Newtonian
one, but at relativistic regimes, they are almost identical to massless particles in general
relativity theory.

2m oy 4m(1-1/29%)  4m 1
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Therefore, relativistic neutral particles might offer a new sharp astronomy [1]. Their
mass will introduce a small or large time delay with respect to the massless ones, allowing
them to disentangle their tiny or large mass [2]. Neutral particles with mass, known
in nature, are either the lightest stable neutrinos or the unstable neutrons. Many other
unstable mesons, such as the pions or the unstable lepton, are too unstable to play any
key astrophysical role. Neutrinos are weakly interacting particles that are very difficult
to observe; their signals are polluted by cosmic ray secondaries and by their decay, the
muons, and the atmospheric neutrino noises. The neutrons are quite unstable and cannot
fly from cosmic distances, excluding the eventual EeV or hundred EeV energetic ones in
our galactic halo.

Therefore, excluding the few highest energy neutrinos possibly observable in the
largest underground detectors [3], SUSY neutral astronomy [4] should wait for better
detectors to make a guaranteed astronomy [5]. Also, the solar neutrinos and nearest
historic supernovae, SN 1987A, occurred nearly half a century ago, they offered the first
fundamental neutrino astronomy signatures and their flavour-mixing nature.

Charged particle air showers made by ultra-high-energy cosmic rays, UHECR, are a
much more abundant signal in the sky.

Indeed, since the first decades of the last century, such charged CR have puzzled
both physics and astrophysics. Both for their acceleration and composition as well as for
their sources.

The CR charges and their effective random cosmic magnetic bending make it difficult
to recognize the original CR source in the sky.

It is like having a smeared glass in front of our eyes. The source distance, their CR
energy, and the nuclei charge make most of the distortion on the source image, its profile,
and sharpness.

CR have a long history linked to nuclear physics discoveries. In the 1920s, it was noted
that Earth emits very little radioactivity at ground level but, while at high altitudes, thanks
to balloon detectors flying kilometers above sea level, it was found that the radioactivity
increased significantly. A huge factor, up to 30 times for leptons (mainly electron pairs) and
about a thousand times for protons, is He or nuclei at the edge of Earth’s atmosphere.

The atmosphere and the bending made by geomagnetic fields shield us from this
dangerous radioactivity.

Our Sun, as well as other galactic and cosmic sources, could send us such charges,
proton or nuclei, expelled, for instance, by magnetic solar flares at GeV energies. At higher
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energy, CR might be ejected by supernovae, SN explosions, or blazing jets by Gamma Ray
Bursts, GRB, or longer life Soft Gamma Repeaters, SGR; on a larger scale, these jets arrive
from Active Galactic Nuclei, AGN, around the largest black hole, BH. All or most of such
sources often have external accretion disks feeding the jets. The UHECR’ most energetic
events are very probably connected with the tidal disruption of a binary Neutron Star,
NS, system, or the binary black hole, BH, and NS, explosive jet emission. These beamed
ejections, once spinning and precessing in collimated axis to us, appear as sudden gamma,
X brightening called GRB or SGR, often inside SN Remnants, SNR [6]. A rich galactic
population cluster might contain many of such explosive events; therefore, they are often
called star burst galaxies, SBG, a kind of AGN active region.

Therefore, we have used, in the last century, a simple and generic cosmic ray term,
following pioneers Robert Millikan and Bruno Rossi’s visions. However, their origin might
be solar, galactic, or extragalactic and therefore also cosmic, as their name suggests; see [7,8].

1.2. UHECR Cut-Off and Local Sheet Galactic Sources

The most energetic UHECR particles, above 10'8 eV, or Exa-electron-Volt (EeV) energy,
were expected to mainly originate from truly far cosmic sources. Actually, the UHECR
cannot fly more for two reasons, the magnetic field bending and their spiral trajectory, as
well as the additional photopion opacity, named after its authors Greisen, Zatsepin, and
Kuzmin [9,10], the (GZK) cut-off. This GZK limit constrains the UHECR arrival within a
small, nearly 1% of the cosmic radius size, about 40 Mpc. The UHECRs are so energetic
so as to be (for the proton nucleon or for the lightest nuclei) almost undeflected, leading
in principle to a fruitful source identification. They are so rare but so energetic so as to be
observable on the ground by their wide size, tree-like air shower. Their secondary tails
are recorded in huge arrays spread over thousand-kilometer areas. If UHECR are protons,
they should reach us quite directly from Virgo, which is 20 Mpc away. Virgo is the most
luminous Infrared cluster containing a few thousand galaxies, the brightest source shining
in infrared within our narrow GZK Universe. This UHECR Virgo source was not found in
the last two decades. Its absence (or negligible signal) early in the year 2007 and its missing
in late Auger and TA records had been the main argument forcing the need for a lightest
nuclei model [11]; a model able to screen UHECRSs and stop the expected Virgo signal.
Indeed, luckily, there was an additional constraint or cut-off, mostly for the lightest UHECR
nuclei but not for the protons: it is the photo-nuclear disruption or disintegration due to
the GDR (Giant Dipole Resonance). Indeed, infrared or cosmic photons might produce
effective scattering on the UHECR lightest nuclei propagation, splitting their masses. This
cut-off is made by the photo-nuclear disintegration that reduces and breaks these nuclei
severely (such as D, He, Li, Be) in their path. Their reduced propagation path allows them
only a smaller size Universe, as small as 0.1% of the cosmic radius. A very local 34 Mpc
cut-off occurs above a few tens EeV UHECR energy. Heavier nuclei may be less fragmented
and less constrained; they are nevertheless more charged and more deflected, leading to a
less effective track and a less meaningful directionality. The lightest UHECR nuclei’s main
role nowadays has been, step by step, widely accepted. They are abundant in the Auger
and TA UHECR sky at few tens EeV energy, where the main UHECR event clusters, the hot
spot, occurred. They must be formed within the so-called Local Sheet, which is a few Mpc
wide, ruled by the so-called Council of Giants [12], a place populated by a few large galactic
sources; see below in Section 7. Also, our nearest galaxy, Andromeda, or even our Local
Magellanic Group, or a few rare brightest (galactic) gamma sources, could be the sudden
UHECR source, ejecting in the near past, at a few EeVs energy. Indeed, the UHECR ejection
may be very rare, once every thousands of years, and very beamed, making their blazing in
our galaxy quite inhomogeneous and, as we shall see, possibly feeding the observed wide
Auger dipole anisotropy at several EeV.
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1.3. The Charged Cosmic Ray Bending and the Solar and Lunar Shadow Shifts

The PeV (Peva—electron-Volt energy range, about 10'> eV) CR, or those at energy just
below, should be bounded within our galaxy because their spiral gyro-magnetic radius
is much below the galactic sizes. UHECR at few or higher EeV energy are possibly both
galactic as well as partially extragalactic.

Usually, we cannot see them by eye. But the abundant MeV-GeV energy solar CR flares
are clearly visible: they shine on Earth’s atmosphere like auroras. The largest, low-energy
ones could be very dangerous for orbital satellites, perhaps even lethal for astronauts
leaving from the Moon or making long interplanetary flights.

Nevertheless, we may test this CR bending at the nearest distances for the solar and
the lunar shadows: The theoretical formula for Lorentz force and its consequent Larmor
bending radius is well known.

The ratio between the characteristic distance in flight (under the main bending force)
and the gyro-radius offers the approximated deflection angle. For a proton, the relativistic
Larmor radius Ry is

Ry = 33360 km - (E/TeV) - (B/Gauss) ™!

Let us remind readers here of the ideal case for a coherent bending of the geomagnetic
field for the Moon’s shadow.

Earth’s magnetic dipole field decays as a cubic law with distance. Therefore, the
deflection is being mostly ruled (while being displaced to the west side, because nucle-
ons are positives) by the nearest geomagnetic dipole in a very narrow Earth size by an
approximated formula as

I Z E \! D B
O6naon = 127 (zp> (TeV) (4000 km) (o.zc;) ®)

These bending are used to calibrate TeV-PeV cosmic ray resolution in the CR detector
array. The solar shadows suffer a comparable bending, even if one includes an additional
deflection that is related to the solar interplanetary influence in the far CR flight:

o(Z\( E \! D B
OGsu = 115 (z,,) (nv) (1.5 x 108 km) (5uc> @

Different incoherent bending expressions, the random ones, are useful and are consid-
ered later in the article.

The abundant nearly homogeneous rain of such TeV (Tera-electron-Volt) CR, up to tens
or hundreds TeV ones, are marked by their Sun or Moon disk dark opacity. These displaced
shadows nearly overlap with the optical ones at tens of TeVs. These tests are fundamental
tools for our understanding of CR bending and for the CR array angular precision.

