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Extreme Energy Cosmic Rays, EECRs — cosmic rays with energies beyond the GZK cutoff (i.e.
greater than 100 EeV) are scarce. Only a few of such events have been detected by air shower
experiments and the nature of the primary particles are still unknown. Individual EECRs sources
become more prominent, relative to the background, as the horizon diminishes. We show that
an event-by-event, composition-dependent observatory would allow us to limit the character of
the sources and learn about the intervening magnetic fields, as the deflections in the intervening
Galactic and extragalactic magnetic fields depend on the nature of the particle. A major goal here
is to provide a methodology to distinguish between steady and transient sources.
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1. Introduction

The mystery of the origin of cosmic rays remains surely one of the biggest challenges in
high energy astrophysics. These "messengers" of high energy sources are rapidly isotropized
by magnetic waves when the gyroradius is comparable to the coherence length of the turbulent
magnetic fields [1]. Because the intergalactic magnetic turbulence has larger scales of the order
of a megaparsec (typically the size of the largest structures in the universe) there was a hope that
at the highest energies, the gyroradius would be large enough so that the cosmic rays would travel
in straight lines, with their arrival directions pointing to their sources. However, the large scale
magnetic fields from our own Galaxy also deflect cosmic rays from their initial directions, with
angle of deflections that are quite large even at a rigidity (momentum per unit charge) of 10'° V
which corresponds to iron nuclei at 260 EeV (1 EeV= 1 10'8 eV) [2].

Both Pierre Auger Observatory and Telescope Array reported a handful of high energy cosmic
rays events above 150 EeV (the most extreme energy cosmic rays, EECRs, and the ones we focus
on this paper). There are some important benefits of using EECRs, even if such events are rare, to
constraint the origin of the sources:

e Because of the limited horizon at the highest energies, there are only a few number of
source candidates (see Fig. 1). The reason for this is the limited mean free path at the
highest energies due to the energy and mass losses by interaction with the ubiquitous Cosmic
Microwave Background as well as the Extragalactic Background Light [3, for a review].
Therefore, the cosmic-ray "horizon" (defined as the distance from which 95% of the cosmic
rays of a given energy and composition have been lost) is limited to our local supercluster
(~40 Mpc) for proton and iron nuclei at 150 EeV, which corresponds to our local supercluster.

o At the highest rigidities, the effect of the Galactic Magnetic Field (hereafter GMF) is better
characterized because it is mostly the large-scale halo magnetic field (deduced from Faraday
rotation measurements) that affects the cosmic ray transport. Assuming a GMF model, it is
possible to calculate the deflections and time delays in the Galaxy. The particle trajectory
depends on its rigidity. If the nature of the particle is unknown, it is difficult to know the
history of its propagation in the Galaxy. This is why it is of prime importance to have better
constraints on the mass of the cosmic-ray events with future experiments.

We propose here a new methodology, using our current knowledge of the GMF, the attenuation
factor due to the GZK effect and the source distribution in the local universe to build "treasure
maps" of the most promising directions to detect doublets of EECR events in the future [4].

2. GZK horizons and source candidates

We model the source spectrum of the cosmic rays (denoted by the s index) as a power-law
spectrum with spectral index y and a cutoff energy Eg max:
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The source spectrum from Eq. 1 is repeatedly injected at distances dy for various choices of
E min> Es.max, Y, and the several nucleus masses from Ag = 1 (protons) up to Ay = 56 (iron).

We introduce the parameters Eqps and Aqps, Which are the lower thresholds for the energy and
mass number of cosmic rays observed at Earth. The extragalactic propagation of EECR between
the source location and the Earth is modeled using the code PRINCE [5]. We define the spectrum
at the distance of the Earth as

dT 4.
— S ’Esmin’Esmax 2
i (s 7. Es, ,max) ()

separately for each nuclear mass A; < A. The lower masses are populated due to the disintegration
of nuclei in photo-nuclear and photo-hadronic interactions.

