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The origin of ultrahigh-energy cosmic-ray (UHECR) has been a mystery for many years. In or-
der to identify candidate sources, it is crucial to figure out the energetics of cosmic-ray sources.
By fitting the experiment data of cosmic-ray energy spectrum from Pierre Auger Observatory,
we calculate the energy generation rate densities for different nuclei species via scanning over
various parameters that are related to the source distribution models, injection properties as well
as propagation of UHECR. Assuming UHECRSs are protons and heavy nuclei produced by extra-
galactic sources, the energy generation rate density is estimated to be £2Q ~ 0.661’8:? x 10* erg
Mpc—3 yr~! averaging different nuclei species at power-law spectral index s = 2.0 and it varies on
different fitting range. For a power-law scaling of the CR production rate with redshift, maximum
energy and pure proton injection, dN/dE «< E~Sexp(—E/Emax)(1 4 z)", best-fit parameters are
s=2.1,m=5.0, Ena = 10%%eV. Hard spectra with strong source redshift evolution and low
maximal source energy are slightly favored. We did not find a strong proof of the linear relation-
ship between £2Q and s as shown in Katz et al 2009. We discuss cases of mixed composition
models by analyzing the combined fit of spectrum and mass composition Xy, data.
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1. Introduction

Ultrahigh-energy cosmic rays (UHECRSs) are charged particles of astrophysical origin with
energies above 10° GeV, the highest observed in the Universe so far. Although world-wide ex-
periments and great effort put into detecting and understanding this interesting phenomenon, their
origin remains unknown [1, 2, 3]. Pierre Auger Observatory is one of the largest cosmic ray exper-
iment that collects data towards investigating the nature and origin of UHECRs [4].

The spectrum of UHECRs flattens around 5 x 10'8 eV (the "ankle"), and there is a strong
suppression at the topmost energies, around 5 x 10! eV [5]. The formation of the "ankle" can be
explained naturally by the transition from galactic origin to extragalactic origin. The sharp decline
of the flux of UHECRs beyond 5 x 10!° eV is consistent with the predictions of Greisen-Zatespin-
Kuzmin (GZK) cutoff [6, 7] where UHECRSs lose energy by the interaction with CMB photons
during their propagation in the intergalactic space, or caused by the limited maximum acceleration
energy inside the sources [1]. The composition of cosmic rays at ultra-high energies is crucial for
us to understand their origin.

There have been many efforts have been done in order to unveil the mysterious of UHECRs,
see Ref. [3] for a recent review. In this work, we aim to give constraints on the UHECRs energy
generation rate density via considering UHECRSs are composed by various nuclei species.

2. Method

The sources of UHECRSs and its acceleration process are still unclear. There are many accel-
eration mechanisms being studied previously. These include the first order Fermi shock accelera-
tion [8], plasma wakefield acceleration [9] and so on. Among these models, the accelerated UHE-
CRs usually have power-law spectra dN /dE o< E~* with exponential cut-off at the highest energy.
In some mechanisms, s < 0, while the more meaningful ones range from 1.0 to 2.0 [10, 11, 12].
The basic assumption we take is that the sources are identical and their distribution is isotropic and
uniform in the universe. Thus, it is adequate to consider 1D propagation in this work, where the
sources redshift ranging from zp;, = 0.0001 to zmax = 2.1. As a result, we assume a distribution
of identical sources with one species of nuclei injection [13] J"/(E) o< F(z)E *exp(—E/Emax),

m

where E is the energy of the injected nuclei and F(z) o< (1 4 z)" is assumed to implement the
redshift evolution of the number density of the sources.

When UHECR nuclei are propagated in the intergalactic space, not only their energy will be
lost, but also the heavy nuclei might be broken into small pieces due to the photodisintegration
process. Other energy loss processes include photopion production, Bethe-Heitler pair production
processes, and adibatic energy loss processes. In addition to the cosmic microwave background ra-
diation (CMB), we also consider the extragalactic backgroung light (EBL) [14], which is important
for the photodisintegration of UHECR nuclei at slightly lower energy.

We utilize the numerical code CRPropa 3 to propagate UHECR nuclei through the universe,
until they are detected at Earth. In order to fit the observation data, we treat following parameters as
free parameters, including spectral index s, maximum acceleration energy Enax, redshift evolution
index m.
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We use the chi-square method to estimate the goodness of fitting of the observed energy spec-
trum [13].
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where f is the free normalization factor, JSim(E{ 38, Emax,m) is the simulated flux at Earth,

JAveer(E;) is the UHECRs flux measured by Auger, o; contains both systematic and statistic error,

E! = (1+ 0g)E; takes into account the energy uncertainty on measured UHECR nuclei, o = 14%
is the systematic uncertainty on the measured energy scale.