At the highest UHECR energy edges, these deflections are even more negligible. How-
ever, their UHECR flux is too diluted and rare at a hundred PeVs to allow their statistical
imprint or shadows, even by the present, largest, ground array. Nevertheless, UHECR in
the last decade showed, thanks to their rigidity, some new meaningful anisotropies and
clustering by the largest array detectors (such as Auger and TA, Telescope Array), signals
possibly of an astrophysical nature discussed in the present article.

Let us remark that a full understanding of CR is a multi-parameter puzzle that is
quite complex to solve. The collective or random bending of the planetary, galactic, or
intergalactic magnetic fields leads to such a mix of data. Also, the delayed timing of their
arrival, with respect to faster photons, plays an additional mixing and confusing role.
Finally, the nuclear photo-disruption or the photopion opacity could bound the UHECR
horizons in a quite narrow cosmic Universe. The nearly monochromatic composition of
each of the different UHECR at different energies allows a better understanding of their
puzzle behavior, as described below.
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Historically, the CR signals have extended from Mega electron-Volt, MeV, range for
hadrons up to hundreds EeV for the UHECR nuclei [13-18]. All the observed CR energy
ranges span nearly 14 orders of magnitude, with a flux (the rate number) spanning nearly
19 orders of magnitude; see Figure 1. Their flux decreases very rapidly with their energy
growth. The UHECR composition evolves much more slowly with their energy increase.

1.4. The UHECR Composition Changes with the Energy in the Nearby Universe

The UHECR understanding is still contradictory among many models that have
evolved in the last years [14,16,18]. Two decades ago, the first discovery by Hires [19] of an
apparent UHECR cut-off at the energy of 6 x 10!° eV was generally understood as being
related to the proton—-photopion, GZK cut-off. This evidence led most authors to assume
that the proton is the main UHECR courier. As we mentioned, in the proton case, the GZK
observable volume extends nearly up to 40-100 Mpc.

The early negligible galactic signature led most authors to claim a definitive extra-
galactic UHECR nature. Also apparent is the correlation of a few tens of UHECR events
with the Super-Galactic plane [13] that made most convinced of the proton courier role
bounded by the GZK cut-off. Today, because of the precise air shower slant depth signature
since 2017, the signature favoring the lightest or light nuclei, very few authors are still
considering proton contribution as the main one in UHECR.

Since the first Auger results in 2007 [13], some authors had quite different concerns [11].
They mainly wondered about the absence of the Virgo cluster within the proton GZK
volume in Auger data. This dominant presence had to be expected if UHECR were indeed
protons. The first Auger statements on the first anisotropy results [13], showed only a single
UHECR cluster along our nearest AGN, Cen A, as a hot spot. A new interpretation has
therefore been imagined and suggested, favoring not protons but the lightest nuclei (well
before their composition had clearly been revealed) for these UHECR [11]. Because of the
lightest nuclei fragility, they had to be more bound by the earlier photonuclear disruption
in a very local environment of a few Mpc. A distance nearly ten to twenty times smaller
than the same small GZK cut-off due to photopion reactions. This nearer distance includes
our nearby AGN Cen A, as observed in Auger. But it also excludes the more loud rich and
far Virgo cluster inside the GZK volume.

As mentioned, this interpretation was needed to solve the unexplained Virgo cluster
missing, located at 20 Mpc, in Auger UHECR data. Several years later, a few additional
nearby AGN or star burst source candidatures appeared in Telescope Array, TA, and Auger
maps. All of them, M82, NGC 253, and Cen A, are within 3-4 Mpc volume. These three
candidates are somehow ruling the present UHECR anisotropies and are all located within
the Local Sheet galaxy structure.

Recently [20], Auger measurements of UHECR air shower profile indicated a nuclei
mass composition that becomes heavier (than a proton) with their energy increase, giving
more support to the lightest nuclei model [11].

In present Auger composition data, the protons rule mainly below ten EeV, while the
lightest (He-like ones) nuclei rule at 1-4 x 10!° eV range; other light nuclei are present at
4-8 x 10 eV. Finally, UHECR spectra showed the presence of heavy nuclei with increasing
energy, between 8-20 x 10!? eV, just near the GZK limit. These results make the UHECR
proton models no longer acceptable. Indeed, these UHECR proton models would also lead
to GZK secondary tau neutrino at EeV energy, which had to shine in Auger and TA, as
horizontal-upward air showers. These expected signals are absent in the last decade’s data.

The expectations for the lightest nuclei model are consistent with the data.

At present, the question of the GZK cut-off itself in UHECR spectra as a real cosmic
GZK opacity on the nuclei or an intrinsic bound linked to the composition limit and the
UHECR acceleration process is still debated.

The updated model, based on the lightest nuclei, has been extended in the last decade
and is reviewed nowadays [21]. As mentioned, after the Cen A candidate, M82 formed
the second hot spot map. A decade ago, in 2015, the third NGC 253 UHECR source was
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recognized within Local Sheet volume [21]. The lightest and also heavier nuclei can mainly
originate in this very narrow Local Sheet [12] volume.

As we discuss later, an additional few galactic UHECR sources, such as LMC, could
contribute to the ten EeV dipole anisotropy observed in the Auger. The idea of a very
local UHECR, in the last few years, is no longer unique. Indeed, a few authors reached
very recently the same idea of local (Mpcs) UHECR models, giving key relevance to the
star burst as the ideal track for UHECR sources [22,23]. Their local models are partially
coincident with the earlier ones [21]. Therefore, the models are complementary.

1.5. UHECR: Probability to Correlate Hot Spots to Their Local Sources

The statistical probability in the lightest nuclei model to fit the present observed hot
spot might be estimated assuming the key note on the absence of the (expected) Virgo
source. Therefore, the UHECR originated from the ideal Virgo cluster, located within the
photo-pion GZK volume, could not be a nucleon. Indeed, the composition favoring the
lightest nuclei had been accepted by the UHECR air shower’s better profile study in Auger,
but only since a more recent discovery [20].

In the ideal case of the lightest nuclei model, one had to foresee and recognize the few
largest nearby galaxies as the ideal hot spots. Indeed, as shown in nearby Local Sheet giant
sources (see Figure 8) these are the best candidates. Therefore, by correlating these five
main galaxies, as labeled in Figures 8 and 10 by red rings, with future UHECR clustering,
one may estimate the ideal correlation. Assuming a solid angle for each of the five sources
(Cen A, NGC 253, M 82, M31, Maffei) as large as a beam size +18°, or 2.5% of the whole
sky view, then the probability Ps to find their five directions as (which have partially been
observed) five hot spots in the Auger-TA clustering is simply

Ps = (1/40)°> = 9.8 x 107° (5)

This was not the real case because, in 2008, the Cen A presence as a first hot spot was
already known. The second nearby source in the North sky was later discovered by TA.

Therefore, a possible prediction that was allowed by the lightest model in 2013 was to
foresee the presence of the next three candidates: the Andromeda, NGC 253, and Maffei
Galaxies. In those years, the Local Sheet role was not yet widely known [12]. The Local
Group is small and contains a couple of galaxies. The Local Sheet is wider, including the
Local Group and a dozen sources. The Super-Galactic plane does contain the Local Sheet
but extends to GZK volumes that are not allowed for the lightest nuclei. Therefore, a decade
ago (see review in [21]), only the possibility of a new (still unnoticed) Star Burst, NGC 253,
was foreseen, as well as the eventual nearest Andromeda.

The Bernoulli probability P, that was foreseen, a priori by chance, within the last three
main Local Sheet sources, at least two, is

P, =1.828x1073 (6)

If the authors had been aware of the Maffei role in the Local Sheet, whose clustering is
now partially present in Auger data, then its early suggestion would imply a much better
Bernoulli probability P to find by chance three out four main candidates:

Py =6.09 x107° 7)

All these four sources are correlated with the five main galaxies in the Local Sheet, as
shown in Figure 10.

The ability of the lightest nuclei [11], based only on the Virgo absence, to foresee [20]
the UHECR composition was itself a remarkable success.

The model also suggested the presence of twin multiplets associated with the Cen A [24]
due to the UHECR fragmentation. These multiplets were soon later observed [25]; also
more recently, a third multiplet was found pointing to NGC 253 [26], an extremely remark-
able correlation. Moreover, the Local Sheet galactic masses distributions in our celestial
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coordinate are not symmetric. The detailed study of the Local Sheet mass distribution in the
Northern and Southern hemispheres shows some overabundance: North hemisphere mass
densities, at 2-4 Mpc distance [23], are a few times larger than the South ones. Comparable
to the UHECR rate asymmetry observed in North and South UHECR spectra, there is a
more abundant flux of UHECR at TA array, North sky, with respect to the less flux in Auger,
South sky. The probability that the two asymmetries occurred by chance at similar ratios
and in the same direction is negligible. UHECRSs from Local Sheet sources explain the
Auger-TA spectra puzzle.

