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Indication of a Local Source of Ultra-High-Energy Cosmic Rays in the Northern Hemisphere
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ABSTRACT

The Pierre Auger Observatory (PAO) and Telescope Array (TA) collaborations report significant
differences in the observed energy spectra of Ultra-High-Energy Cosmic Rays (UHECRs) above 30 EeV.
In this work, we present a joint fit of TA and PAO data using the rigidity-dependent maximal energy
model, and including full marginalization over all relevant parameters. We show that the presence of a
local astrophysical source in the Northern Hemisphere, which is only visible by the TA experiment, can
reconcile PAO and TA measurements up to the highest energies. We demonstrate that the presence of
that local source is favored at the 5.60 level compared to the scenario where both experiments observe
the same isotropic UHECR flux. We also quantify that the astrophysical explanation can describe
the current data better than a scenario where the differences in the observations are explained by
experimental systematics (i.e., energy-dependent shifts). Having tested different mass compositions
emitted from the local source, we conclude that the data are best described by a source lying at a
distance of about 14 Mpc that emits cosmic rays dominated by the silicon mass group; we also discuss

possible source candidates.
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1. INTRODUCTION

Ultra-high-energy cosmic rays (UHECRs) are the
most energetic particles ever detected. These atomic
nuclei with energies above 10'® eV are measured with
increasing precision by the Pierre Auger Observa-
tory (henceforth PAO, Aab et al. 2015), located in
Argentina, and the Telescope Array (TA, Abu-Zayyad
et al. 2013; Tokuno et al. 2012), located in the state of
Utah, USA. Both PAO and TA employ a hybrid detec-
tion technique to detect the extensive air showers trig-
gered in the atmosphere by the UHECRs: A surface
detector array measures the charged secondaries that
reach the ground level, while fluorescence detector sta-
tions measure the development of the air showers in the
atmosphere. Located in the Southern Hemisphere, PAO
observes the sky below a declination of 24.8° (Aab et al.
2020), while TA, located in the Northern Hemisphere,
observes the sky above -16.0° (Ivanov 2019). There are
therefore large portions of the Northern and Southern
Hemispheres that are observed exclusively by TA and
PAO, respectively, but there is also a common declina-
tion band, —16.0° < § < 24.8°, where the sky is ob-
served by both experiments.

As quantified recently by a spectrum working group
from PAO and TA (Ivanov 2017; Deligny 2019; Tsune-

sada et al. 2021), there are differences in the energy
spectrum of the UHECRs as measured by both experi-
ments, as shown in Fig. 1, adopted from that report. In
the left plot, we see that using the energy scales native
to both experiments there is a difference in the overall
flux normalization, as well as the spectral shape at ener-
gies above 10'%® eV, or about 30 EeV. Although Fig. 1
shows full-sky data, discrepancies are also present in the
common declination band, albeit less significantly due to
higher statistical uncertainties.

The total systematic uncertainty in the energy scale
of PAO is estimated at 14% (Aab et al. 2020), while for
TA it is 21% (Ivanov 2019). Shifting the energy scale of
the experiments within these uncertainty ranges leads
to a change in both the shape and normalization of the
UHECR spectra, since they are plotted here as E3.J(E).
As shown by Deligny (2019), shifting the energy scales
of the experiments by a constant value can mitigate the
spectral differences below 30 EeV, as we can see in the
right plot of Fig. 1. However, above that energy the
spectra become again discrepant, with TA data showing
an excess in flux compared to PAO.

For this discrepancy to be explained solely by system-
atic effects, energy-dependent shifts must be introduced
in the energy scales of both experiments. Tsunesada
et al. (2021) have recently quantified the expressions for
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Figure 1. Energy spectrum of the UHECRs as measured by PAO (black) and TA (brown) in the full fields of view (f.o.v.)
of each observatory. In the left plot, we see the data in the native energy scale of either experiment. In the right plot, those
energy scales have been shifted by the amounts specified in the legend, which are within the uncertainty range given by the
experiment systematics. With this constant energy shift, the spectra are compatible at energies below 30 EeV. Figure adapted

from Tsunesada et al. (2021).

these shifts that lead to the best agreement between
the data sets in the common declination band. At the
same time, while the PAO spectrum is independent of
declination, the TA spectrum seems to present differ-
ent spectral features when considering events from the
Northern Hemisphere compared to the common declina-
tion band (see also Abbasi et al. (2018a)). That means
that the same energy-dependent shift in principle may
not be sufficient to explain the difference in the entire
sky (Ivanov 2017; Deligny 2019). This suggests an astro-
physical origin of this discrepancy, namely a local source
whose flux is observed by TA at the highest energies.

The existence of a nearby UHECR source or group of
sources is also supported by previous analyses on the
arrival directions of the TA cosmic rays. For example,
using five years of data, Abbasi et al. (2014) reported
an intermediate-scale anisotropy at 5.1c Li-Ma signifi-
cance in the arrival directions of UHECRs above 57 EeV.
More recently, an update on that analysis with twice the
exposure time has revealed that this hotspot is now sig-
nificant at the 3.30 level (Kim et al. 2021). Additionally,
TA has also confirmed a new excess of events with en-
ergies above 25 EeV from a different direction (Abbasi
et al. 2021a).

In this study, we investigate the hypothesis that a lo-
cal source in the Northern Hemisphere is at least par-
tially responsible for the discrepancy between the PAO
and TA spectra. Using a cutting-edge numerical model,
we simulate the propagation of UHECRs from a hypo-
thetical local source observed only by TA, as well as an
isotropically distributed population of sources observed
by both experiments. We then perform a joint fit of

the results to both TA and PAO data, considering both
spectrum and composition observables and the relevant
multi-parameter correlations. We then use the best-fit
results to constrain the source properties.

The paper is structured as follows: in Sec. 2 we briefly
describe the numerical method and specify the fitting
procedure used to constrain the model parameters. In
Sec. 3 we report the results of the fit and discuss their
interpretation. In Sec. 4 we summarize our conclusions.

2. METHODS
2.1. Source parametrization

We first simulate the UHECR emission from an
isotropically distributed continuous source population
(iso). The sources are considered to have an emissivity
in cosmic rays ié‘ﬁ, defined as the emitted cosmic-ray
luminosity per cosmic volume, and obtained by integrat-
ing above E > 10° GeV. Each emitted isotope of mass A
contributes a fraction f4 of that emissivity. The set of
all f4 values defines the emitted composition, which we
assume to also be the same for all sources. The contri-
bution of the isotropic source population to the observed
flux spectrum of each element A, J5°, can then be writ-
ten as (Heinze et al. 2019; Aab et al. 2017; Batista et al.

2019):

iso iso E 77iso
TE(E) = J5° fa fou(B) n(zm) (mev) |

(1)
where n ~ (1+ z)miso is the cosmological source density
(the index m!*° characterizes the evolution of the source
density with redshift z), ¥'*° is the spectral index of
the emitted cosmic rays, Ji* is the normalization of



the spectra that corresponds to the total emissivity, and

the factor f.u¢ introduces an exponential cutoff at the

energy corresponding to the maximum rigidity R$° =

Emax/ZA:

1 ,E < ZyRis°

max )

exp (1 — ZZ;%) ,E > ZARi?l(Z)LX’

max

fcut(E) =

The maximum rigidity RS of all emitted isotopes is
the same, as is typical of sastrophysical sources opti-
cally thin to nuclear disintegration (Kotera et al. 2015;
Rodrigues et al. 2018; Biehl et al. 2018).