We work towards the definition of the GZK horizon using the loss of number, in analogy to an
attenuation coefficient:

aGZK(AS’ d, Es,maxa Y | Agbs, Eobs) =
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setting Es min t0 Eobs = 150 EeV. The resulting agzx are then calculated for several choices of Aops,
v and A;. Any observed high energy cosmic-ray proton can be the remnant of a heavier nuclei
starting its journey at larger distances than the strict horizon for protons. The EECR horizon is
limited to our local supercluster (~40 Mpc) for EECRs starting as proton and iron nuclei at 150 EeV.
For intermediate mass cosmic rays such as CNO, the horizon is not larger than ~ 2 Mpc, i.e. limited
to the size of the local group. The observational capability for the mass composition above 100
EeV thus carries critical information about the EECR source distance.

We use the Updated Nearby Galaxy Catalog [6]. As of 2022, the catalog includes 1,420
galaxies with an sufficiently precise distance estimate. With the exception of KK198, which is
located at a distance of 49 Mpc, all other galaxies are within a distance of 30 Mpc. We note that
85% of the entries of this catalog are dwarf galaxies, which follow a similar distance distribution as
regular galaxies. For jetted AGNs we use the a subset of the catalog [7] and for Starburst Galaxies
(SBG) the catalog [8]. The sources candidates from these different catalogs are shown in Fig. 1.
One can see that for EECRs with Ey,s > 150 EeV, Agps > 12 there are no Starburst or Jetted AGN
host candidates, while for for EECRs with Egps > 150 EeV, Aqps > 1, there are Starburst, Jetted
AGNSs and Cluster Accretion Shocks within the EECR horizon.

3. Magnetic Fields

3.1 Magnetic Lensing in the Galaxy

The GMF is responsible for the point source magnification M. The large scale field can both
increase and decrease the cosmic-ray flux through magnetic focusing/lensing [9]. The turbulent
magnetic field splinters the particle trajectories into ever-diminishing regions spreading over an
increasing area and leads to pitch angle scattering. It is the second effect that is most important for
determining the magnification so long as the deflections are small; when the deflections are large,
the cosmic rays from a given sources will be mostly affected by the large-scale, coherent field.
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Figure 1: Source candidates within 2 Mpc (top) and 40 Mpc (bottom). On the left panel, the maps contain
all galaxies, Starbursts and Jetted AGNs; while on the right panel, only Starbursts and Jetted AGNs are
shown. Some popular candidate sources M82, Centaurus A, NGC253, and M87 (including a 10° circle for
the expected accretion shock) are shown as green stars to aid with orientation.

Thanks to the recent progress made in the modeling of the GMF, we have been able to calculate the
magnification factors M assuming a specific GMF model.

3.2 Temporal dispersion in Galactic and extragalactic magnetic fields

The temporal dispersion 74 for two cosmic rays with the same rigidity, has two contribu-
tions, one from the GMF, 74 gmr, which we calculate assuming a GMF model, and one from the
extragalactic magnetic field (EGMF), 74 ggmpr- Assuming a purely turbulent extragalactic field
with a Kolmogorov spectrum with a rms intensity B,g and a coherence length Ay, the average
extragalactic dispersion is 74 gomF ~ 5 yr (E200/ Z)‘ZBﬁGdSfvlpc/hv[pC [10].

Based on the available GMF models, we can provide an estimate of the temporal dispersion in
the Galaxy as a function of the direction of the source in the sky and the rigidity. We use the Jansson
and Farrar GMF model [11], with and without the correction introduced with Planck observations
[12] and the Terral and Ferriere GMF model [13] to calculate the temporal dispersion of the EECR
signal due to the GMF as a function of the source direction and the rigidity of the particle. The
propagation of cosmic rays through the GMF is modeled using the Monte Carlo code CRPropa
3.2 [14]. We refer the reader to [4] for the details of the calculation. Multiplets of EECR events
are more likely to be detected in “magnetic windows” of the sky where the temporal dispersion,
T4, 1s small enough to detect at least one doublet within the typical observation time of an EECR
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observatory, typically decades. This window has to back-project to source candidates, which is not
guaranteed when the sources are scarce due to the limited horizon.