In addition, we consider the probable role of a few UHECR galactic source candidates
that might be able to partially fit and complete the surprising Auger dipole anisotropy.

2. UHECR: Lightest to Heavy Nuclei Inside a Bounded, Smeared, Astronomy

Regarding the UHECR mass composition, the average shower depth distribution X4y,
(an air shower shape growth), measured by Auger and TA [20], shows that the UHECR
nuclei mass becomes heavier with its increasing energy.

This occurs clearly above 2 x 10'8 eV energy. The measured fluctuations of X,y point
out a small mass dispersion at energies above the ankle. It indicates one main nuclear
carrier species at each energy range, as shown clearly in Figure 7.

For UHECR composed only of protons, the random magnetic field bending at GZK
edges would be a marginal one, just a few degrees: their consequent signals should point
almost sharply toward their defined source directions.

In the case of the lightest nuclei (D, He, Li, Be), the trajectory bending should be a
little wider, by an angle of about ten degrees [24], as it has been observed in hot spots.
The lightest nuclei are located in the nearest Universe with a few Mpc radius due to their
nuclear fragility.

Heavier nuclei (C, N, O) or the heaviest ones (Ni, Co, Fe) do not suffer much of the
photo-nuclear disruption. However, these heavy nuclei are more and more deflected and
spread, arriving from a volume nearly comparable to or smaller than the GZK one. Their
smeared contribution may induce only isotropic noises.

All proton to light and heavy nuclei compositions are present in different UHECR
energy windows of the last decade’s data.

The composition changes smoothly with energy, from the lightest to heavy: they could
also play different roles in the spectra shape changes; see Figures 2 and 7.

The Virgo cluster is almost absent in the UHECR map; see Figure 3.

Instead, it should be prominent (if UHECR were protons), because it is the dominant
cluster in the GZK volume. It should be quite collimated for such a proton courier.

Therefore, UHECR protons cannot play any relevant cosmic role at several tens EeV at
energies where anisotropy and the hot spot emerged.

This was and is the first, main base [11] of the lightest nuclei model.

We underline how;, at tens of EeV, the main clustered UHECR signals are probably
ejected by a very few nearby AGN, or Star-Burst galaxies, such as those few in the Local
Sheet nearby Universe.

At several EeV, UHECRs could also be polluted by a few unexpected galactic micro-
quasars or SNR sources, partially feeding the established wide dipole clustering discovered
in the Auger sky; see Figure 5.

For very few remaining and unexplained UHECR events, we suggest the largest
coherent bending of heaviest nuclei eventually located in the Local Sheet and also in nearby
galactic sources; see Figure 6.

For the most puzzling UHECR events, we recall a different model based on cosmic
relic neutrino halos, dark matter particles with small mass. The relic neutrinos, while being
hit by ZeV (Zeta, 10?! eV) UHE neutrinos in Z boson resonance energy, can produce, in
decay, UHECR nucleons as secondaries. These nucleons are ejected within our surrounding
Mpc in a hot dark halo. This process is able to overcome any GZK cut-off, even from the
most distant cosmic edges [27,28].
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However, the lightest UHECR nuclei and rare heavier nuclei model [11] from the nearby
Universe with few defined candidates along the Local Sheet remains, as discussed in this
article, the simplest and most satisfactory updated option [21,26].

As we mentioned, CR are mainly charged particles (excluding, for the moment, pho-
tons, our basic astronomy signals). Massless gravitons and the nearly massless ultra-
relativistic neutrinos could also lead to a new astronomy. So far, CR do not offer astro-
nomical maps as defined and good as photon ones. UHECR made by neutrons, being
undeflected by magnetic fields, could be ideal but are difficult to produce. They are not yet
observed. So, the UHECR, even charged, could represent a fruitful smeared new astronomy,
as most authors have been expecting for decades.

CRs are mostly hadrons, because lepton companions, also present in a small amount
as electron pairs, suffer more severe energy losses during their flight. Indeed, their primary
electrons are more constrained to their sources, within a few parsecs, much nearer than the
protons or the UHECR nuclei. Leptons, which lose their energy in magnetic fields or by
photon scattering much faster, are brighter (as by radio, optical, and X-rays) than hadrons.
Lepton secondaries may better trace the UHECR origination and tails in the space.

These secondary CR, mainly electron pairs, sometimes reveal their correlated UHECR
primary hadron jets, creating observable giant astrophysical tails and tracks: observable
radio-X and gamma, SN shells, hour-glass jets from AGN, or microquasars beams.

These UHECR particles are ejected by shock waves, in SN, or in the tidal collapse, as
well as in the accreting disks around the black hole, BH, or NS, feeding their jets.

So, electron pairs and even rare antiprotons can reach us as secondaries of CR and
UHECR scattering in flight within dense or dilute space; see Figure 1.

The highest-energy UHECRs could be less bent by magnetic fields due to their ultra-
relativistic energy and their greater inertia, which causes them to fly along straighter trajectories.

However, their composition evolves from lighter to heavier nuclei as energy in-
creases [20]. These changes could lead, once again, to a bent, fuzzy, and inconclusive
high-energy UHECR astronomy.

Apparently, the lightest nuclei are the only ones among the UHECR with some ability
to keep enough directionality, leading in the low tens of EeV to a large dipole anisotropy
and some north-south celestial asymmetry, clustering in more narrow hot spots at several
tens of EeV, forming rare multiplet trains of correlated events.

This possibly leads, for protons and the lightest nuclei at several EeVs, to a very
smeared CR map, such as the Auger dipole one. Then, at ten EeVs, the lightest nuclei may
also feed the anisotropic UHECR maps; see Figure 5. Later, at a few tens of EeV, a few hot
spots arise from the lightest nuclei. Finally, around the highest energy edges, more heavy
and charged nuclei lead, again, to a very smeared, isotropic map.

Supernovae explosions could accelerate CRs up to PeV energies. Mainly, NS, BH, star
burst galaxies, or AGN jets could be the ideal accelerator for higher UHECRs.

Such CRs, UHECRs, and their GeV electron pair tails are observable in radio waves.
These UHE electrons in narrow beams may also blaze to us as bright X-ray or gamma radiation.

These jets are orthogonal to the accretion disk, precess, and radiation. While their cone
beam is on axis with us, they can appear as an explosive, sharp variable burst of gamma
rays, a GRB [6].

Their flashes are observed on axis as slow flares from AGN (largest BH) or fast from
GRB (smallest BH) or NS. The variable and somehow sudden appearance of Soft Gamma
Repeaters (SGR), or Gamma Ray Bursts (GRB) could be made by such a long life, narrow
precessing gamma jet [29] by the Inverse Compton of electron pair at GeV-TeV energies.
These electron pairs may annihilate at a hundred-tens MeV energy.

The associated UHECR acceleration, ejection, their smearing at different energies,
epochs, and distances, and the different nuclear compositions made the discovery of
UHECR sources such a difficult puzzle to solve.
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Figure 1. The updated Cosmic-ray spectra for most lepton and nuclei, based on the remarkable review
in [30]. At the bottom right, the most probable composition intervals, from [17], are highlighted and
expanded to include the lightest nuclei (D, He, Li, Be), as explained in the text.

3. UHECR: Persistent or Transient? Beamed or Spherical? The North-South Asymmetry

Different astrophysical events have different lifetimes. Usually, the brightest ones
have the shortest lifespans. While photons, neutrinos, and gravitons fly straight and
simultaneously at the speed of light, CR and UHECR bend into arcs or spirals following
longer and more diluted trajectories. This occurs because they are charges that pass through
random cosmic magnetic fields. So, even if UHECR originated by a prompt burst of a few
seconds or hours, their arrival could still be delayed by thousands or millions of years if
reaching us from cosmic distances, or in shorter times if within our galaxy.

Eventual exotic sources of UHECR, by their decay, may also not be stable: any relic
heavy particle from the primordial Universe could decay or disappear via pair annihi-
lation, becoming a source of cosmic UHECR events: however, the recent discovery of
anisotropy and clustering, possibly correlated to Local Sheet sources, does not promote
such exotic models.

Therefore, we should better consider the timescale of the UHECR source activity asso-
ciated with astrophysical known objects such as SN, microquasars, AGN, and star bursts.

A main question arises: How long could the transient events that are ejecting UHECR
survive? They may be the explosive, week-long events such as supernovae, or a more rare
and sometimes explosive binary NS-NS or NS-BH tidal disruption, blazing in beamed jets.