Regarding the injection composition (i.e. the chemi-
cal composition of the cosmic rays as they are emitted
by the sources), we consider a combination of five ele-
ments, each representative of a distinct mass group up
to iron-56: 'H, “He, N, 28Si and %%Fe. In terms of
the propagation simulation, we start with a combina-
tion of these five isotopes at the source (whose fractions
are given by fa as discussed above). As they interact
with the cosmic photon backgrounds, they then produce
nuclear cascades of hundreds of secondary isotopes with
intermediate masses, all of which are taken into account.

We also assume the existence of a single local source
in the Northern Hemisphere, which can be observed by
TA but not by PAO. For simplicity, we explore scenarios
where the local source emits only one of the five mass
groups given above, which is done by propagating the
respective representative isotope. Therefore, the emis-
sion from this source can be fully characterized by a

maximum rigidity R power-law index ~'ocal

sion luminosity L&, and one emitted cosmic-ray mass

group. These parameters will be varied independently
from those describing the isotropic source population.
Finally, the comoving distance to the local source' will
affect the UHECR spectrum observed at Earth, simi-
lar to the evolution parameter m!*° in the case of the
isotropic source population.

Overall, the isotropic source population can be fully
characterized by eight parameters A%° and the local
source by five parameters A1

, emis-

iso __ /_iso iso iso iso iso
A —('Y ,R m-, LCR, A)v

max’

local local local local 7local local
A = (v R Dlocal plocal glocaly

max ?

3)

2.2. Propagation model

! We will generally refer to the comoving distance to the local
source, while keeping in mind that the cosmic rays generally
travel a longer distance due to magnetic field deflections, which
cannot be included in a one-dimensional simulation. This dis-
tinction becomes more relevant the larger the value of Docal,
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Once we characterize the emitted UHECR spectra
from the isotropic sources and the local source with
two sets of parameters A° and A'°“® (Eq. 3), we then
inject those cosmic rays into a numerical simulation
to calculate their interactions as they propagate to-
ward Earth. For this, we use the open-source software
PRINCE (Heinze et al. 2019), which numerically solves
the transport equations of the cosmic-ray spectra. We
use TALYS (Koning et al. 2007) as the nuclear interac-
tion model, and we adopt the Extragalactic Background
Light (EBL) model by Gilmore et al. (2012).

In the case of the isotropic source population, we
consider the emission from a continuous distribution of
sources up to z = 1, since a source at any higher red-
shift will lie outside the cosmic-ray horizon for the en-
ergy range we focus on. In each simulation, we assume
a certain value of the evolution parameter mi*°, which
defines the strength of the cosmological evolution of the
isotropic population, as defined in Eq. (1).

We then add the contribution from the local source.
In the PRINCE framework, a single source lying at a
comoving distance D' is equivalent to a source popu-
lation whose evolution is described by a delta function,
n = §(D = D"°), Because the isotropic source distri-
bution and the local source are independent, we simulate
the propagation of the two separately. We then add the
respective contributions at Earth to obtain the predic-
tion for the total flux observed by TA, while for PAO ob-
servables only the contribution from the isotropic source
population is considered.

After simulating the cosmic ray propagation according
to the above procedure, we obtain the energy spectrum
for each individual isotope at the top of the atmosphere,
as well as values of (InA) and of , for each energy
of the numerical grid. We then compute the mean of
the distribution of the depth of the shower maximum,
(Xmax), as well as its second moment, o(Xax), follow-
ing the procedure by Heinze et al. (2019). Through-
out this work, we will discuss the results for three air
shower models separately: SIBYLL 2.3C (Riehn et al.
2016), Epos-LHC (Pierog et al. 2015), and QGSJET-
I1-04 (Ostapchenko 2011). These predictions will then
be compared with data from both the TA and PAO ex-
periments, resulting in a joint fit.

2.3. Joint fit of PAO and TA data

We aim at describing the spectrum and composi-
tion of UHECRs above Enin = 6 x 10° GeV, originat-
ing from the entire field of view of TA and PAO. The
data from PAO consists of spectrum measurements dis-
tributed over fourteen energy bins (Verzi 2019), nine
data points describing (Xax), and nine more for
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0(Xmax) (Yushkov 2019). The TA spectrum above our
threshold is described by fifteen data points and one up-
per limit (Ivanov 2019), while the data on (Xpax) and
0(Xmax) consist of five data points each? (Abbasi et al.
2018b).

Regarding the composition observables, i.e. (Xyax)
and o(Xmax), we adopt the values published by the
two experiments independently. As argued by de Souza
(2017), a detailed comparison should take into account
the different detector acceptances and resolutions, as
well as the differences between the analysis techniques
of the two groups. However, the tools and data for such
detailed treatment have not thus far been disclosed. Fur-
thermore, as shown in Sec. 3 and previously by Heinze
et al. (2019), the three air shower models considered in
this work lead to different predictions on the observed
composition, which introduces an element of uncertainty
that surpasses the uncertainty from these more detailed
effects. We, therefore, compare the composition data at
face value and leave a more precise analysis for a future
work.

As described in Sec. 2.1, we hypothesize that these
data are explained by an isotropic source population,
characterized by eight parameters A, and a local
source in the Northern Hemisphere, characterized by
five parameters A'°. To account for the systematic
uncertainties of TA and PAO, we further introduce six
nuisance parameters &: 64 and §5A9 characterize the
uncertainties in the energy scales of the TA and PAO
spectra, respectively (see Sec. 1). Furthermore, we have
5<T)‘?‘mx> and (5P A0 X), which define systematic shifts in
(X max), and 6P . and 5
tematic shift in a(XmaX)

As discussed in Sec. 1, different functional forms have
been proposed for the energy shifts 65*Cand §*. In
the main part of this work we will limit ourselves to the
case of energy-independent energy shifts, 65A0= const.
and §FA= const., given as a percentage of each energy
bin. We explore values of § within the uncertainty range
of either experiment (+14% for 622 and +21% for 54
as described in Sec. 1). In App. A we will consider, ad-
ditionally, the more complex scenario where the exper-
iments have energy-dependent systematic energy shifts,
and we show that even in that scenario a local source is
still compatible with the data. Interestingly, however,
our baseline model, i.e. energy-independent systematics
and a local source in the Northern Sky, actually provides

) which define a sys-

2 While ideally, we could draw additional information by mak-
ing use of data subsets from the Northern Hemisphere, South-
ern Hemisphere, and the common declination band seen by both
experiments, these data sets are currently not publicly available.

the best joint fit to the data of all the scenarios tested,
including those with energy-dependent systematics.

Regarding the composition observables, there is no
precedent in the literature for the treatment of their sys-
tematic shifts in a joint fit, because to date no such joint
fit has been performed. We assume that dx, . is given
as a percentage of the systematic uncertainty of each
Xmax data point, and likewise J,(x,,,.) as a percentage
of each 0(Xmax) data point. We treat the d variables as
nuisance parameters, independent from each other and
from the source parameters A*° and A'°°®. We search
the range £100%, which represents the boundaries of
the systematic uncertainties carried by the data from
either experiment. Like for the energy shifts, we con-
sider only energy-independent values of dx . = const.
and 6,(x,,..) = const. in the main part of this text, while
in App. A that condition is relaxed.

The goodness of fit relative to the PAO and TA data
is calculated by means of a x? test:

is PAO PAO PAO
X12:’AO :X%Ao()\lwv 0F 5<Xmax> 50(me))'
X%‘A :X%‘A ()\iso7 )\local7 5% (5TAmax 5g&max)),
(4)

where we assume that the isotropic source distribution
characterized by A'*° is observed by both experiments.

Finally, to compute the goodness of the joint fit, we
combine the x? values from both experiments with the
systematic uncertainties:?