If we have the knowledge of mass number A and energy E of primary particles, we are able
to estimate the distribution of X,,x using certain hadronic interaction models. In other words, after
simulating propagation of UHECR, the mass composition reaching Earth can be transformed into
consequential Xy« distribution if we adopt one of hadronic interaction models (EPOS-LHC, Sibyll
2.1, QGSJet 11-04 and etc.). We are not simulating the realistic air showers or cascade process. We
use generalized Gumbel distribution function [15] to describe the underlying probability density
function (p.d.f.) of Xy, in which there are E and A dependent parameters i, o, A as well as
parameters a, b, ¢ obtained from CONEX [16] shower simulations that are based on different UHE
nuclei hadronic interaction models. After summing up the result of different species of nuclei
with a weight of their percentage in each energy bin, we can calculate the final simulated X«
distribution outcome that can be compared to the observables, namely <Xj.x> and 6 (Xpax ), from
experiment [17].

Similar to spectral fit, we use the chi-square method to estimate the goodness of <X ,x> and
0 (Xmax) fit. In addition, we can also derive the combined fitting considering spectrum, <Xp,x>
and 0(Xmax). Of course, considering the full information of X,y distributions rather than their
first two statistical moments would yield more accurate result and avoid possible coincidence of
<Xmax> and o (Xmax ) out of different distributions [17]. That might be the reason of the divergence
between our result and these by Auger’s analysis [18]. A uniform scan over four dimensional grid
(s, log;o(Emax), m, Og) is performed, and on each grid point, the discrepancy between simulated
and experimental data is a function of the energy generation rate density at the source. The best-
fit is when the discrepancy is minimized as it means. The experimental data set to be fit with
simulation result have two parts: the event distribution in energy bins of 0.1 in log;y(E/eV), and
Xmax distribution in the same energy bins up to log;,(E/eV) = 19.5 and final bin combining data
log,o(E/eV) from 19.5 to 20.0. We use CRPropa 3 [19] to simulate the propagation of UHECRs
through the universe.

3. Results of spectral fits

In this section, we present the fitting results considering spectral data only. The best-fit param-
eters for pure proton injection are logjo(Emax) = 19.9,s = 2.1,m = 5.0, 8z = 0.06 and x*/d.o.f =
0.779. We can see that the spectral fit is quite well as the value of x?/d.o.f shows, which corre-
sponds to a p-value of 71.9773% and is not significant at all. As shown in Figure 1, if we only look
into how energy generation rate density changes with power-law index s and let other parameters to
optimize 2, the result more or less obey the analytic analysis result by Ref. [20], which stated that
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energy generation rate £2Q(€ > 103eV) ~ 0.3 — 0.6 x 10" x (s — 1) erg Mpc~! yr~!'. However,
opposite to previous claim, the linear relation between energy generation rate density and s when
2.0 < s < 2.7 is not solid in our result. Of course, the result changes when we change the fitting
energy range, see the right panel of Figure 1. Fewer data points to be fit make smaller y?/d.o.f
possible. Generally, the correlations between parameters look similar.

E?Q for Proton (x10* erg Mpc2 yrt) E?Q for Proton (x10" erg Mpc? yrt)

]

1 1.5 2 25 1 1.5 2 25

0.5

(a) Fitting energy range 10'8%¢V to 1020-13¢v (b) Fitting energy range 1019-0%¢V to 1020-15¢v

Figure 1: Best-fit energy generation rate density E2Q as a function of spectral power-law index s,
compared with analytic result E 20 o< s — 1 in the range of [2.0, 2.7]. m and E . are scanned. The
background contour reflects the minimal 2 /d.o.f with different combinations of energy generation
rate density and power-law index s. Pure proton is injected at the source. Subplots show results
from different fitting energy range.

Some interesting and evident features emerge in the 3D scan (over s, 10g19(Emax ), m) of pa-
rameters (allow all parameters, including energy generation rate density £2Q, change freely to find
the minimal x?). In Figure 2 we present the minimal y2/d.o.f value as a function of (s, m) and
(Emax» 5). The distribution of minimal x2/d.o.f, corresponding to the best fit, behave like valley
curves. For region s < 2.0, the minimal )2 /d.o.f is not low enough for a good fitting, especially
when we require a low redshift revolution m(< 5.0) or high Epay (> 102°9¢V). There are certain re-
gions of parameters that can give reasonable good fitting (2 /d.o.f < 2, corresponding to a p-value
of 0.8396%). Actually, these regions show clear correlations among the parameters we searched
(s, Emax, M), and that is the case for different species of nuclei and their mixed injection as we
show later. For instance, when m gets smaller, higher s is required in order to produce low 2.
However, these general features are not exactly the same for different nuclei. For example, in the
case of proton, there is one single minimum for the 2 /d.o.f, while for some heavier nuclei, there
are more than one local minima, which means that there are multiple regions with good fit but are
not adjacent to each other.