Are the UHECR emitted by their relic persistent, decaying, spinning, precessing
jets [6], which appear to us as GRB or SGR, once collinear with their axis? Otherwise, are
they instead the product of a single-emission fixed jet at the peak of the GRB or an AGN
activity flare?

The idea that GRB and AGN are sources of UHECR is not new and is quite widespread.

Such an event could also be fed by a longer-life relic binary accreting disk system, like
the celebrated microquasars SS433. These jets could be active longer than their starting,
explosive, birth, leading to SN remnant (SNR) and a Soft Gamma Repeaters (SGR). Their
core may contain a few or several solar masses black holes .
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Other larger extragalactic jets such as quasars or AGN are fed by their million mass
BHs. Their jets are flaring, modulated by cannibal star collapse while precessing and
blazing in quasi-periodic modes. Rare GRB or NS-NS tidal collapse could explode at
peak output with a beaming jet, pointing to us, even partially off-axis, while emitting
gravitational waves. This very peculiar geometry and rare signal was already identified
in 2017.

The main difference to underline is that UHECR jets are beamed, while their gravita-
tional wave, GW, emission is almost spherical. This implies that only very rarely both the
near distance (essential for GW) and the beamed jet collimation to us (basic for UHECR)
are taking place. This is the same reason for the surprise of a lucky, rare, event, such as a
short gamma burst (a conical beamed jet) and the associated GW (spherical one) observed
once in 2017.

Moreover, the time delay and the deflection of the UHECRs would make it more
difficult for any future correlated UHECR-GW event to be discovered.

Any transient jets, while spinning and multiprecessing, could appear trembling, as a
variable X, by multipeak gamma burst or SGR, being pointed on-axis and off-axis to us.
Therefore, such repetitive beaming might play a role in rarer, nearest UHECR multistart
repetitive events, such as the multiplet ones. The hard gammas are often provided by
electron pair scattering by the electron—photon inverse Compton scattering, ICS, onto
self-radio-synchrotron or thermal black body photons [29]. However, the UHECR blaze,
even though short in its starting time, will be bent and delayed. Its arrival by different
curvature trajectories, due to the galactic and cosmic magnetic field effect, will spread its
arrival signals. This occurs for different energies, magnetic fields, UHECR masses, and
charges in consequent diluted time flights along their different trajectories.

These AGN, or even their microquasar copies, might be able to accelerate particles
to UHECR at their peak activity at birth. The NS-NS tidal disruption occurs during the
star-NS, NS-NS, or NS-BH nearest encounter, leading to GRB or late SGR. The star (or
NS) is feeding a disk toward the BH companion, which is the source of an orthogonal jet
engine. Such a star-BH jet is originally made by hadronic nuclei and their surrounding
electron pairs. Their secondary lepton fragments observable along the jet are scattered on
thermal and synchrotron photons, feeding powerful gamma jets. These NS-NS (or more
rare NS-BH) collapse events occur on average only once every 103-10° years in a galaxy like
ours. The coherent (or random) spread of their UHECR flights in galactic fields may dilute
their short flash into a few hundreds (or thousands) of years, as a train of events, observable
in clustered or multiplet traces. Such multiplet signals have been rarely observed, as we
discuss below. Because of the common narrow beaming of jet angles and because of their
poor rate, we expect only a few of the recent powerful local jets to be blazing to us now by
their UHECR tail: around nearly 10°-10° years, the past galactic binary NS-NS encounters
or NS-BH narrow collapses, and only a few might be beamed to us at their birth. Only a
few could show their present records by their UHECR. Possibly, the few brightest active
jets in the nearest star burst galaxy or AGN and even the few galactic microquasar such as
55433, or brightest NS pulsar as Crab and Vela.

Could UHECRs then also be galactic?

In this case, the question about the absence of our Galactic Center in UHECR emission
has to be answered. We remind readers of the orthogonal twin-hour-glass gamma fountain,
first revealed by EGRET decades ago and then better by Fermi gamma satellites. Our
Galactic Center (GC) is not active at present, and anyway, it was flashing and beaming
as a fountain far from the Milky Way plane. Moreover, GC is not pointing to us. Many
other SNR-associated jets might be generally pointing elsewhere. But some, the brightest
ones, may be old GRB remnants that had been the source of EeV’s UHECR, reaching us
as signals, diluted over time. A change in spectra in UHECR occurs at 5 EeV. It could be
due to the injection of extragalactic UHECR (Local Sheet sources), or better, to a change in
UHECR composition from proton to lightest nuclei.



Universe 2024, 10, 323

11 of 26

Extragalactic sources ejected from the nearest AGN or star burst have a longer lifetime
and wider beam spread but are very rare. Moreover, we remind readers that the lightest
nuclei UHECR composition from Auger and TA records make the extragalactic sources
(AGN, star burst, or nearest galaxy) located only in a few Mpc distances.

The GZK cut-off for photo-pions for nucleons as protons reduces the UHECRs survival
distance to 40-100 Mpc or below [9,10]. The more fragile and earlier (less energetic) photo-
nuclear disruption for the lightest nuclei, due to the giant nuclear resonance, will limit its
flight to just within a few Mpcs.

Therefore, D, He, Be, and Li UHECR reach us in our Local Sheet volume; see Figure 4.
In such a local and inhomogeneous Universe, one should expect quite strong anisotropies.
Otherwise, such strong anisotropy should be unexpected in any hundred Mpc, nearly
homogeneous cosmic volume.

UHECR array detectors exist in both hemispheres. Here, we focus on Telescope Array
(TA) data for the Northern Hemisphere and on Auger for the Southern Hemisphere. The
latter, Auger, covers about four times the surface covered by the former. Their spectra,
after nearly two decades of recording and optimized processing, overlap extensively with
a rich sample of data in the energy range 1017-10'" eV. However, the two spectra differ
remarkably, only in a narrow window at the highest E > 3 x 10! eV energies [14], as it
is shown in Figure 2, while seeming to converge again at the highest energy (possibly by
heaviest nuclei).
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Figure 2. The latest combined CR spectra from the Auger and TA array detectors. The data are in full
agreement up to the energy of several EeV. However, they are not in agreement at higher energies.
Northern sky spectra at these edges are harder. Being harder, if they are the lightest nuclei, they
might be more directional, keeping a memory of their directionality. However, if they are very heavy
nuclei with large charges and the highest energy, they should be more bent, leading again to a more
smeared map that cancels any mass distribution asymmetry. Such asymmetry among the northern
and southern sky cannot be explained by any cosmic asymmetry: it needs very few local and nearby
asymmetries. Indeed, the mass density distribution within the Local Sheet is asymmetric: there is
several times more abundant mass density in the north sky than in the south one related to the Local
Sheet sources, see Figure 6 in [23]. This naturally explains the puzzling split between the north-south
UHECR spectra, as long as the lightest nuclei are the ruling courier. At the bottom right, the most
probable composition intervals from [17] are highlighted and expanded to include the lightest nuclei
(D, He, Li, Be): the first ones from about 2.5 to 10 EeV UHECR are mostly protons, then the lightest
nuclei prevail, followed at higher energies by increasingly heavier nuclei. See Figure 7 and text for
further details.

The north-south puzzle discrepancy cannot be reasonably or easily attributed to any
experimental error nor to any privilege of Earth observer; it must rather be related to some
asymmetry in the mass distribution (or in some sources). As can be assessed from Figure 2,
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the anisotropy is not negligible: it exceeds a factor of 200% near the maximum energy
E = 102 eV, well above any experimental error bars or statistical fluctuations.

Such a source of asymmetry should require a huge disproportion in the mass distribu-
tion between the northern and southern sky. Indeed there is several times more abundant
mass density in the north sky than in the south one inside our Local Sheet sky; see Figure 6
in [23]. Therefore, a few active UHECR sources in the northern sky, such as our Andromeda,
M31, M82, and Maffei galaxies, may prevail over the high-energy southern ones. We will
label in detail some possible candidates in the next galactic and celestial maps.

The Virgo cluster, the most relevant expected (and absent) cosmic UHECR source for
proton composition, is located between the northern and southern equatorial skies, in an
unfavorable but anyway an observable location. Its negligible presence is consequential for
a lightest nuclei model; as it is filtered and screened, it results in near opacity.

4. The Virgo Absence in UHECR Maps and Hot Spots

The presence of the Virgo cluster, with its thousands of the largest massive galaxies,
dominates the cosmic GZK volume and the infrared galaxy sky. It has been the ideal place
to look for UHECR, if they were all or mostly protons. The Virgo cluster sits at the celestial
boundary of both the southern and northern sky. Neither detector (TA, Auger) found any
such expected hot spots; see Figure 3. This absence led, as we mentioned, to the earliest
proposal of the lightest UHECR nuclei with rare heavier nuclei model [11,26].