X;lobeﬂ()‘isov )‘locala 0) = (5)
6PAO
Xpao + (PAO) +
§PAO §PAO
+ <Xmax> Xlnax)
100% 100%
XTA +( TA ) +
g

5TA 2 5TA 2
+ (Xmax) + 0 (Xmax) )
100% 100%

As we can see, this x? value takes int both the energy
spectrum and the composition observables with energy
above Emin = 6 x 109 GeV from both experiments.

A simultaneous scan of all parameters A, X°°®! and
d would be computationally expensive, so instead we di-
vide it into two steps. First, we perform a scan of A,

3 Here we follow Huber et al. (2005, 2007), where similar methods
have been successfully used to combine the data from multiple
neutrino oscillation experiments.



assuming only an isotropic source population. We con-
sider the spectral and composition data from PAO in our
entire energy range, as well as TA data below 25 EeV.
This allows us to constrain the isotropic source param-
eters A'*°, as well as the systematic variables & of both
PAO and TA. We scan a three-dimensional parameter
grid in y5°x R xm!*® with 81x61x61 elements. For
each set of parameter values, we numerically simulate
the propagation of the five different primary isotopes
from the entire source population, as described previ-
ously. The result of the propagation for different values
of the other parameters (£5% and the five fijo param-
eters) can be obtained by normalizing the spectra at
Earth to PAO observations.

We then fit the TA data in the full energy range, as-
suming the experiment observes (1) the isotropic source
distribution, with the parameter values A™° previously
obtained, and (2) a local source characterized by A°°!,
which we now optimize. For that, we scan a fine grid in
Alocal ¢ Rlocal y plocal with 40x61x80 elements. For each
set of parameter values we simulate the propagation of
an UHECR spectrum composed of a single isotope Aol
from the local source to Earth. The fluxes arriving at
Earth from the local source are added to those from the
best-fit isotropic source population, before fitting the
TA data.

This two-step approach does not affect the results be-
cause above 30 EeV, where the experiments differ, the
overall fit is driven mainly by the PAO spectrum (due to
its lower uncertainties), and therefore depends primar-
ily on the isotropic source population. The local source
parameters can then be searched separately in step two,
in order to optimize the fit to high-energy TA data.

This method differs from that employed by Heinze
et al. (2019) in three aspects: 1) that work considered
only the PAO spectrum and composition data, while we
include TA data in the same fit; 2) that work considered
only an isotropic source distribution, while we consider
also the presence of a local source observed by TA; and
3) that work took into account only uncertainties in the
energy scale, while we include also the uncertainties on
(Xmax) and o(Xmax)-

Furthermore, for completeness, we also performed a
fit of the model of an isotropic source population to TA
data only. The results of this fit are discussed in App. D
and compared to the main results of this study as well
as the previous work by Heinze et al. (2019). As we will
show, when fitting only TA data an isotropic source pop-
ulation is less favored than when fitting only PAO data
(best-fit x2/d.o.f.=1.6 vs. 1.3). The joint fit obtained in
the main part of this paper leads to a higher value of
x?/d.o.f.=1.7. As discussed in greater detail in Sec. 3,
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this is simply due to the inclusion of data from both ex-
periments, which does not allow for a lower chi-squared
value regardless of the model being fitted.

3. RESULTS AND DISCUSSION

In order to judge our hypothesis of a local UHECR
source, we test two scenarios: 1) the null hypothesis that
both TA and PAO observe the same isotropic source
population, and 2) the hypothesis that TA addition-
ally observes a local source in the Northern Hemisphere.
Both scenarios are evaluated using the joint fit method
described in Sec. 2, considering both TA and PAO data,
and assuming constant systematic energy shifts, which
are also optimized as part of the fit.

In Fig. 2 we show the best-fit results of both scenarios,
obtained using Sibyll as the air shower model. On the
left-hand side we show the case without a local source,
and on the right-hand side the case where there is a lo-
cal source in the Northern Hemisphere. In this case, the
source emits silicon-28 and lies at a distance of 13.9 Mpc,
which corresponds to the best fit found. The exact val-
ues and uncertainties of the best-fit parameters of the
isotropic population, the local source, and the system-
atic energy shifts are provided in Tab. 1 for silicon-28.
For other emitted isotopes there is a dedicated table in
App. B.

The upper plots of Fig. 2 show the predicted cosmic-
ray spectra. Focusing first on the data, we plot as black
data points the energy-shifted PAO spectrum, and as
brown points the TA spectrum. The best-fit energy shift
values are provided in Tab. 1. As expected, the relative
systematic shift between the energy scales, 62AC — §TA
is consistent with the previous analysis by Tsunesada
et al. (2021). The absolute values of 624 and §5A dif-
fer from that study because there they were chosen to be
symmetric, while here they were obtained through the
joint fit to our model. Like in Fig. 1, this shift leads to
an agreement between the spectra from the two experi-
ments up to about 30 EeV, while above that energy the
TA fluxes are generally higher. For reference, we show
as a dashed line the threshold energy of 25 EeV above
which the new excess was found in the TA data (Abbasi
et al. 2021a).

The dashed black curves represent the contribution
of the isotropic source population, which is observed by
both experiments. The contributions from the different
mass groups are shown in different colors. In the top
right plot, we show in addition as a solid black curve
the total contribution from the local source that emits
silicon-28. This contribution is almost entirely within
the silicon mass group also at Earth, as indicated by
the solid yellow curve that can be seen behind the black
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Figure 2. Spectra (upper panels) and composition observables (lower panels) resulting from a joint fit to TA and PAO data,
using SIBYLL 2.3c as the air shower model. In the left plots, we show the best fit considering only an isotropic source population,
and in the right considering additionally the presence of a local source of silicon-28 in the Northern Hemisphere. We assume
an energy-independent shift in the energy scales of the experiments, whose values are given in Tab. 1 together with the other
best-fit parameters. The gray shaded energy ranges are not included in the fit.

curve. Finally, the brown curve represents the sum of
the isotropic population and the local source, which is
the total flux observed by TA.

The first thing to note is that the best-fit spectrum
from the isotropic source population is similar in both
cases, although in the left-hand plot that isotropic com-
ponent is fitted to data from both experiments and in the
right-hand plot only to PAO. This is because at higher
energies, where the PAO and TA spectra are discrepant,
the TA data have considerably larger uncertainties, and
therefore the fit of the isotropic component is driven
by the PAO data in either scenario. This can also be
seen by comparing the left- and right-hand columns of
Tab. 1, where the parameters of the source population
are in fact similar in both scenarios.

Comparing the best-fit results with data, we can see
that in the left panel the isotropic source population
alone fails to explain TA data above 30 EeV, and the
overall joint fit has a high value of 109.1/44 = 2.5 per
degree of freedom (d.o.f.), which includes also the com-
position data in the bottom plots.

In contrast, the model on the right-hand side has a
lower value of x2?/d.o.f.=1.7, because the tension with
TA data is explained by the additional flux from the lo-
cal source. While in the scenario without a local source
the large value of x?/d.o.f. was mainly due to the ten-
sion with the TA spectrum data at high energies, in this

case, the fit cannot be further improved due to the low
uncertainties of the PAO and TA spectra at energies
below ~ 20 EeV. Even by optimizing the energy shift,
the data from both experiments cannot be brought to
a more precise agreement at these low energies, which
necessarily limits the quality of any joint fit. This is in
contrast with the PAO-only fit by Heinze et al. (2019),
who obtained a lower x?/d.o.f.=1.3.

The composition observables are shown in the bottom
plots of Fig. 2. Regarding the isotropic source distribu-
tion, as reported in Tab. 1, the best-fit composition is
dominated by helium at the 80-90% level, followed by ni-
trogen. This is consistent with previous fits to PAO data
only by Heinze et al. (2019) and Aab et al. (2017). That
means that the addition of the TA data does not consid-
erably change predictions on the composition emitted by
the sources. On the other hand, the content of protons
emitted directly by the sources cannot be constrained
because their maximum energy lies below the minimum
energy threshold of our fit. This is due to the assump-
tion of a rigidity-dependent maximum energy for the
emitted cosmic rays, as described in Sec. 2.

