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1. Introduction

The Telescope Array (TA) [1] is the largest cosmic-ray observatory in the Northern Hemi-
sphere. The TA experiment has 507 surface particle detectors (SDs) on a square grid with 1.2 km
spacing covering approximately 700 km?. The SDs are surrounded by three fluorescence detec-
tor (FD) stations (12, 12 and 14 telescopes). The duty cycle of the SD array is greater than 95%
throughout 5-year observation period, whereas the FD duty cycle is about 10% because the data
are taken only on moonless clear nights. The measurement of the energy spectrum using the TA
SD data for four years was published in Ref. [2]. The energy spectrum was updated using the TA
SD data for the seven years between 2008 May 11 and 2015 May 11 [3]. This energy spectrum
shows the ankle at around 10'87 eV and the cutoff at around 10'*® eV. The energy spectrum ob-
served with the monocular mode of TA FD for seven years was published in Ref. [4]. This energy
spectrum covers a broad energy range above 10'7-2 eV.

The interpretation of cosmic ray spectrum features crucially depends on assumptions about
the UHECR composition. In particular the suppression of UHECR flux above around 10'% eV is
expected for protons due to GZK mechanism [5, 6] while in the case of heavy nuclei as primaries
this feature may signal the natural cutoff in the maximal acceleration energy of sources. As it
was pointed out in Ref. [7] this model applied to HiRes data can explain both “ankle” and cut-off
features of the spectrum as a result of e e~ -pair production and pion production on the cosmic mi-
crowave background (CMB) without introducing any extra components or fine tuning the maximal
source acceleration energy.

As shown in Ref. [8] and Ref. [9], the implication of the different cutoff energies in different
sky area is obtained in TA SD energy spectrum. In this paper, we attempt to fit the energy spectrum
at only around the ankle region measured by the TA SD and the monocular mode of TA FD with
the pure proton source model to discuss the general feature of the energy spectrum.

In the next section, the model calculations and the fitting procedure are explained, and the
fitted results are shown in section 3 and 4. The conclusions and discussions are shown in section 5.

2. Methodology

The factors which define the observed cosmic ray spectrum can be divided in two groups:
e properties of sources i.e. distribution of sources in power, spectrum and maximal energy
e properties of the media i.e. photon backgrounds, magnetic fields and their evolution

Like in many previous works in this paper we attempt to fit the experimental data using simple
phenomenological model for the source spectrum and evolution:

O(E,2) = aE P(142)>™ E < Emax, 2 < Zmax. 2.1)

where o, p, m, Enax and zmax are free parameters. The parameter m parameterizes the evolution
of the source density per comoving volume. m = 0 if the source density is constant per comoving
volume. The effect of sources located at z > 0.7 and z > 1.5 is negligible for cosmic ray energies
E > 102 eV and E > 10'7 eV respectively. The energy threshold Ey, between 10'7 eV and
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10'8-2 eV is discussed in this paper. The parameter Ep,y in practice has small effect on fit goodness
if Enax < 2 % 1020 eV. Throughout this paper we use fixed values of Epqex = 102! eV and zpax = 2
unless explicitly stated. To concentrate on the discussion of the ankle region, only the data points
below E < 10'° eV are used for the comparison with this model.

The main attenuation mechanism for UHECR protons is photopion production and e* e~ -pair
production on the cosmic microwave background (CMB). However, interactions with infrared (and
optic) background component (IRB) and deflections by the intergalactic magnetic field (IGMF)
could lead to extra attenuation. The last two factors are currently poorly known. The existing model
calculations of the IRB spectral density [10, 11, 12] may differ by factor of 2 at redshift z = 0 and
moreover the uncertainty grows with redshift. The effect of IGMF was simulated following the
procedure in Ref. [13, 14].

Finally, to consider systematic uncertainty in the measurement of cosmic ray energies we in-
troduce shift of experimental energy scale as an additional free parameter AlogE =log E —log Eps.
Here and below Egg is the measured energy and the base of the logarithm is 10.

2.1 Simulation of the propagation of protons

We use publicly available numerical code [15] to simulate the attenuation of protons. This
code was developed in Ref. [16]. The code calculates the average propagated energy spectrum
by solving 1D transport equation assuming rectilinear propagation of cosmic rays. The above
code takes into account ee™ pair production process using continuous energy loss approximation,
which is very precise for frequent interactions with small energy loss in a single interaction. For
the pion production, the code utilizes the interaction rates derived with SOPHIA code [17]. The
code contains several implementations of IRB models. Unless otherwise stated below we use the
Kneiske et. al. best-fit model [11] for IRB. We also employ CRPropa v2.0.3 propagation code [18]
to estimate the systematic uncertainties of spectrum fitting.

To consider the effect of IGMF, the assumption of rectilinear propagation of cosmic rays can-
not be used. Another calculation code was made to consider IGMF and the simulation results are
shown in section 4. The interpolation between rectilinear and diffusive regimes is calculated here.
In this simulation, simplified magnetic fields with no structure are assumed. The lattice distribu-
tion of sources with distance between sources d = 10 Mpc is assumed. The coherent magnetic
field B, based on 1 Mpc basic scale of turbulence is taken as a free parameter. IRB models are not
implemented in this code yet.