4. Detecting EECR doublets

4.1 General considerations

Given the apparent advantages of EECRs, we are interested in characterizing how many source
candidates from our local volume (or local supercluster) can be expected to be accessible. To answer
this question one must consider several arguments:

e The source distances are limited by the attenuation functions agzk due to the GZK effect, see
Sec. 2. Thus, the number of candidate sources depends on the choice of Agps, Eobs and Ay,
and to some extent on the assumed source parameters, like En,x or y.

e Transients sources, such as gamma-ray bursts or tidal disruption events, are, presumably,
correlated with the distribution of galaxies.

e Due to the deflections within the GMF, parts of the sky are inaccessible to observations since
there are no valid trajectories that can connect the Earth to a source. On the other hand,
magnetic lensing can magnify certain directions, as explained in Sec. 3.1.

e Due to the turbulence of the GMF, cosmic rays arriving from the same direction have slightly
different travel times leading to a temporal dispersion 74 gmr. It has to be combined with the
dispersion due to the EGMF, 7,4 ggmr. These are explained in Sec. 3.2.

e One needs to consider the location and zenith angle coverage in case of a ground based
detector. In particular, this is important for heavier compositions where the accessible regions
of the sky don’t coincide with the exposure function at Earth, see Fig. 2 for illustration.

4.2 Number of host galaxy candidates for detecting EECR doublets

For a transient source at 50 dsy Mpc to create a doublet of 2 EECR events at 200E,qg EeV, the
minimum isotropic equivalent energy (denoted as Ui, 2) would need to be

Uiso2 ~ 4.38 - 107%erg (14/10°yr)d3, E 0 (E/Epao) ™ agyeM ™ 'ny! 4)

where ny, is the number of years of observation. For TA, the annual exposure is Ea ~ 900 km? sryr,
so the isotropic equivalent energy needed would have to be ~six times higher than for PAO. The
number of host galaxies within the field of view that can harbor transient EECR sources able to
provide a doublet is performed using a weighted sum, where for each source in the catalog the
weight is defined as

Uiq
Wy :max(l, 0 ) 5

50,2
where Uiso,2 is given by Eq. 4 (the energy necessary to provide a EECR doublet after taking GZK
and magnification into account) and Ui, is the true source energy (which can be larger or smaller).
The weights are capped at 1 for the doublet case, so once a catalog source reaches this condition it
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is fully counted, whereas a source doesn’t contribute if it is not within the field of view (M = 0)
or beyond the GZK horizon (ds > dosq,). Transients within host galaxies with wg between 0 and 1
can produce observable doublets with reduced probability.

4.3 “Treasure Maps” of the most promising directions for detecting EECR doublets

The sky maps, shown in Figs. 2 aim to visualize and compress the results of the simulations.
The maps are in Galactic coordinates and centered on the Galactic anti-center (GA), since for
EECRs heavier than protons the directions behind the Galactic center (GC) are unreachable due to
the strong deflections, and hence the maps are often blank there. Color coding is used for the time
dispersion 74 gmr. Transparency is assigned to the magnification map, where M = 0 corresponding
to fully transparent and M > 1 to solid color. The host galaxy candidates are shown as circles, their
color corresponds to the total 74, and their transparency channel is set to min(agzk, M). Sources
farther than dosq, are not shown for clarity. We refer the reader to Fig. 1 where some popular
candidates sources are displayed for orientation.

These treasure sky maps demonstrate that to estimate the visibility of specific host galaxies
within the field of view of an observatory requires anisotropic, four-dimensional modeling (in di-
rection, distance, and temporal dispersion). The GMF plays a crucial role even at these extreme
energies. Thus, neglecting the GMF’s impact or approximating deflections by isotropic smear-
ing kernels is inappropriate for source searches under the assumption of light or heavy nuclear
composition. We have compiled the figures for all the tested models in a public data release [15].