Regarding the local source, we can see that its contri-
bution does not change considerably the expected val-
ues of (Xax) and o(Xmax) above our fitting threshold
(compare dashed black curves and solid brown curves
in the bottom-right panels of Fig. 2). Out of the five
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Figure 3. Left: A portion of the parameter space of an isotropic source population, based on a joint fit to TA and PAO data,
assuming both experiments observe only this isotropic source population. Right: Assuming that additionally to an isotropic
source population there exists also a local source of silicon-28 in the Northern Hemisphere (observed only by TA), we show here
a portion of the parameter space of that local source, also based on a joint fit. The best-fit parameters of either scenario (also
listed in Fig. 2) are marked here by white dots, while another minimum, representing an extreme accelerator, is marked by red
squares. The colored shading corresponds to the x? value compared to the best fit, while the yellow, green and blue contours
indicate the 1-, 2- and 30 regions, respectively, calculated for two d.o.f. In each panel, the parameter that is not shown is treated
as a nuisance parameter and minimized over. SIBYLL 2.3c was used as the air shower model.

isotopes we tested, silicon provides the best overall fit
quality for SIBYLL and Ep0s-LHC, and nitrogen for
QGSJET. However, scenarios where the local source
emits other isotopes are also viable. As discussed later
in this section and in more detail in App. B, heavier
isotopes, such as iron, lead to results that fit the data
only marginally worse than silicon, and require that the
source lie farther from Earth. On the other hand, as
shown in App. B, considerably lighter isotopes, such as
protons and helium, provide comparatively poor fits to
data, because the predicted composition at Earth is too
light compared to TA data.

Because the two scenarios of Fig. 2 are essentially
nested models (i.e. they are equal with the exception
of a local source that adds a set of independent pa-
rameters), we can compare them directly using Wilks’
theorem (Wilks 1938). We then conclude that, under
the assumption of a constant systematic energy shift in
both TA and PAO, the existence of a local source in
the Northern Hemisphere is favored at the 5.60 level
compared to the model where there is only an isotropic
source population. The other air shower models also
lead to a result with high significance, as detailed in the
bottom row of Tab. 1.

In App. A we explore how our assumption on the ex-
periment systematics may affect this result. Specifically,
we test the more complex case where the energy shifts in
both experiments are not energy-dependent, as proposed
recently by the TA and PAO working group Tsunesada
et al. (2021). We show that in that case, the presence
of a local source is neither favored nor disfavored, be-
cause the discrepancies between the full f.o.v. spectra at
high energies become smaller, and the fit is no longer
sensitive to the effect of the local source. However,
as shown in App. A, our baseline model with a local
source and energy-independent experiment systematics
can provide a better joint fit than a scenario involv-
ing energy-dependent systematics and is favored at level
4.4¢0. This again supports the idea that the high-energy
flux differences may originate at least partially from an
astrophysical contribution, rather than purely from ex-
periment systematics.

In Fig. 3 we show the values of Ax = /x? — X2,
for a region of the parameter space, where X2 is the
best-fit chi-squared value. On the left, we can see the
parameter space of the isotropic source population for
the scenario without a local source. The white dots rep-
resent the best-fit parameters, which correspond to the
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result in the left panel of Fig. 2. The yellow, green, and
blue contours represent the regions 1, 2, and 30 away
from the best fit. These source population parameters
are compatible with the result by Heinze et al. (2019),
although only PAO data were fitted in that work. As
mentioned above, the reason for this is that at higher
energies, where the experiments observe different fluxes,
PAO data has significantly lower statistical uncertain-
ties, and therefore drives the fit.

On the right panel of Fig. 3 we show the parame-
ter space of the local source in the full model, assum-
ing silicon-28 emission, with the white dots representing
the best-fit result (as on the right-hand side of Fig. 2).
As we can see, the strictest constraint obtained is on
the maximum rigidity of the cosmic rays accelerated by
the local source, Rl As detailed further in App. B,
the best-fit value of E'°¢l = 7, R does not depend
on the isotope (or mix of isotopes) accelerated by the
source. Another interesting feature of RI9%! is that there
are two ranges that can provide a good fit. The lower
range, centered around 20 EeV, is the best-fit case shown
in Fig. 2 (white dots); and for Fynax > 2000 EeV, the
model becomes viable again at the 20 level. The best
fit in this energy range is shown as a red square. This
second case represents a local source that is an extreme
accelerator of cosmic rays up to the ZeV regime. In
this scenario, the ZeV cosmic rays from the local source
disintegrate efficiently into protons and simultaneously
cool down to tens of EeV, leading to a pure-proton com-
ponent at Earth that explains the TA excess. As we can
see in the bottom-right plot, the local source must lie at
a distance of at least 100 Mpc in order for this strong
cooling to occur. Although for Sibyll this “exotic” is at
best 20 away from the best-fit case, when considering
EpP0s-LHC there is in fact a viable solution within the
1o region. These details are discussed further in App. C.

Regarding the spectral index of the cosmic rays emit-
ted by the local source, we can see that our result can
only provide an upper limit of 4'°°*< 0.5. This is be-
cause softer spectra would lead to an additional flux at
Earth below 20 EeV that would overshoot the observed
TA flux. On the other hand, a lower limit of y'°¢! can-
not be obtained because for hard spectra the flux be-
comes dominated by cosmic rays with energy close to
FEnax, and therefore the precise shape of the distribu-
tion cannot be constrained.

Finally, we can see that the distance to the local source
is also constrained. To better illustrate this, we show in
the left panel of Fig. 4 the 1o and 3¢ uncertainty re-
gions on the distance traveled by the cosmic rays from
the local source to Earth, for five different emitted iso-
topes. All other parameters are kept at their best-fit

max

values. Silicon-28 was the case discussed so far, which
provides the best fit out of the five mass groups. Assum-
ing Sibyll as the air shower model (blue, cf. also Tab. 1),
the source should lie at any distance below 23.1 Mpc
for a result within the 1o region, with the best fit ob-
tained for 13.9 Mpc. This constraint on the distance
arises from the optimal efficiency of photodisintegration
undergone by silicon nuclei at the highest energies that
is necessary to explain the data.

In the right plot of Fig. 4 we show the energy loss
length for silicon (yellow curve) and, as a reference, the
energy range relevant for our fit (orange band): from 6
EeV, the minimum energy of the joint fit, up to 224 EeV,
the highest energy for which TA provides a flux measure-
ment. As we can see, the energy loss length of a silicon
nucleus with an energy of ~200 EeV is roughly 10 Mpc,
which is the same order of magnitude as our optimal
local source distance of 14 Mpc. If the local source were
to lie much closer to Earth, the emitted silicon nuclei
would undergo less photodisintegration, leading to an
observed TA flux with a harder spectrum and heavier
composition. However, as we can see in the left-hand
plot, in that case, we are still able to explain observa-
tions within the 1o region of the best fit. On the other
hand, if the source were to lie at a distance much larger
compared to the energy loss length, efficient photodisin-
tegration at these energies would be too thorough, pro-
ducing large amounts of secondary nuclei. These lighter
isotopes should then be observed by TA at lower en-
ergies (due to their lower mass number), leading to an
additional flux that is not supported by the data. For
that reason, distances much larger than ~ 10 Mpc are
excluded for the case of silicon.