The direct consequence, often neglected or overlooked, is that UHECR above ten
EeV are not made by protons. Indeed, thanks to the insight of the pioneering leader of
Auger [31], this has been proven to be the case. The discovery is based on the air shower
slant depth signature.

Figure 3. The earliest Auger cosmic map in Hammer celestial coordinates. Dots are the 2MASS
galaxies inside the 3000 km s~1 with the heliocentric velocities color-coded with red, blue, and green
for increasing red-shift distance [32]. The expected UHECR clustering toward Virgo did not emerge
as being the rich and nearest cluster of galaxies at 20 Mpc. This absence had been the main hint
leading to the lightest nuclei UHECR model [11]. On the map, some positions are marked: at the center
is the Virgo cluster and its absence. A few of the nearest star burst galaxies within 2-3 Mpc are M82,
NGC 253, Cas A, and M31. The Cas Al is an irregular star burst galaxy located on the prospective
in our galactic plane, where supernovae remnant SNR stand. Other galactic sources are the most
remarkable SNR or the BH jet ones: Vela, SS433, Cygnus X3, Crab. Other sources may be present in
SMC and LMC (small and large Magellanic cloud) [21]. All the marked ones may be possible relics of
early SN or GRB-SGRB sources of UHECRs at several EeVs feeding the Auger dipole anisotropy, as
shown in the text.
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Virgo’s absence left us so puzzled that, already in 2007, it forced us to imagine a
peculiar conspirative phenomenon due to nuclear interactions. Is it a filter or an obstacle?
The lightest nuclei we noted [11] should not have been able to survive while arriving from
Virgo; see Figure 4. But it could reach us from the nearer Cen A, where the first UHECR
clustering was indeed emerging in the Auger map.
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Figure 4. The allowed UHECR propagation distance, in logarithmic scale, for different energies, for
the lightest nuclei and proton. Protons do not suffer from any photonuclear disruption, only the
photopion Delta resonance, leading to the longer GZK cut-off. The light, and mainly the lightest
nuclei, suffer from a photonuclear opacity, which are able to be screen signals from Virgo. The lightest
nuclei also suffer from partial fragmentation, even from a near-4-Mpc distance. Such fragmentation
from Cen A was foreseen and observed by their correlated multiplets [24]. See Figure 5. The
photonuclear disruption and the photopion delta resonance roles are shown in an upper panel [33].

Both the interactions are active in each energy window where UHECRs suffer their characteristic
distance cut-off.

As we have noted, there is in fact a much more serious photo-nuclear destruction
opacity that occurs mainly only for the lightest nuclei (D, He, Li, Be). They cannot survive
distances as large as the Virgo ones. This was our first assumption to clarify the otherwise
unexplained absence of the Virgo cluster from data. The presence and dominance of the
lightest nuclei in UHECR in early 2008 were quite unexpected and ignored.
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Figure 5. Dipole UHECR anisotropy in galactic coordinates at ten EeV with the overlapping of
higher energy 30-50 EeV hot spot clustering. In the background is the UHECR clustering statistical
weight [34]; see also Figure 6. The dipole directions and relative significance are plotted in different
colors for different energy ranges: blue, green, and violet, respectively, 8.55-16 EeV, 16-32 EeV, and
>32 EeV for Auger and 10-19.4 EeV, 19.4-40.2 EeV, and >40.2 EeV for TA. Stars and thinner contours
represent Auger results obtained by assuming that the moments higher than the dipole are zero [16].
Note the proximity of the direction of the most energetic dipole, E > 32 EeV, to the Cen A hot spot for
E > 38 EeV. The NGC 253, a near star burst galaxy, is active in the bottom edge of the galactic map; it
is probably polluting both the new UHECR hot spot energy, and it is feeding the lower energy EeV
ones as the Auger dipole. Moreover, at a few or ten EeV, the nearest Vela PSR, the SMC, and LMC
sources could all play a role in feeding, with additional multiplets signals, the same Auger dipole;
see Figures 9 and 10.
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Figure 6. The arrival directions of the most recently reported UHECR above 100 EeV measured by
Auger and TA, together with nearby astronomical source candidates in Hammer Celestial coordinates.
In the background, the flux significance sky map of 25° oversampling for the overlapping region with
ET > 482 EeV and EAUS®" > 38 EeV [34]. The most energetic event [35] is tagged with a green
color. Virgo’s absence is tagged with a red color. The nearest star burst galaxies within 2-3 Mpc (M 82,
NGC 253, and Cas A, as well as M31, Andromeda) in a local group are considered. The Fornax galaxy,
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not a farther distant cluster, is also considered. Other galactic sources are shown, such as the most
notable SNR or BH jet: Vela, Cas A, S5433, Cygnus X3, and Crab. Other sources may be present in
SMC and LMC. Note the four UHECR events overlapping the famous binary jet BH 55433, as well as
a doublet occurring in its immediate vicinity, not far from the larger green TA event. Note also a few
UHECR along Cygnus X-3 and Vela.

However, soon after these early steps, it was more supported by the UHECR compo-
sition tendency in the Auger data, defended mainly by Alan Watson at the early begin-
ning [20] and up to recent days [31]; see Figure 7.
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Figure 7. The observed UHECR slant depth Xmax vs. energy on the left panel and its second moment
0(Xmax) on the right one. At the bottom right of each panel, the most probable composition intervals
from [17] are highlighted and expanded to include the lightest nuclei (D, He, Li, Be). Increasing the
energy changes the prevalent carrier. First, protons up to around 10 EeV, then the lightest nuclei in
the window 10-50 EeV. Later, light nuclei around 50-70 EeV, and finally, the heaviest ones for 80 EeV
up to 2 x 1020 eV and over.

The air shower profile of most UHECRs above ten EeV favors the lightest nuclei, and
only at higher energy, light, and heavy nuclei. The lightest nuclei, as we show later (see
Figure 4) are filtered from long distances above a few Mpc, forcing UHECRs to be located
only within the nearest Local Group, or Local Sheet galaxies. Virgo cannot shine its UHECR
lightest nuclei to us because of its fragility; see Figure 3. Cen A, whose UHECRs clustering
was already arising in early Auger 2007 data had the advantage of being nearer and able to
reach us. Cen A’s distance (nearly 4 Mpc) could also be able to partially disintegrate the
lightest nuclei into smaller fragments. Therefore, it has been expected that about half the
energy fragments could be present at a wider bending angle. A possible twin multiplet
secondary signature was imagined around Cen A [24]. Indeed, these signals were recently
observed [25] and, generally, up to now, had gone unnoticed [21].

5. UHECRs: Hot Spots and the Extreme Auger Dipole Asymmetry

Indeed, the most celebrated Friedmann Universe is both homogeneous and isotropic.
Our reference system motion induces a kinetic Doppler asymmetry.

To be more precise, 2.75 K cosmic Black Body Radiation has shown tiny anisotropy,
but at the 2 x 1073 level. This effect is considerably smaller than the observed asymmetry
in UHECR at the Auger dipole sky. It is a kinematic Doppler effect due to our galaxy’s
motion in the sky, discovered nearly half a century ago. The Auger dipole asymmetry at
the UHECR edges is 30 times larger than the cosmic kinetic one: such a relativistic solution
cannot be found.
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In an analogy, Auger discovered a remarkable dipole anisotropy whose amplitude
is >6%: it is not pointing to any cosmic dipole or any far (within GZK) volume cluster;
see Figure 5. Once again, this prominent anisotropy is not associated with any cosmic
asymmetry, nor with any nearby extragalactic asymmetry, with the exception of Star Burst
NGC 253, which in fact is considered by us to be the main candidate source for a hot spot
at tens of EeV. Again, all this dipole data favor very local, even partially galactic source
contributions. In fact, Vela, SMC, and LMC could play an additional role by polluting the
anisotropy of UHECR at EeV, where the dipole stands.

We remind readers that this kind of dipole anisotropy has been recently [36] discovered
at a few tens of GeV in the Fermi gamma data. Furthermore, in the last two decades,
Milagro, Argo, and HAWC found some lower anisotropies at 10~* in the TeV energy
windows, somehow correlated with the same Auger dipole. Some understanding of such
dipole overlapping was attempted as early as 2012 [21].

6. Photonuclear Survival Distances for Lightest UHECR Nuclei

As we mentioned, the absence of Virgo is connected to the photo-nuclear disruption
of the lightest nuclei. The photo-nuclear threshold is an order of magnitude lower than the
GZK cut-off for the proton and the photopion opacity. This difference is due to the role of
giant dipole resonance (GDR) in photo-nuclear reactions occurring at around 10-30 MeV
compared with the ten times higher Delta resonance energy of around 140 MeV.