5. Summary

The minimum isotropic energy Ui, in EECRs above 150 EeV to get a doublet from a single
transient source at a distance d, in the direction (/, b), depends on the total temporal dispersion 74
(in the EGMF and the GMF), on the GZK attenuation agzk (d;), on the magnification M (/, b), and
the field of view of the experiment, all displayed in the treasure maps. We then count the number
of sources satisfying this condition. For the most optimistic case where the EGMF is negligible,
we get 100 galaxies satisfying this condition for Ujs, = 10% erg, and 1,000 for Uiy, > 10% erg.
So, even if we have 1000 candidate galaxies, we have to take into account the rate of the transients
to estimate the probability to observe a doublet during 10 year observation period, typical for an
UHECR observatory. The minimum rate is then 10~*yr~!galaxy~'. We can compare this rate to
the rates of known transient sources, and we refer the reader to our paper for this discussion [4].

We also showed that an analysis of the multiplet arrival times would allow us to distinguish
between transient and continuous sources. Essentially, time arrival of events with a similar rigidity
can be drawn independently from the asymmetrical distribution of time delays and compared with
the data. The discovery of more EECRs and multiplets of events with a composition-sensitive
detector could rule out many currently viable source models.

We thank Alan Watson for useful comments. N.G.’s research is supported by the Simons
Foundation, the Chancellor Fellowship at UCSC and the Vera Rubin Presidential Chair. This work
was supported by a grant from the Simons Foundation (00001470, RB, NG). A.F. acknowledges
the hospitality within the group of Hiroyuki Sagawa at the ICRR, where he completed initial parts



Treasure Maps Noémie Globus

p, JF12Planck, 150 EeV
Aobs =1
TA sky
0.1 nG

p, JF12Planck, 150 EeV
Agps=1
PAO sky
0.1 nG

logio(years) log1o(years)
N, JF12Planck, 150 EeV N, JF12Planck, 150 EeV
Aobs =12 = D 5 Aobs =12
N TA sky e - g PAO sky

0.1nG . 5 0.1nG

TN

1 2 3 a4 1 2 3 a4
logio(years) logio(years)

Fe, JF12Planck, 150 EeV Fe, JF12Planck, 150 EeV

Agps =12 Agps = 12
TA sky PAO sky
0.1 nG 0.1 nG

TN

67

1 2
logo(years) logio(years)

Figure 2: EECRs at 150 EeV “treasure maps” for TA (left) and PAO (right), for protons (top), nitrogen
(middle), iron (bottom) for the JF12Planck GMF model. The color of the gradients is assigned to 74,GMmF.
The gradient’s opacity is controlled by the truncated magnification maps min(M, 1), which include the
detector exposure function. The source colors are assigned to the total 7, (the EGMF strength is 0.1 nG as
indicated). The source marker opacity is set to min(agzk, M), i.e. within the detector’s exposure the markers
fade mostly due to agzk and due to M outside of it. We consider here the case Aops > 12 (i.e., at detection),
to demonstrate the impact of on the observed volume in case of a composition-sensitive detector that can
provide a sub-sample of nucleus-like events.

of this work as a JSPS International Research Fellow (JSPS KAKENHI Grant Number 19F19750).
We acknowledge the computational resources and support provided by the Academia Sinica Grid-
Computing Center (ASGC), which is supported by Academia Sinica.

References

[1] N. Globus, D. Allard and E. Parizot, Propagation of high-energy cosmic rays in extragalactic
turbulent magnetic fields: resulting energy spectrum and composition, A&A 479 (2008) 97
[0709.1541].


https://doi.org/10.1051/0004-6361:20078653
https://arxiv.org/abs/0709.1541

Treasure Maps Noémie Globus

(2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

G.R. Farrar and M.S. Sutherland, Deflections of UHECRs in the Galactic magnetic field, J.
Cosmology Astropart. Phys. 2019 (2019) 004 [1711.02730].

D. Allard, Extragalactic propagation of ultrahigh energy cosmic-rays, Astroparticle Physics
39 (2012) 33[1111.3290].

N. Globus, A. Fedynitch and R.D. Blandford, Treasure maps for detections of extreme energy
cosmic rays, The Astrophysical Journal 945 (2023) 12.