By the same token, for a lighter element like nitrogen,
the maximum distance to the source becomes limited to
about 1 Mpc, as we can see on the left-hand-side plot,
while for heavier isotopes like iron it is much larger, of
order 100 Mpc. All these cases can be understood by
noting the different curves of the right-hand plot, as the
optimal distance to the source corresponds roughly to
the energy loss length of the respective isotope at the
highest energy.

As shown in Fig. 4, Andromeda (M31) lies at a dis-
tance of 752 kpc. Our neighboring galaxy is therefore
in principle viable as a local UHECR source in the case
of intermediate-mass isotopes like nitrogen and silicon.
On the other hand, a source such as the Perseus-Pisces
supercluster (PPS, also known as A 426), at 70 Mpc,
would satisfy the distance criterion for isotopes in the
iron group. Both these objects are also supported as
possible local source candidates by current data from
TA, since their position is compatible with the direction



of the high-energy excess recently detected (Kim et al.
2021). Additionally, other candidate sources may also
of course exist. Possible candidates may even lie outside
the region of the new excess, due to cosmic-ray deflec-
tions by the Galactic magnetic fields (GMFs); see also
discussion below.

In terms of energetics, as detailed in Tab. 1 and Tab. 3
in App. B, the necessary cosmic-ray luminosity of a
source that emits nitrogen is 10%° erg/s. For an iron
source, we need a luminosity of 5.5 x 10*® erg/s, which
is higher due to the larger distance required. Both An-
dromeda and the PPS have higher total photon lumi-
nosities (10** erg/s and 8 x 10%* erg/s (Boehringer et al.
2021), respectively), which means that they may be fea-
sible candidates within this model from the energetics
point of view. In the case of Andromeda, a very low
cosmic-ray loading of 1075 would be sufficient to ex-
plain observations. On the other hand, being a spiral
galaxy, the question would still remain of what are the
acceleration sites of such energetic cosmic rays, which is
however outside the scope of this work.

In general, large-scale structured GMF's will
cause a shift in the position in the sky of the
UHECR source. On the other hand, the pres-
ence of small-scale turbulent GMFs leads to a
spreading effect around the source position (see
e.g. Shaw et al. (2022)). This spreading effect
needs to be small enough for the local UHECR
source in the Northern Hemisphere in order not
to affect our declination-dependent interpreta-
tion of the spectrum. The amount of spread
around the (potentially shifted) source position
can be estimated as (see e.g. Lee et al. (1995)):

2 ZeB
erms %*\/D)\B <
T

E

1/2 1/2
~035°7 2 Ag
10 kpc 100 pc

: (1iG) (100EEeV>1’ (6)

with D the distance through the Galaxy where
these turbulent magnetic fields are present, \p
the correlation length of the turbulent magnetic
fields and B the magnetic-field strength. For
silicon-28 with an energy of 30 EeV, and typ-
ical order-of-magnitude magnetic-field parame-
ters of D = 10 kpc, Ap = 100 pc and B = 1 uG,
this gives 0.ms ~ 16°, which is roughly consistent
with the extent of the new excess found by TA.
However, note that the extent of the turbulent
magnetic fields in our Galaxy, their correlation
length and their strength are not well known.
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If they happen to be significantly stronger or
wider spread than the order-of-magnitude esti-
mates given here, the expected UHECR spread-
ing increases significantly. In such a scenario, a
lighter composition than silicon might be favor-
able.

4. SUMMARY AND CONCLUSIONS

We have performed a joint fit to current PAO and
TA data accounting for both spectra and composition
observables; we have been using the standard rigidity-
dependent maximal energy model considering all rele-
vant parameters including their multi-parameter corre-
lations. We have tested the hypothesis that both experi-
ments observe an isotropic distribution of equal UHECR
sources, while TA observes an additional local UHECR,
source located in the Northern Hemisphere. We have
demonstrated that the presence of the local source is fa-
vored at the 5.60 level compared to the null hypothesis
of an isotropic sky.

Our best joint fit reveals a local source that emits cos-
mic rays dominated by the silicon-28 mass group, with
a hard spectrum (y'°°* < —1.0) and a maximum energy
of El°¢= 20 EeV. Although the best fit is obtained
considering Sibyll 2.3¢ as the air shower model, good
fits can also be obtained when considering QGSJET-
11-04 and Epos-LHC — which we have also tested. Be-
sides silicon, other isotopes with masses between nitro-
gen and iron are also viable within the 30 region relative
to the best fit (cf. App. B). In the silicon scenario, the
source must lie within a distance of 14 Mpc, making An-
dromeda a viable candidate. For heavier elements such
as iron, the local source should lie at a distance of the
order of 100 Mpc, compatible with an object such as
the Perseus-Pisces supercluster. Both source candidates
have a photon luminosity higher than the cosmic-ray lu-
minosity required by the model, making them energet-
ically viable. Furthermore, both lie within the angular
uncertainty region of the flux excess recently reported
by TA (Kim et al. 2021); our model predicts that their
contribution should be dominant above 30 EeV, which
is approximately the energy range of the TA excess.

While we have derived our main result using standard
systematic shifts of the energy grids of the PAO and TA
experiments (independent of energy), we have compared
to a scenario where the differences in the measurements
may originate from systematic energy-dependent shifts
in the energy grids of the two experiments; see App. A
for details. We have demonstrated that the astrophys-
ical explanation (the local UHECR source) leads to a
significantly better goodness of fit versus the tested sys-
tematics explanation (x?/d.o.f. = 1.7 versus 2.5 com-
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Figure 4. Left: Best-fit results on the travel distance of the cosmic rays emitted by the local source, depending on the emitted
isotope, in the lo region (bold error bars) and 3o (thin error bars), for one degree of freedom. The colors refer to the three
different air shower models. Right: Energy loss lengths (for redshift z = 0) of the four tested isotopes as a function of the
nucleus energy. This includes adiabatic cooling, photopair production, photopion production and photodisintegration off the
CMB and EBL (Heinze 2020). The orange band shows the energy range relevant for the joint fit.

pared to the null hypothesis of standard systematics and
isotropic sky). Note, however, that the local UHECR
source cannot be significantly established on top, if the
energy-dependent shifts are present. One may speculate
that for slightly adjusted systematics both hypotheses
may work equally work; such a systematics however re-
quires a clear physical motivation.

We conclude that a local UHECR source provides a
good description for the long-standing discrepancy of
the spectrum and composition data between PAO and
TA. While our 5.60 significance with respect to the null
hypothesis (isotropic sky, standard systematics) is high
and this astrophysical explanation is clearly more at-
tractive than a systematical one, the claim for a ground-
breaking discovery probably requires a) a better under-
standing of possible energy-dependent systematics, b) a
scrutinizing analysis performed by the experimental col-
laborations using updated data, and c¢) an unambiguous
association with (possibly observed) anisotropies. On

the modeling side, have we restricted ourselves to a sin-
gle mass group from the local source due to the com-
putational effort, while a more complex model involving
a mix of isotopes may eventually provide a better joint
fit, and constrain the properties of the local source fur-
ther. However, the higher number of parameters of such
a model will require higher statistics from the Northern
Hemisphere, which can only be made possible by future
experiments such as the planned TAx4 experiment (Ab-
basi et al. 2021b).
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APPENDIX