Atoms such as deuterium, helium, lithium, and beryllium and their isotopes are so
fragile they are constrained to come from a volume of a few Mpc before decaying in flight:
a Universe within our Local Group or better Local Sheet galaxies. This earlier cut-off,
the photonuclear disruption, had been proposed soon after Auger discovered a possible
clustering to Cen A and the absence of Virgo [11]: the following TA clustering toward M82
and the first appearance of the NGC 253 clustering in 2015. Ref. [21] also confirmed the
absence of any clustering toward Virgo. The lightest UHECR nuclei were confirmed later
by Auger composition records and models [20].

UHECR Slant Depth, Clustering, and Composition Versus Their Cut-Off

The downward UHECR air shower develops in a tree-like profile, and its growth
and decay shape and corresponding event slant depth define the characteristic nuclear
cross-section and most probable nuclear nature. With the same energy, heavier nuclei
interact first at higher altitudes, and lighter ones are deeper where the atmosphere is
denser. Slant depths observed by Auger over the last two decades show an evolution
with increasing UHECR energy, from a proton-like composition at EeV toward the lightest
nuclei, as considered in [11], and finally to heavy ones at the highest energies; see Figure 7.

The main UHECR capable of offering significant clustering, anisotropy, or hot spots
occur above tens or a few tens of EeV. According to experimental data, at energies above
these thresholds, the slant depth is no longer described by the proton but better by the
lightest nuclei, then by the light ones, and later by the heaviest ones. The slant depth values
show little dispersion, which means little mixing in the UHECR composition.

Starting from lower energies, at about 20-60 EeV, abundant UHECR events occurred.
There are enough data to disentangle an anisotropy or a few hot spot clustering. Signals
are mainly ruled by the lightest nuclei. Above 50-70 EeV, light nuclei with more charges
and deflections should rise, possibly smeared again in an isotropic noise.

Finally, at 80-200 EeV, rare and heavier nuclei are more present, with higher energy,
higher nuclear charge, and consequent larger bending curvature angle.

The advantage of the lightest nuclei to describe some clustering led us to consider
a small local Universe, the Local Sheet galaxies, which are less in number and easier
to disentangle.

The UHECR lightest nuclei model [11], updated with more details in recent years in [24]
and [21,26], has remained basically in the same frame since 2008, as well as in the present
article. In this model, the Virgo absence was well explained or even necessary. Cen A,
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being the first clustered source, was also tuned to expectations. The subsequent discovery
of an additional nearby AGN, M82, and later, Star Burst NGC 253, fit neatly into the model.
Cen A is not close enough to avoid some photo-nuclear destruction. Indeed, we soon
predicted the presence of fragments around the Cen A sources at around twenty EeV. These
tracks were soon observed. We had not foreseen similar traces around NGC 253 because
its clustering in 20092011 was not yet discovered. But these traces are also present; see
Figure 10. However, some possible uncorrelated events, neither too near nor too far, may
occur above the GZK edges.

Historically, in 1991, at Fly’s Eye array detector, the first huge UHECR occurred at
3 x 10?0 eV energy [37]. There was no reasonable UHECR candidate source within a GZK
volume for such an event.

In 1997 [27], a new, alternative neutrino model was offered for such unexplained events.
This model is able to correlate far cosmic sources (AGN), well above GZK volume, with
signals obtained by their ZeV, (Zevatron or 10! eV) incoming neutrino, while scattering
onto relic neutrino with tiny masses, at rest, in dark galactic halos. This model, often called
Z boson resonance or Z burst model [28], overcomes the GZK cut-off. It is still an allowed
model for any unexplained rare cases, as we remind readers in the next section.

Let us now reconsider in more detail the UHECR nuclei deflections.

Cosmic rays, being charged and bent by galactic and cosmic magnetic fields, are flying
under coherent or incoherent random deflections. Since we observed hundreds of billions
of CR records at TeVs-PeVs, their statistical map offered some rare and tiny anisotropies,
as little as 107°. The highest CR, the UHECR above several tens of EeV, were expected to
lead to some multiplet of events. Indeed, such clustering of signals, within tens of degrees
spots or lower energetic wider dipoles, was finally discovered by Auger, and by TA, almost
15 years ago.

The detailed opening angle of Lorentz forces is linked to the UHECR nuclei composi-
tion, its energy, the magnetic field strengths, and their geometrical structure along the same
trajectory.

7. The Coherent or Random Bending from Local Sheet Galaxies and Time Delay

The trajectory of UHECR is deflected by the magnetic fields it encounters between the
source and the observer. To calculate the total deflection angle a;m, because of a random
or incoherent walk, it is necessary to take into account various physical characteristics.
More specifically, its nuclear charge number Z and the UHECR energy E, as well as its total
traveled distance D in an extra-galactic magnetic field B. These fields have a characteristic
coherence length path, d. , and a total distance path D.

In this view, let us first consider the UHECR galactic random bending for a proton
p, Zp, = 1, assuming a total galactic distance D = 20 kpc and a characteristic coherent
bending step [24] of d. = 1- kpc. Therefore, the incoherent deflection angle, in analogy to
the estimate above for the Moon or Sun’s shadows, becomes

ol =565°( 2 E__\'(_D \"(d\"( B ®)
Grm — Z,) \6x10Y%eV 20 kpc kpc 3uG )’

The angular separation between observed UHECR smeared anisotropy hot spot and
Cen A is about 18°. Assuming for Cen A a distance of 4 Mpc and an average magnetic
field B of about 3 nG for the extragalactic path, the angle as a function of energy can be
rewritten as

-1 1/2 1/2
af =35° z = D e B, )
rm Z,) \6x109eV 4 Mpc Mpc 1nG

The total bending angle for a proton is, therefore, the sum of both the angle galactic
and extragalactic components, or = 9.15°. Indeed, the Helium bending will occur just twice
and be as large as the observed 18° hot spot along Cen A, quite close to the observed one.
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The possibility that fragments of such lightest nuclei also arrive with a correlated tail
of events has been foreseen [24] and soon after observed [25]. The multiplet discoveries
of two trains of lower energy signals at around 10-20 EeV, both pointing towards Cen A,
are already statistically significant; indeed, note the + tags in Figure 10. The probability of
hitting such a narrow sky target a priori was very low < 10~%. The more recent evidence
of an additional correlation to the third multiplet was the NGC 253 (unexpected but still
observed) pointing to the second hot spot in the Auger sky: NGC 253 [21]; see Figure 10.
The more recent multiples (see Figure 9) found by Auger correlate (by first approximation)
with the Cen A hot spot, and only partially with the Vela SNR (or LMC) sources. We
consider both of these two sources able to contribute to the Auger dipole anisotropy. See
Figure 10.

The UHECR photonuclear disruption survival distance is constrained from the Virgo
signals, as shown in Figure 4. However, the Cen A distance is nearly contained, within
3-4 Mpc, in the energy edge 4-6 x10'” eV for He but not totally contained for Be or heavier
ones. See Figure 8.
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Figure 8. The shadow circle shows the 2-3 Mpc distance from our galaxy. These are the characteristic
distances for the UHECR lightest nuclei allowed flight. The Council of Giants map with a label made
by red rings shows the suggested UHECR candidature for UHECR in the last decade [21]; in 2008,
Auger found a first clustering along Cen A; later on, TA noted a clustering toward M82, the second
hot spot. Later, we noted the possible source of clustering along NGC 253 [21], as well as a possible
role of clustering toward M31 ( Andromeda). We were not aware of the Council of Giants” additional
source, namely the Maffei Galaxy 1,2, a missing candidate shown with a yellow ring.

Therefore, the presence of the harder UHECR at 4-6 x 10" eV was expected from
Cen A to lead to fragments at half or less of this energy: ~ 2-3 x 10'%eV.

These secondaries of UHECR at ten to twenty EeV were able to confirm the hot spot
clustering at 40-60 EeV from Cen A. Indeed, the following years” data confirmed this
expected multiplet presence.

The observed train of multiplet fragments and their geometry were compatible with
the expected ones [24], but the main sources, Cen A and later NGC 253, have been well
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observed; see Figure 10. The pointing crosses of these UHECR multiplets are well correlated
with Cen A and also with NGC 253.

The probability for such a correlation of two events to occur by chance inside a disk of
a small radius, nearly 7.5°, is very small. Assuming for Auger an observable solid angle
of nearly 371, the two disk areas have a probability to hit Cen A well below 10~%. The
clustering toward NGC 253 was not foreseen in 2009 but was noted later.