2.2 Model fitting of the data

To concentrate on the discussion of the ankle region, only the data points below E < 10 eV
are used for the model fitting. We employ a binned likelihood analysis method with likelihood func-
tion of Gaussian distribution. We conservatively estimate the total flux determination uncertainties

as oTorT = 4/ GSZTAT + GSZYS’ where +/N; is the statistical error of the observed number of events N;
in each energy bin and osys is the systematic uncertainty of the flux. As mentioned above we

consider the systematic uncertainty of energy determination in the experiment by introducing the
energy shift as a free parameter in the range —0.11 < AlogE < 0.09, because the systematic un-
certainty of the energy determination is estimated to be 21% [3]. We combined the fit result of TA
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SD data with the fit result of TA FD monocular data by simply combining the logarithms of their
likelihood values. TA FD monocular data above 10'82 eV is removed from this combining process
because many events are also used in TA SD data. The degrees of freedom of the likelihood equal
to number of energy bins minus number of fitting parameters. In this case, number of fitting param-
eters is 4. The best-fit parameters are determined by maximizing the likelihood L. We determine
the confidence region of each free parameter using A(InL) = (InLpax) — (InL), where L,y is the
maximum value of likelihood L.

3. Fit results

We show the expected energy spectrum with source parameters determined by fitting the TA
energy spectrum above E;, = 10'7> eV in Fig. 1. The fit parameters are determined such as
p=234"003 m=4.170% and AlogE = —0.1170 ) when E;, = 10'7 eV. (—21n L) /d.0.f. =
5.4/11 is obtained. The similar fitting parameters are obtained if E,, < 10'® eV. The determined fit
parameters p and m are shown in Fig. 2 and Fig. 3 when E,j, = 10173176182 ¢y
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Figure 1: The black data points denote the energy spectrum measured by TA SD and the statistical errors.
The blue data points denote the energy spectrum measured by the monocular mode of TA FD and the statis-
tical errors. The red error bars denote overall uncertainty including the statistical errors and the systematic
errors. The red solid and broken lines denote the best fit expected energy spectrum with p =2.34, m = 4.1,
AlogE = —0.11 to all the data points above 107 eV and below 10'° eV. (—2InL)/d.o.f. is 5.4/11. The
red broken line is not used for the fitting. In this figure, the energy scale of the data points is fixed and the
energy scale of the model is shifted.

4. Fit results considering the effect of IGMF

Fig.4 shows the simulated energy spectrum with different B, values when p =2.34, m = 4.1
and AlogE = —0.11. In case of large m, the diffused fluxes of distant sources especially make a
steep low energy cutoff of the energy spectrum. We found that the condition B, = 0.01 nG produce
the decrease of the proton fraction between 10'7> eV and 10'® eV as shown in Fig.5.
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Figure 2: The red points denote the determined fitting parameter m when different lower limits E;;, of the
data are used for fitting. The data with E > 10'° eV is not used for fitting to obtain red points. The blue
point is the determined parameter which was obtained using all the TASD data points above 10'82 eV [19].
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Figure 3: The red points denote the determined fitting parameter p when different lower limits E;;, of the
data are used for fitting. The data with £ > 10'° eV is not used for fitting to obtain red points. The blue
point is the determined parameter which was obtained using all the TASD data points above 10'82 eV [19].

5. Conclusions and discussion

The data points around the ankle region is successfully fitted with pure proton model from
the point of the shape of the energy spectrum. The fit parameters p = 2.34f8:£, m= 4.11’8:3
and AlogE = —0.1 lfgz(l)(l) are obtained when all of the data points above E;; = 107 eV are used
for the fitting. We found that the condition B, = 0.01 nG can produce the cutoff of the proton
fraction between 10'73 eV and 10'® eV with the best-fit model parameters p = 2.34, m = 4.1 and

AlogE = —0.11. Composition measurements by HiRes-MIA [20] and Auger [21] indicate that the
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Figure 4: The simulated energy spectra with B, = 0.0001 nG, 0.001 nG, 0.01 nG when p = 2.35, m = 4.1
and AlogE = —0.11. Bohm diffusion D(E) = E is assumed. The lattice distribution of sources with distance
between sources d = 10 Mpc is assumed.
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Figure 5: The same data points as in Fig. 1 are shown. The red solid and broken lines denote the simulated
energy spectrum with B, = 0.01 nG using best-fit parameters p = 2.35, m = 4.1 and AlogE = —0.11 ob-
tained in Fig. 1. In this figure, the energy scale of the data points is fixed and the energy scale of the model
is shifted. IRB models are not implemented yet in this figure. The difference of IRB leads to the shape of
the simulated energy spectrum between Fig. 1 and this figure at around 10! eV.
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composition below 10'8 eV is not pure protons, hence the proton model, indicated by the red line
in Fig. 5, should be below the data points. A lower value of m also produces this effect.
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