A. COMPARISON WITH THE HYPOTHESIS OF AN ENERGY-DEPENDENT SHIFT

In the main text, we have accounted for systematic effects between the data from both experiments by introducing
constant energy shifts to the spectrum and to the composition-related observables. We showed that the hypothesis that
TA observes a local source in the Northern Hemisphere is significantly favored compared to the scenario where both
experiments observe the same isotropic source population. We now address the hypothesis that there are systematic
energy shifts in the two experiments that are themselves energy-dependent, 6§AO (F) and 5%’* (E), and discuss the
possible role of a local source in that scenario. As shown recently by Tsunesada et al. (2021), the discrepancy in the
spectrum observed by the two experiments, considering only data from their common declination band, can be eased if
the PAO spectral data is shifted by +4.5% and an additional +10%/decade above 10*° eV, and TA data by —4.5% and
an additional —10%/decade above 10*? eV. Interestingly, however, when the same energy-dependent shift is applied
to the data from outside the common declination band of the two experiments, the spectra are still discrepant above
30 EeV. This is shown in Fig. 5, where we plot three data sets: PAO data from its full field of view (f.o.v., black),
TA data from its full f.o.v. (brown), and TA data from the northernmost declination band (red). These data points
already contain the above-mentioned energy-dependent shifts for their respective experiment. We can see that above
some 40 EeV the TA fluxes (both from the full f.o.v. and from the northernmost sky) are higher than those from
the PAO, indicating an excess just like with the simpler assumption of an energy-independent shift (Fig. 1). This
suggests that either the experiment systematics are declination-dependent (which seems to be disfavored, Tsunesada
et al. 2021), or this effect is in fact astrophysical, as we argue in this paper.

Energy-dependent shift
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Figure 5. Energy spectrum of the UHECRs as measured by PAO full f.o.v (black circles), TA full f.o.v (brown squares),
and TA Northernmost declination band (red triangles). Here, the energy scales of either experiment have been shifted by an
energy-dependent amount, as described in the legend. With this energy-dependent shift, the spectra are compatible in the
common declination band. However, as we can see, when considering other declination bands, there is an excess in the TA data
compared to the PAO above ~40 EeV, similarly to the case with an energy-independent shift discussed in the main text. Data
from Tsunesada et al. (2021) and Deligny (2019).

Using the same method as in the main section of this work, we now test the scenario where the systematics in the
energy grids of the two experiments are described by an energy-dependent shift (thus explaining the spectral difference
in the common declination band), but a local source in the Northern Hemisphere also contributes to the flux observed
by TA (explaining the differences that remain outside the common declination band). As in the main text, we start
by testing the null hypothesis that there is no local source (i.e. a fully isotropic distribution), and perform a joint fit
of the population parameters to the PAO and TA data, assuming the energy-dependent shift suggested by Tsunesada
et al. (2021). Then, assuming the same energy-dependent shift, we test the hypothesis of a local source in the Northern



14

Hemisphere, and optimize the parameters of both the isotropic source distribution and the local source using the same
search method as described in Sec. 2.3.

The best-fit results for these scenarios are shown in Fig. 6: on the left for the hypothesis of an isotropic source
population, and on the right including a local source. In both cases, we consider Sybill as the air shower model, which,
like in the main text, provides the best fit out of the three models tested. The best-fit parameter values are given in
Tab. 2 for all three air-shower models. We also note a qualitative difference between this case and the main result of
Fig. 2: here the best fit is obtained when the local source emits cosmic rays of the iron-56 mass group, rather than
silicon-28 as in our main result.

Visually, the right-hand-side model seems to fit better the joint data at high energies; however, the two fits are
actually characterized by the same value of x?/d.o.f.=2.2. This is because the fit is strongly driven by the low-energy
spectral data, rather than the high energies where the local source contributes significantly. This is also the case of the
joint fit performed in the main text, and is simply due to the lower uncertainties of the data at lower energies. In this
case, however, an additional complication arises from the fact that the energy-dependent shift, which is optimized for
the common declination band of both experiments, leads to discrepancies between the data from the full f.o.v., most
noticeably between 20 and 30 EeV (compare black and brown data points in the upper panels of Fig. 6). As further
discussed below, this discrepancy between the data sets is in fact one of the main factors behind the higher value of
x?%/d.o.f. obtained here compared to the scenario discussed the main text.
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Figure 6. Spectra (upper panels) and composition observables (lower panels) resulting from a joint fit to TA and PAO data,
using SIBYLL 2.3c as the air shower model. Unlike the main result of Fig. 2, here we consider the systematics of the two
experiments are given by the energy-dependent shift suggested by Tsunesada et al. (2021). On the left, we show the best fit
considering only an isotropic source population, and on the right considering additionally the presence of a local source of iron-56
in the Northern Hemisphere. The corresponding parameters are provided in Tab. 2.

Let us now compare directly these results with the ones discussed in the main text. Turning our attention first to the
left-hand panels of Fig. 2 and Fig. 6, we see that under the assumption of an isotropic source population, the existence
of an energy-dependent shift is favored compared to an energy-independent shift (x?/d.o.f.=2.2 vs. 2.6). Even though
the energy-dependent shift introduces two additional d.o.f. as well as discrepancies below 30 EeV in the full f.o.v. data,
these factors are still out-weighed by the large excess in the TA flux that is observed assuming an energy-independent
shift.

We can then compare the right-hand-side panels of Fig. 2 and Fig. 6, where a local source in the Northern Hemi-
sphere is assumed. In this case, the energy-independent shift actually describes the full f.o.v. data better than an
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energy-dependent shift (y?/d.o.f.=1.7 vs. 2.2), due to three factors: 1) an energy-independent shift requires two pa-
rameters less compared to the energy-dependent one, which increases the effective number of d.o.f. of the model; 2)
the energy-independent shift also leads to a better agreement of the data below 30 EeV, where the spectral data has
low uncertainties, allowing for the possibility of a better joint fit; and 3) with adequate parameters, the local source is
capable of explaining the excess in the TA flux above 30 EeV equally well in either of the scenarios.

Overall, we can clearly say that among the four scenarios presented, the one with energy-independent systematics
and a local source in the Northern Hemisphere provides the best joint fit to the full f.o.v. data from TA and PAO
(x?/d.0.f.=1.7) and is favored at level 4.40 compared to the case of the energy-dependent shift and assuming only an
isotropic source population.

In Fig. 7 we show a region of the parameter space of the model assuming an energy-dependent shift for an isotropic
source population only (left), and including the local source (right). As we can see on the left, the best-fit minimum
(white dot) lies in a different region of parameter space compared to the energy-independent scenario tested in the main
text (cf. left panel of Fig. 3). The best-fit parameters are listed in Tab. 2 for all three air-shower models considered.
Compared to the main text case, this result requires a softer emission spectrum and a mildly negative source evolution
(m!%® = —0.4). As we can see by comparing the left-hand panels of Figs. 2 and 6, this negative source evolution means
that photodisintegration is less effective, leading to a lower proton component; however, this fact does not affect the
results since the proton component peaks below the energy threshold of this study.

Assuming EP0s-LHC as the air-shower model we actually find three separate minima, and using QGSJET-11-04
only one minimum. Like in the case of Sibyll, for the sake of conciseness, we provide in Tab. 2 only the best-fit
parameters, even in the cases where more than one minima are found.

Finally, as we can see by the white dots in the right panel of Fig. 7, and in Tab. 2, the local source has a similar value
of the maximum rigidity R!°%! for both the energy-independent and energy-dependent case, which underlines the fact
that the TA excess is present at a similar energy. Other parameters are different: compared to the main text case we
have iron instead of silicon, a much larger distance of ~ 200 Mpc (necessary for the more thorough disintegration of
the iron nuclei, cf. App. B), and a higher luminosity of ~ 10** erg/s, which is simply due to the larger distance. As
in Fig. 3, there is also a different local minimum corresponding to an extreme accelerator of ZeV cosmic rays (red
squares), as discussed in more detail in App. C.
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Figure 7. Left: Best-fit results for the joint fit to TA and PAO data, this time considering only an isotropic source population
but allowing for energy-dependent energy shifts in the experiment energy scales. The best-fit point is marked by a white circle
(case A); the second minimum is marked by a red square (case B). The best-fit parameters are provided in Tab. 2. Right:
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source in the Northern Hemisphere that emits cosmic rays of the iron-56 mass group, and additionally allowing energy-dependent
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Table 2. Best-fit parameters of the joint fit to PAO and TA, assuming energy-dependent systematic shifts in both experiments.
The 1o uncertainty ranges are given for 1 d.o.f.