Its additional presence toward the second source candidate contributes to validating
the lightest nuclei model scenario.

Let us conclude by mentioning a few of the largest galactic bending for light nuclei Si
or heavy ones, such as the iron or Ni nuclei. We consider the nominal 5- kpc distance up to
the well-known microquasar S5433 distance. This system is a famous candidate Pevatron
(or even, as we suggest, a source of UHECR) fed by a precessing jet:

-1 1/2 1/2
=29 (7)) (ermey) () () (5) 0
rm Z,) \6x10"eV 5kpc kpc 3uG

This bending, amplified by the Si and Ni charges, respectively, for Zs; = 14 and
Zyi = 28, becomes, respectively, a5t = 45.5° and aN' = 91°. These values are remarkable
because they allow the 55433 to be, in principle, a nearby galactic candidate for the most
powerful event, named Amaterasu, recently reported by TA [35].

This event was observed at the highest UHECR energy, E = 2.44 x 10%° eV, nearly four
times larger than the energy considered in the expression above. Therefore, one may derive,
respectively, the light and heavy nuclei deflection for the Amaterasu energy as follows:

o —mre( ZN(_E N\ D\ \"( B an
Grm "\ Zsi ) \24 x 1020 eV 5kpc kpc 3uG )’

‘ -1 1/2 1/2
all =455° Z __E D e B . (12)
m Zni) \2.4 x 1020 eV 5kpc kpc 3uG

Or, simply, aSt =227° . 4Nt = 455° These angular deflections for the light nuclei Si
are marginally consistent with the S5433-Amaterasu angular distance. The heavy nuclei Ni
bending is well compatible with the observed 55433-Amaterasu angular distance of nearly
35°-40°; see Figure 6.

The same heavy nuclei Ni-like UHECR can be coherently deflected by the nearby Vela
SNR, 0.29 kpc, by an angle comparable to the observed displaced clustering. The same
train of events might feed the UHECR EeV dipole clustering in Auger events: 18.7°.

Also, LMC and SMC could be sources of this multiplet at a few or ten EeV, feeding the
Auger dipole.

The consequences of such an Auger dipole are secondary traces of UHECR that might
be correlated with very recent gamma GeV dipole anisotropy [36]. The gamma rays dipole
anisotropy observed at tens of GeV could also be traced and overlapped to the same
UHECR signal. It could be worthwhile to verify, in the future, if there is also such a
neutrino anisotropy. Eventual consequent T neutrino signals at PeV should be searched
and taken into account [5,24,38].

We note that the nearby Vela SNR, our brightest galactic gamma source, may be
capable of ejecting heavy UHECR at wide angles. At such a close distance, we use the
coherent-bending formula:

: z E /D B
Ni  _ of & - - I
Ao = 236 (zNi) (6 X 101 ev> <0.29 kpc) <3uG> 13)

Such UHECR multiplets are possibly the ones observed; see Figures 6 and 9.
In an analogy, the bending of comparable heaviest Ni UHECRs ejected from LMC
and SMC can feed and pollute the observed Auger dipole anisotropy at several EeVs or at
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10-20 EeV. More signals and clustering of the UHECR composition maps will prove this
possibility. Their approximated galactic signature could be present in the recent UHECR
composition maps [39].
Let us now remind readers of the time flight for such a random bending trajectory.
The flight delay between the emission and arrival of a UHECR proton compared with
a direct photon, due to the random walk (for example, from a distant Cosmic 100 Mpc),
would be

Z\? E 2/ D \*/ d B \?
6 o e c
37510 (zp) (6><1019eV) (100Mpc> <Mpc> <3nG> yr (14

Such a flight delay is so long that there might be no possible ( or probable) correlation
among the individual far, hundred Mpc, gamma AGN activity [21], and UHECR clustering.
Indeed, the AGN lifetime is reasonably a few hundred thousand years, while the consequent
delayed arrival for the UHECR flight is much longer.

Therefore, far cosmic source connection (as Mrk 421, 3C454, or Perseus Cluster) by
UHECR nuclei (or proton) random flight (or walk) is not an acceptable option.

Nevertheless, any far cosmic ZeV UHE, 10%! eV, neutrino-hitting relic antineutrino at
rest in a Mpc, hot dark matter galactic halo, being mostly along a straight flight, will show,
after their interaction, a little time delay and a narrow nucleon clustering. It could be well
timed with the observed photon flare activity [21,27], as discussed in the next section. The
recent (weak) UHECR clustering along the very bright and distant Markarian 3C 454 (see
Figure 9) could be such a signal by such a candidate to be carefully considered. If those
UHECR secondaries are nucleon (proton-like) by composition, the Z resonant neutrino
model might be the correct one.

/ 42
[ * GasA CygnX3
() :A .0

\.M

Galactic

Figure 9. The most recent multiplet clustering in galactic coordinate [40]. Several nearest SNR and
star burst galaxies within 2-3 Mpc: Cen A, M 82, NGC 253, Cas A. Note the upper multiplet pointing
toward the Cen A hot spot, possibly to a more distant star burst source, M83, at 5 Mpc distance.
Additional clustering lays along Vela SNR, but not in a successful overlapping. Indeed, a few UHECR
composition differences might invert the direction arrow of the multiplet clustering. The Vela, with
the LMC role, could be important to feed the observed widespread Auger dipole anisotropy. These
multiplets, again, are shown over the UHECR map clustering considered by early authors [18].

8. Amaterasu: The Revival of a Z Burst Model or a Heavy UHECR Nuclei from SS433?

In 2021, 30 years after Fly’s Eye, an event of comparable energy once again occurred
in the North Telescope Array sky. Its discovery has just recently been published [35]; see
Figure 6.

Both of these huge northern sky events have no obvious nearby correlated sources
located within their GZK volumes and solid angle view, which is a very surprising and
still unexplained signal. In our present lightest nuclei model, there is only room for a few
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heavier nuclei at the highest energies. The highest could be mostly Nickel- or Iron-like
nuclei. The bending by the galactic fields in this case can reach several tens of degrees, and
therefore, their original directionality will be confused and lost.

The presence of several nearby galactic plane doublets and the largest recent event [35]
could also be related to galactic early sources, such as 55433 or Cygnus X-3, in their brightest
activity at their birth.

Other solutions for UHECR uncorrelated sources have been considered in early Fly’s
Eye array discovery. First, an exotic heavy unstable relic particle whose decay could
populate the UHECR sky anywhere. Another model, which is recalled in detail later, is
based on relic neutrinos hit by ZeV neutrinos: their ultrarelativistic Z boson decay in flight
could feed the UHECR signals.

This early proposal [27] somehow was related to the neutrino mass discovery in early
1980-1997. It was based on the existence of a UHE ZeV neutrino ejected from far sources
hitting relic ones (one or few eV mass) on a dark hot halo, interacting by Z boson resonance.
Such ZeV neutrinos have the role of a silent courier, able to overcome any GZK opacity,
reaching us from any cosmic edge. The model was also based on the presence of clustered
cosmic relic neutrino, requiring a tiny, at best around 0.4 eV mass, wide hot halo. Present
neutrino mass bounds favor near or lower masses than 0.4 eV, requiring extreme tens of
ZeV neutrino energy [41].

Anyway, such a dark cloud could be an effective target for ZeV neutrinos, being an
ideal beam dump calorimeter. Indeed, the large, peaked neutrino—antineutrino scattering
cross-section into Z boson resonance could be able to lead to several final UHECR hadrons
via its secondaries [27,28]. Among them are the UHE nucleons and anti-nucleons that
will appear in the terrestrial atmosphere as the observed UHECR at tens or hundreds of
EeV energies.

Incidentally, we remind readers that the electromagnetic Z boson secondaries are
also decaying in pions and, later on, in TeV-PeV photon energies [42]. This process may
also successfully overcome the infrared-TeV opacity from far cosmic flight. This offers a
possible solution to the recent, puzzling discovery of tens of TeV gamma photons observed
during GRB 221009A by LHAASO array [43]. Indeed, in this Z boson model, the UHE
secondary propagation could offer the observed UHECR signals, as well as the TeV-PeV
gamma signals, overcoming the infrared-TeV cut-off. The neutrino masses needed for this
Z boson model could range from 0.1 to 0.4 eV [41].

Being nearly consistent with present cosmology bounds, they require an exceptional
energetic ZeV neutrino signal. Also, a slightly larger value for the neutrino mass, 1.6 eV,
could be tuned with the recent sterile neutrino claims. We mention this model (often
referred to as the Z burst one [27,28]) just as a possible solution for the few unsolved
clustering, such as the recent Amaterasu, the most extreme one detected by TA [35] (see
Figure 6), as well as for the 3C 454 eventual hot spot clustering, both with the Fermi gamma
spot and the Auger UHECR mild clustering. On the same subject, there are additional
correlations among the UHECR and the active flaring activities. As from Mrk 421 in
2012 and 2013 [44], all such far cosmic connections might require a Z burst model as
their solution.