J. Heinze, A. Fedynitch, D. Boncioli and W. Winter, A new view on Auger data and
cosmogenic neutrinos in light of different nuclear disintegration and air-shower models,
Astrophys. J. 873 (2019) 88 [1901.03338].

L.D. Karachentsev, D.I. Makarov and E.I. Kaisina, Updated Nearby Galaxy Catalog, Astron.
J. 145 (2013) 101 [1303.5328].

S. van Velzen, H. Falcke, P. Schellart, N. Nierstenhofer and K.-H. Kampert, Radio galaxies
of the local universe. All-sky catalog, luminosity functions, and clustering, A&A 544 (2012)
A18[1206.0031].

C. Lunardini, G.S. Vance, K.L. Emig and R.A. Windhorst, Are starburst galaxies a common
source of high energy neutrinos and cosmic rays?,J. Cosmology Astropart. Phys. 2019
(2019) 073 [1902.09663].

D. Harari, S. Mollerach and E. Roulet, Signatures of galactic magnetic lensing upon ultra
high energy cosmic rays, Journal of High Energy Physics 2000 (2000) 035.

M. Lemoine, G. Sigl, A.V. Olinto and D.N. Schramm, Ultra—high-Energy Cosmic-Ray
Sources and Large-Scale Magnetic Fields, ApJ 486 (1997) L115 [astro-ph/9704203].

R. Jansson and G.R. Farrar, A New Model of the Galactic Magnetic Field, ApJ 757 (2012) 14
[1204.3662].

Planck Collaboration, R. Adam, P.A.R. Ade, M.I.LR. Alves, M. Ashdown, J. Aumont et al.,
Planck intermediate results. XLII. Large-scale Galactic magnetic fields, A&A 596 (2016)
A103[1601.00546].

P. Terral and K. Ferriere, Constraints from Faraday rotation on the magnetic field structure
in the Galactic halo, A&A 600 (2017) A29[1611.10222].

R. Alves Batista et al., CRPropa 3.2 — an advanced framework for high-energy particle
propagation in extragalactic and galactic spaces, 2208.00107.

N. Globus, A. Fedynitch and R.D. Blandford, Eecr treasure maps additional figures, Jan.,
2023. 10.5281/zenodo.7568073.


https://doi.org/10.1088/1475-7516/2019/05/004
https://doi.org/10.1088/1475-7516/2019/05/004
https://arxiv.org/abs/1711.02730
https://doi.org/10.1016/j.astropartphys.2011.10.011
https://doi.org/10.1016/j.astropartphys.2011.10.011
https://arxiv.org/abs/1111.3290
https://doi.org/10.3847/1538-4357/acaf5f
https://doi.org/10.3847/1538-4357/ab05ce
https://arxiv.org/abs/1901.03338
https://doi.org/10.1088/0004-6256/145/4/101
https://doi.org/10.1088/0004-6256/145/4/101
https://arxiv.org/abs/1303.5328
https://doi.org/10.1051/0004-6361/201219389
https://doi.org/10.1051/0004-6361/201219389
https://arxiv.org/abs/1206.0031
https://doi.org/10.1088/1475-7516/2019/10/073
https://doi.org/10.1088/1475-7516/2019/10/073
https://arxiv.org/abs/1902.09663
https://doi.org/10.1088/1126-6708/2000/02/035
https://doi.org/10.1086/310847
https://arxiv.org/abs/astro-ph/9704203
https://doi.org/10.1088/0004-637X/757/1/14
https://arxiv.org/abs/1204.3662
https://doi.org/10.1051/0004-6361/201528033
https://doi.org/10.1051/0004-6361/201528033
https://arxiv.org/abs/1601.00546
https://doi.org/10.1051/0004-6361/201629572
https://arxiv.org/abs/1611.10222
https://arxiv.org/abs/2208.00107

	Introduction
	GZK horizons and source candidates
	Magnetic Fields
	Magnetic Lensing in the Galaxy
	Temporal dispersion in Galactic and extragalactic magnetic fields

	Detecting EECR doublets
	General considerations
	Number of host galaxy candidates for detecting EECR doublets
	''Treasure Maps'' of the most promising directions for detecting EECR doublets

	Summary