Isotropic source distribution only

SIBYLL 2.3C

Erpos-LHC

QGSJET-11-04

Isotropic source distribution + local source

SIBYLL 2.3C

Eros-LHC

QGSJET-I1-04

iso

A1 1.30%505 | —0.60%503 —0.65%5.05” —0.557035 | —1.0570753 —0.70%505
Z | Bmax (GV) 45198 x 107 | 2.2793 x 10° 25702 x10° | 2.0702 x 10° | 2.0703 x 10° 25752 x 10°
E | mi -0.4192 2.070% < —6.0 4.670% 3.4%0% < -6
g | fa(%)
5 H 0.003t3f’(53§6 0.00213%59° 0.00219%55° 0.016t8%‘{§1 o.ooot‘g?d?)%? 0.001+3%09"
g He 23.?,245?‘(;%7 88.230 11985 92.69270 357 || 73.512108% 86.9103;;32 92.36970 300
2 N 36.272tg;§§é 11.055%5-999 7.102t8;§§2 23.30612:506 | 12.55710-633 7.45070 238
3 Si| 38.957T300 | 0.693700% 0.19873:935 3.07270 %56 0.52473:579 0.1747556
Fe | 1.44475075 | 0.02075:0%8 0.00775:95% 0.09379 053 0.00979:5%5 0.00610 503
§ isotope iron-56 iron-56 iron-56
§ Atocal < -0.3 < —0.2 <-0.5
{ e, P s A B A
2| L (erg s7Y) 13751 x 10 | 1.2796 < 10 54777 % 10
D' (Mpc) 176.213%2 176.21557 130.1735 1
S| ore (%) —10019 —100%9 10079 53+ —100*9 ~100+9
g 5 (%) —1+*1 7t 46+3 3+ —7ts —4319
3 O () (%) 44138 —79t11 1009 5312% —91+18 10079
D 5o (%) —62+10 —99+3 512 —3730 —~100*9 670
x? / dodf. 87.2 / 42 128.8 / 42 280.7 / 42 82.3 / 38 110.1 / 38 270.1 / 38
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B. OTHER ISOTOPES

As discussed in Sec. 3, the isotope or mix of isotopes emitted by the local source cannot be directly constrained
by our model, because this parameter is degenerate with the distance to the source. In the main result of Fig. 2 we
limited the discussion to the case of silicon-28, which provides the best fit. However, other isotopes are also possible,
as shown already in Fig. 4 and discussed in the text thereafter.
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Figure 8. Spectra (upper panels) and composition observables (lower panels) predicted by the models, resulting from a joint
fit to TA and PAO data when considering an isotropic source population and additionally a local source in the Northern
Hemisphere, only observable by TA. The plots show the case where this local source emits protons (upper left), helium-04
(upper right), nitrogen-14 (lower left), and iron-56 (lower right). The gray shaded energy range was not included in the fit.
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To further illustrate this, in Fig. 8 we show the best-fit results for the case where the local source emits protons
(upper left), helium-4 (upper right), nitrogen-14 (lower left), and iron-56 (lower right). These results were obtained
using Sibyll as the air shower model. Their respective best-fit distances were shown in the main part of this paper as
blue points in the left panel of Fig. 4. We list the remaining best-fit parameters in Tab. 3, as well as for the other two
air shower models tested.

As we can see, elements from any mass group up to iron-56 can provide results that are overall compatible with the
joint data sets of PAO and TA, provided the emission characteristics and the source distance are adjusted according
to Tab. 3. At the same time, some caveats should be noted for the different mass groups, as discussed below.

Emission of either protons or helium-4 leads to an observed composition that is light above 30 EeV, as we can see
in the respective composition plots in Fig. 8. However, this does not affect the fit significantly because of the lack of
composition data from either TA or PAO at these high energies. The case of a pure proton emission would lead to a
result that is qualitatively similar to helium, with even larger values of (Xyax) and o(Xmax) predicted for TA above
30 EeV.

For intermediate-mass isotopes like nitrogen-14, as well as heavier isotopes with mass up to iron-56, the composition
observables exhibit the expected behavior with energy compared to our baseline scenario involving silicon, i.e. the
observed composition becomes heavier with energy.

In all cases, we observe that the spectral data, rather than the composition observables, are the main factor driving
the fit, due to their overall lower uncertainties. This means that with current statistics, we cannot point to any
particular isotope (from the five mass groups up to iron-56) that leads to a significantly better joint fit.

Table 3. Best-fit parameters from the joint fit to PAO and TA data, assuming the emission of different isotopes from the local
source. The best-fit values of the (energy-independent) systematic shifts are the same in all cases, and are given in Tab. 1.

H He N Si Fe
SIBYLL 2.3C
Ayltocal <0.3 <-1.2 <-1.2 < -1.0 <0.3
R (GV) > 9.0 x 10 | 89704 x 10° | 2.2733 x 10° | 1.3702 x 10° | 7.973%° x 108
LS (erg s71) | 767147 x 10" | <1.0x10% | <4.2x10* | 1.1729 x 10*? | 557220 x 10*
D' (Mpc) 176.2+ 357 < 0.4 <09 13.979:2, 95.91338
x? / do.f. 88.3 / 40 87.4 / 40 69.3 / 40 67.6 / 40 69.1 / 40
Epos-LHC
Aylocal <0.5 < -1.2 <-1.1 < -1.1 <04
R (GV) >8.0x 10" | 89701 x 107 | 25703 x 107 | 1.370% x 10° | 8.9%;4L° x 108
L& (erg s™1) | 6.77858 x 10% | <1.0x10% | < 1.9x 10* | 1.1729 x 10** | 7.0717%° x 10*3
D<@l (Mpc) 176.27357 <04 <12 11.3792, 106.2773-2
x? / do.f. 100.3 / 40 97.9 / 40 87.9 / 40 87.8 / 40 89.4 / 40
QGSJET-II-04
Ayltocal <0.6 <-1.2 —-<11 <-1.0 < —0.2
Rl (GV) >8.0x 10M | 89705 x 10° | 2.5105 x 107 | 14705 x10° | 1.6707 x 10°
LS (erg s™1) | 27159 x10% | <1.2x10% | 24777 x 10* | 1.6733 x 10* | 3.2715 x 10*
D' (Mpc) 19497192 <04 0.7%03 1701580, 194.9720.7,
x? / do.f. 252.8/ 40 247.7 / 40 239.6 / 40 242.3 / 40 246.1 / 40
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C. AN “EXOTIC” SCENARIO: EXTREME LOCAL ACCELERATOR

As mentioned in the main text, additionally to our main result the parameter space of the local source contains
another region that can provide a good joint fit to PAO and TA data. This is a scenario where the local source emits
cosmic rays with extremely high maximum energies, above 102 GeV.

An example of this kind of “exotic” solution was represented as red squares in the right-hand panel of Fig. 3, for the
case where the local source emits cosmic rays of the silicon mass group, and considering Sibyll as the air shower model.
However, as we demonstrate in this appendix, the extreme source can emit a composition dominated by any mass
group. In the left panel of Fig. 9, we show as red squares the best-fit parameters of the extreme local source obtained
for a pure proton composition and using EPOS-LHC as the air shower model. In Tab. 4 we provide the complete
list of the best-fit parameters of the extreme accelerator for different emitted mass groups and assuming different air
shower models. As we can see, the best-fit parameters are close to those obtained in our baseline model (Fig. 3): a
maximum energy of order ~10 ZeV, a distance to the extreme local source of ~100 Mpc, and a hard spectral index.
The luminosity of the local source is similar regardless of the emitted isotope, as we can see in Tab. 4.