For pure injection of light and intermediate nuclei, the spectral fits can also be good (He, C, Si
and so on). The minimal xz/d.o.f =0.938, 1.112, 1.425, 1.449 and 1.238 for He, C, N, O and Si
injection respectively. Comparing to the case of Proton injection, heavier nuclei injection generally
do not yield spectral fit as good as Proton, with larger x2/d.o.f, especially for large nuclear mass
A.
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Figure 2: 3D parameter scan of pure proton injection. The solid contour indicates certain values of
x%/d.o.f., smaller of which means better fit.

We covered Fe as the heaviest nuclei injection. It does not have a very good spectral fit with
minimal )2 /d.o.f = 2.567. In [18] composition analysis that can lead to best-fit, Fe fraction was
zero and excluded from further discussion.

Last but not least, after testing all above different species of nuclei from light to heavy, we
have a plot of energy generation rate density with minimal x2 as a function of injected atomic mass
in Figure 3. The error bars represent the range of generation rate density that can lead to a spectral
fit with y2/d.o.f < 3, which corresponds to a p-value of 0.002951%.

4. Results of spectral and composition fits

In this section, we consider the combined fit of both spectrum and composition. The fitting
range for <Xmax> and 6 (Xmax) is from 1084V to 10'9%5¢V. Si, for instance, the parameter set
for its spectral best fit can give <Xp.x> and 6 (Xn,x) data a good fit as well. That means adding
fitting <Xmax> and o (Xmax) Will not change the best-fit parameters much compared to only fitting
spectrum, and some regions in parameter space can have small total x? (thus good fit) combining
spectral and Xp,x fit as shown in Figure 4. However, for some other nuclei, the spectral best fit
parameter set give poor fit to <Xp,x> and 6 (X, ) data. For example, O and Fe. There is no such
a region in the parameters space that have a small total 2, which means that it is impossible to
have good spectral and Xp,x fit with same parameter set. Actually, among these injected nuclei
examined, only Si can produce a decent fitting of Xj,x data when considering spectrum and Xpax
together for the best-fit parameters. This is also the case in [18]: absence of Si injection would
make the fitting of spectrum much worse when considering both spectrum and X,« for the best-fit.

5. Summary and discussion

Under the assumption that the UHECRSs have extragalactic origins, we estimate the UHECR
energy generation rate density in the case of different nuclei injections by fitting experimental
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Figure 3: The UHECR energy generation rate density with minimal y2 as a function of the mass
of injected nuclei, where we consider several typical nuclei species, such as protons, He, N, O, Si
and Fe. Parameters s, m, En,.x and Og are scanned. The energy generation rate densities range that
can yield y2/d.o.f < 3 fitting are showed as the error bar. The Si has two local minimal y? region,
so as reflected in the plot.

measurements of UHECR spectrum and mass composition (Xpax Statistical parameters).

The best-fit parameters indicate that hard injection fluxes, strong redshift evolution and low
maximal energy at the sources give a better explanation for the Auger experimental spectrum,
which is in line with the analysis from Auger [18]. At least that is the case for pure proton injection,
when the fitting is overall good (with low x?) and none of the fitting request too large systematic
shift of the energy scale (0 < 0.07). Assuming UHECRs are extragalactic protons, the energy
generation rate density is €2Q ~ 0.6 —2.0x 10* erg Mpc— yr~! depending on the fitting range
[see Figure 1]. The results for heavier nuclei are summarized in Figure 3. Many previous work
shared similar results, such as in Ref. [21, 22, 23].

In general, we are able to reproduce the received spectrum of UHECR with straightforward
models and simple hypotheses in source features and propagation. On the other hand, the param-
eters in the models are constrained in order to generate a good spectral fit. With an appropriate
choice of hadronic interaction model in the atmosphere of Earth, composition data is not well fitted
considering different species of nuclei. With the following AugerPrime operation [24] and new
experiments, other observables related to the composition as well as more detections will become
available, and the systematic error will then be reduced in an more extended energy scale. This will
help constrain source models and have implications for the origins.
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