Anyway, a more conventional solution, as mentioned above, is based on the heaviest
UHECR nuclei and their largest deflection. The event can have originated, for instance,
from a galactic 55433 source; it is a well-known galactic binary system whose jet is spinning
and precessing in spirals. At its birth, thousands of years ago, it could have been ejecting
UHECR energy signals in a GRB beam, observed with a delay, nowadays in TA.

9. Discussion and Conclusions

CR are charged and bent. At the highest energy, above EeV, 10'8 eV, the bending for
such UHECRs might be reduced; indeed, at tens of EeV, some final clustering was aroused
in Auger and TA data since 2007; more recently, a dipole around 10!’ eV was found, and
also, about three hot spots at 4 x 10! eV were noted.
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The nuclear cut-off for UHECR, either by photopion or by photo-disruption (see
Figure 4), bound the UHECR in a near GZK cosmos for nucleon (or heavy nuclei), or even
into a much smaller one for lightest nuclei (He, D, Li, Be). The Auger and the TA clustering
did not show the expected Virgo mass presence within the GZK volume. Therefore, it
has been claimed that UHECRs were dominated by the lightest nuclei, such as UHECR
at 4 x 10" eV. The recent composition signature of UHECR indeed showed such a clear
evolution: from proton at a few EeV to the lightest nuclei at 4 x 101 eV, and a few light-to-
heavy (Nickel-like) nuclei composition above 8 x 10!° eV energy. Therefore, we first meet
at a few to several EeV of energy, a wide, smeared UHECR clustering, such as the Auger
dipole one. Then, at higher tens of EeV energy, we encounter more collimated signals from
the lightest nuclei forming the hot spot ones. Later on, the appearance of light nuclei, with
larger charges, offers a smoother, isotropic map again. Finally, at the largest energy of
80-100 EeV, signals are due to a more bent UHECR behavior because of the largest charge
in the heaviest nuclei. They might even be contained or originated in our own galaxy and
in the Local Sheet galaxies.

In a few sentences, UHECR at EeV energies and below are mostly galactic spiraling
CR smeared as protons and partially as lightest nuclei. At a few EeV, they form in a wide
asymmetric dipole made by LMC, Vela, Crab, and NGC 253. Then, at a few tens of EeV,
UHECR are clustered in a few hot spots originating from the nearest Local Sheet star burst
galaxies, all bounded by photonuclear disruption. Cen A and NGC 253 rule in the South
Auger sky. M82, M31, Cas A, and Maffei galaxies rule in UHECR, TA, and the North
sky. Finally, most energetic UHECR made by the heaviest nuclei are much more bent and
smeared and mainly originate (or are captured) from our magnetic fields by galactic or
nearby Local Sheet sources.

Over the past two decades, the prevalent view first favored proton carriers and
extragalactic cosmic AGN jets in super cluster planes as the ideal accelerator for UHECR.
The apparent GZK cut-off by Hires, Auger, and TA also favored this view. But the Virgo
absence, as discussed above, and the lightest or heavy nuclei signature in UHECR air
shower profiles, are changing the models” frames.

Since 2008, the idea that UHECR are mostly the lightest nuclei has been developed,
reaching us mainly from the nearest Local Group, or to be more detailed, within the
Local Sheet, i.e., from Cen A, M82, NGC 253, and probably from the irregular nearby
Galaxy Cas A. Even our nearby M31, Andromeda, could be the source of a recent growing
clustering of UHECR events; see Figure 5. The additional role of the Maffei Galaxies,
well within the nearest few Mpc distance, has been added in the present article. They are
possibly correlated, with M31, with a recent growing clustering of UHECR events in their
surrounding space. They are all in our Local Sheet Universe.

The presence of multiplets pointing to Cen A and, in particular, of the last NGC 253 [26],
had been noted to be feeding the Auger dipole anisotropy [26] Figure 5). The most recent
multiplet is consistent with the Cen A and Vela or LMC possible roles (see Figure 9) also
possibly feeding the Auger dipole.

Several EeV dipole anisotropies could also be polluted by a few, well-known, galactic
transient sources, such as the ones in LMC, SMC, and the small BH jet in star burst NGC 253.

A remarkable correlation with UHECR quadruplets around 55433 (a famous precess-
ing jet by a microquasar BH) is underlined. Eventual heavy nuclei, such as Ni atoms, could
be so heavy and charged to be very bent, nearly 45.5° from such a nearby 5 kpc distance.
It could therefore even point toward and correlate with the recent Amaterasu event, the
highest UHECRs ever observed by TA [35]; see Figure 6.

In summary, the lightest nuclei model in a Local Group and partially in nearly galactic
sources is suggested. it is supported by different hints: a recent UHECR asymmetry among
northern—southern sky; an anisotropy due to the Local Sheet mass density asymmetry
(higher in the North equatorial sky than the South one). This is because of the absence of
the Virgo Cluster in UHECR Auger data, due to the lightest nuclei dominance in tens EeV
energy sky, as well as because of the compositional transition of UHECR from protons at
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ten EeV to the lightest nuclei (He, Li, Be) at a few tens of EeV. This is based on how slant
depths have been pointing in the last decade, and by the remarkable multiplets that have
been somehow foreseen nearby AGN, Cen A, and NGC 253 [21] (see Figure 10).

O(EfAger = 482 EeV) - W =25°

75°

Li & Ma significance [o]

Figure 10. The clustering and the main sources with earliest multiplets in galactic coordinate. Several
nearest SNR and star burst galaxies within 2-3 Mpc: Cen A, M 82, NGC 253, Cas A. The last one
is a nearby irregular star burst galaxy located on a galactic plane, also in axis with its SNR at the
Milky Way plane. The three UHECR multiplets [21,25] are estimated to come from the few candidate
sources, marked by the blue “+”, two toward Cen A and one toward NGC 253, which are overlapping
the most recent clustering map based on TA and Auger data [34].

Other recent models proposed local origins for UHECR in similar frame, based mainly
on the star burst assumption [22]. There are overlapping views of these models.

The tuned and bounded local Universe size for us is basically linked to the photo
disruption of the lightest nuclei; this key role was solving the Virgo absence, the corner-stone
on the road toward a local universe for UHECR.

The absence of any galactic plane in the UHECR signature, such as the Auger dipole,
suggests the absence of any continuous spherical averaged emission, such as the SNR
galactic plane. It favors a rare, beamed, and accidental source location in our own Galaxy
or in LMC volume.

The unexpected directions of UHECR as the two most intense UHECR in Fly’s Eye
and in the recent TA event, Amaterasu, could probably be the heaviest nuclei, such as Fe
and Ni. They are more energetic than others, being at hundreds EeV; but they are at least
ten or twenty times more charged and bent than any lightest nuclei trajectories at tens of
EeV. This makes it more acceptable for the lightest nuclei UHECR clustering at a few tens
of EeV with respect to a blurred and smeared hundred EeV nuclei.

UHECRs may rise also from past galactic jet events at peak intensity, such as, for
instance from S5433, Cas A, Cygnus X-3, Vela, LMC, SMC, or Crab.

The unexplained hundreds of EeV sources, if from the nucleon, may be the exotic
neutrino Z burst model.

Indeed, any UHE ZeV neutrino scattering onto relic ones could still offer an alternative
solution [27] based on neutrino mass in dark warm halos and on UHE ZeV cosmic neutrino
annihilation via Z boson resonance.

The key to disentangling the two models is the nature of their composition. A nucleon
nature, from shower slant depth, for the Amaterasu event, suggests a far source bursting
via the UHE ZeV neutrino model. An Amaterasu heavy nuclei composition favors a very
local, maybe galactic source via its heaviest and most bent trajectory.
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The conventional model of the lightest UHECR nuclei from the few Local Sheet sources,
such as Cen A, NGC 253, Andromeda, M82, and Maffei Galaxies, with some contributing
from the heaviest ones at the highest energies even from our own galaxy, currently seems
the most reasonable and acceptable one to encompass most UHECR puzzles.

Note

Since this paper was submitted, a few works with similar models have been published
simultaneously, e.g., Ref. [45]. In particular, there is a recent one on the role of the highest
energy heavy nuclei feeding the observed isotropic sky of UHECR [46], as well as a second
more updated one on the preferential map for the clustering of UHECR along the nearest
sources in the Super-galactic plane [47]. Our results overlap, at least in part, with the
findings of all three papers.
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