To understand these results we turn to the right-hand panel of Fig. 9, where we show the predictions for the spectrum
and composition observables. These plots appear equal regardless of the emitted composition. As we can see, the ZeV
cosmic rays emitted by the local source suffer strong photodisintegration due to the long distance traveled, to the point
where the flux arriving at Earth is completely dominated by protons. These secondary protons carry approximately the
same Lorentz factor as the primary nuclei emitted by the source, apart from energy loss processes like pair production
and the adiabatic expansion of the Universe. Therefore, as long as the emitted cosmic rays peak at about 10 ZeV,
the proton flux observed by TA will peak at a few tens of EeV, thus explaining the excess observed by TA like in the
scenarios discussed previously.

Because in this scenario the local source contributes exclusively with protons to the TA spectrum, the result predicts
a high value of (X hax) and 0(Xmax) above a few tens of EeV in TA, as we can see in the bottom right-hand-side plots of
Fig. 9. The only contribution of heavier cosmic rays is then provided by the isotropic source population (also observed
by PAO). The reason why this scenario can still provide an acceptable fit is that the TA composition observables
are not well constrained at these very high energies. However, we must also note that the fit quality provided by an
extreme accelerator is overall worse compared to our baseline model, as we can see by the values of x?/d.o.f. listed in
Tab. 4
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Figure 9. Left: Parameter space for a local source for a joint fit to PAO and TA data when considering an isotropic source
distribution and a local source in the Northern Hemisphere that emits a pure protons composition. Right: Spectra (upper panels)
and composition observables (lower panels) predicted by the models corresponding to the best-fit case for an extreme accelerator

scenario.
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Table 4. Best-fit parameter values obtained from a joint fit to PAO and TA data, for the case of an extreme local accelerator
in the ZeV regime. We show the results for different emitted mass groups, considering Sybill as the air shower model, and
assuming an energy-independent systematic shift in the experiment energy scales. The best-fit values of the systematic shifts
are the same for all isotopes, as listed in Tab. 1. We note that the parameters for silicon are depicted as red squares in the right
panel of Fig. 3 (baseline model), and the case of protons is shown in the left panel of Fig. 9.

H He N Si Fe

SIBYLL 2.3C
Atocal <0.3 < 0.0 < 0.0 <04 <0.1
R (GV) >1.0x10" | >30x10" | >22x10" | >18x10" | >1.6x10"
LEE" (erg s71) | 7.671457 x 10 | 1.8%02 x 10 | 1.3%9% x 10%° | 3.57%5 x 10*° | 1.7797 x 10"
Dcal (Mpc) 176.21 .57 176.27357 176.21.57 13.9792, 95.97999
x? / d.of. 88.3 / 40 88.3 / 40 88.3 / 40 88.3 / 40 88.3 / 40

Eros-LHC
local <05 <0.2 <02 <04 <13
R (QV) > 8.0 x 10'° > 1.8 x 10'° >1.9%x10" | >1.8x10" | >1.6x10"

L (erg s71)
Dlocal (MpC)

6.77%8 x 10%°
176.2+157

9.1737%% x 10*°
176.21357

8.171%1 x 10*°
176.27357

34721 x 10%
176.2735°7

15405 x 10
176.21357

x? / d.odf. 100.3 / 40 100.4 / 40 100.3 / 40 100.3 / 40 100.2 / 40
QGSJET-11-04

Aylocal < 0.6 <0.3 <0.2 < 0.4 <14
R (GV) > 8.0 x 10%° > 1.6 x 10" >1.8x%x10" | >16x10°| >14x10"

LEF! (erg s71)
Dlocal (MpC)
x>/ do.f.

2.719:8 x 10%°
194.9120°2
252.8/ 40

1.375% x 10"
176.2+137
252.9 / 40

9.4 x 10%°
176.2+137
252.8 / 40

34728 x 10*
176.2+137
252.8 / 40

7.8797 x 10*
176.2+137
252.8 / 40
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D. FITTING TA DATA WITH AN ISOTROPIC SOURCE POPULATION

For the sake of comparison, we now evaluate how well a purely isotropic source population can describe the TA

data set above 5 EeV (i.e. neglecting now PAO measurements)

. The best-fit parameters of the isotropic source

population are marked with brown squares in the left panel of Fig. 10. For comparison, we show as red dots the
best-fit parameters obtained by Heinze et al. (2019) when fitting only PAO data. On the right-hand panel, we show
the predicted observables for our TA-only fit. The respective parameter values are listed in Tab. 5.
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Figure 10. Left: Parameter space of a purely isotropic source distribution, based on a fit to the TA spectrum and composition

data. The best-fit parameters, listed in Tab. 5, are shown as a brown do

t, and for comparison we show as a red dot the best-fit

to PAO data (Heinze et al. 2019). The solid yellow, green and blue contours correspond to the 1-, 2- and 30 regions of our
TA-only fit, while the dash yellow line is the lo region of the PAO-only fit. A direct comparison is not possible because of
the different values of x2;, and numbers of d.o.f. for the two combined fits. Right: Spectra (upper panels) and composition
observables (lower panels) corresponding to the best-fit parameters of our TA-only fit.

As we can see, TA data can be fitted with an isotropic source population with a value of x?/d.o.f. = 22.9/15 = 1.5,
in the case where Sibyll is considered, while for the other two air shower models that value is higher, as listed in Tab. 5.
These results are similar to the second-best minimum obtained by Bergman (2019), who considered Epos-LHC
and QGSJET-II-04 as air shower models. We do not obtain the same best-fit minimum obtained by Bergman (2019)

because of differences in the analysis method: firstly, we consider m

10 as a free parameter, while Bergman (2019) fixed

its value to m'*°= 3. Secondly, in that work the authors used the X,,., distributions, while we based ourselves only on
the mean and variance values of the X,y distribution, which are the only publicly available data. More information
would be necessary for a more detailed analysis of the differences between these two results.

He

Fe
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Table 5. Best-fit parameters obtained from the fit to the TA spectrum and composition data, assuming only an isotropic source
distribution. The results are shown for the three different air shower models tested. The case where Sibyll was considered is

shown in Fig. 10.

Sibyll 2.3c Eros-LHC | QGSJET-II-04

7 1407015 1407515 0107915

RES, (GV) | 71709 x10° | 7.9721 x10° | 3.2%03 x 10°

miso —087:%(2) < —4 < —5.29
fa(%)

H | 26.258718:057 | 98 512717681 | 50 9gg+23-081

He | 0.03479%9% | 0.01079%9% |  36.110+10588°

N | 000699250 | 304937925 | 1262579328

Si | 72.02371737 | 4035778428 | 0.0001 83957

Fe | 1.680773; | 0.62875,73" 0.277+0:023

05" (%) 1768 [ 14t 21,0107

0 %) (%) 0 (fixed) 0 (fixed) 0 (fixed)

6E(AXmax)(%) 0 (fixed) 0 (fixed) 0 (fixed)

¥/ dot. 22.9 / 15 30.2 / 15 50.9 / 15




	Introduction
	Methods
	Source parametrization
	Propagation model
	Joint fit of PAO and TA data

	Results and Discussion
	Summary and conclusions
	Comparison with the hypothesis of an energy-dependent shift
	Other isotopes
	An ``exotic'' scenario: extreme local accelerator
	Fitting TA data with an isotropic source population

