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One of the major unresolved issues in cosmic-ray physics is the transition from galactic to extra-
galactic origin. Pinpointing the exact energy of this transition remains a challenge, as the trajec-
tories of CRs are significantly influenced by the magnetic fields present in the Galaxy, making it
difficult to trace individual CRs back to their specific origins. However, constraints can be obtained
by studying the cosmic-ray anisotropy in the energy range from PeV to EeV where the transition
is expected to occur. The sensitivity to cosmic-ray anisotropy is in particular a matter of statistics.
With the upcoming IceCube-Gen?2 surface array, which will cover 8 times more area than the
existing IceTop surface array, there will be an increase in statistics and capability to investigate
cosmic-ray anisotropy with higher sensitivity. We will present performed simulation studies of
the sensitivity to the cosmic-ray anisotropy signal expected with the IceCube-Gen?2 surface array.
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1. Introduction

One of the most significant unresolved questions in cosmic-ray (CR) physics pertains to the
energy at which the transition from Galactic to extragalactic cosmic rays occurs, as CRs are deflected
by the Galactic magnetic fields, which result in their unclear origins. However, constraints can be
obtained by studying the large-scale anisotropy in the CR arrival directions. In the past few decades,
experiments have provided long-term and significant observations of a subtle sidereal anisotropy
with the dipole magnitude ranging from 10* to 1072, and across a wide energy range from 1 TeV to
100 EeV [1-12]. However, statistically significant measurements of the projected dipole amplitude
are missing in the energy range between 10 PeV and 1 EeV [2, 11, 13]. IceCube-Gen2 [14], and its
surface array (comprised of stations of elevated scintillation and radio detectors) will be capable of
filling a portion of the energy gap between 1 PeV and approximately 100 PeV. Here, we present the
air-shower reconstruction efficiency for the scintillators of the planned IceCube-Gen?2 surface array
using CORSIKA simulations [15], describe the Monte Carlo studies of the CR arrival directions,
and show the sensitivity of the surface array to large-scale anisotropy of the CRs [16].

2. Reconstruction efficiency of the IceCube-Gen2 surface array

The planned surface area covered by the IceCube-Gen2 surface array is 6.6 km?. The cor-
responding CORSIKA simulations of the scintillator array response were performed for proton-
and iron-induced air showers with 4 < log,,(E£/GeV) < 8 and zenith angles (6) up to 51°, and
4 <log,o(E/GeV) < 7.5 with 6 up to 63° [15] (see Figure 1).

To show the detector’s realistic capabilities, we perform a selection process that involves
choosing true air shower core locations within 100 meters of the surface array’s polygonal edge,
giving an area of 5.22 km? large, which can be treated as a containment cut. For a simple air
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Figure 1: 2D histograms of the reconstruction efficiency for proton- (left) and iron- (right) induced air
shower for scintillators in the IceCube-Gen?2 surface array, with energy range from 10° GeV to 10® GeV,
zenith angle up to 63° in sin” 6 scale, and scintillator multiplicity > 5 to trigger the event.

shower trigger, at least 3 hits within the array are required in order to roughly reconstruct the
shower geometry. A more realistic requirement in the context of air shower reconstruction is 5
triggered scintillator detectors. Considering the scintillator triggered multiplicities > 5, we get the
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reconstruction efficiencies for proton and iron primaries and fit the results with a modified error

)

and the polynomials in the error function (erf) up to the third order (z*) can capture sufficient details
for reconstruction efficiencies. The corresponding contour lines represent 50% and 98% of the
reconstruction efficiencies for proton, iron, and the total efficiency are shown in Figure 2. Based
on the logarithmic mass dependence of the cosmic-ray primaries, we estimate the reconstruction

function of the energy E and the zenith angle with z = sin® :
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efficiencies for helium, nitrogen, and aluminum:
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where i ranges from 1 to 3, representing the estimated helium, nitrogen, and aluminum respectively.
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Figure 2: Contour lines with 50% and 98% recon- Figure 3: Histogram of the event counts of the
struction efficiency of the IceCube-Gen?2 surface ar- IceCube-Gen2 surface array with a 10-year exposure,

ray are shown for proton and iron, The total efficiency considering the H4a flux model and the reconstruction
of all particles utilizes the H4a flux model [17]. efficiency with 3 additional energy bins.

3. Monte-Carlo simulation of cosmic-ray arrival directions

We now apply the detection efficiency to simulate the arrival directions for the IceCube-Gen2
surface array with a 10-year exposure. Worth noticing that the exposure time of Gen2 is equivalent
to the exposure time in the current IceTop years. However, the IceCube-Gen2 surface array has
an increased surface area, being 8 times larger than IceTop, but the statistics of the IceCube-Gen2
surface array are not simply 8 times that of IceTop’s, and its reconstruction efficiencies of cosmic-
ray primaries differ. The simulation is divided into 7 energy bins which range from 10° GeV to

103 GeV with a bin size of 0.4 in log,,(E/GeV). Using the H4a flux model [18], the number of
arrival directions in each energy bin can be calculated by integrating the efficiency (with 6 from 0°
to 63°) obtained respectively by Eq.(1) and the number of cosmic rays with 10 years of exposure of
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the surface array. Therefore, we have the effective event counts of cosmic-ray primaries for each of
the 5 primary components in all the energy bins (also see the histogram shown in Figure3):

Omax E;
Netrj = / /E " (E.6) Nyssa; (E) dEd6, 3)
min -1
where i ranges from 1 to 5 represent the 5 primary particles, j ranges from 1 to 8 for the edges of
the 7 energy bins, and Nna, ; represents the event count for each of the 5 primary particles using the
H4a flux mode. In total, we have 8.36 billion simulated cosmic-ray events over all 7 energy bins.
Taking into account the ratio of different primaries weighted by the mass-dependent H4a flux [18]
and Eq.(1), the total efficiency averaged over all primaries is written as

%5 6 (E,0) prsai (E)

€ot (E,0) =
o (5-0) 2> dtda,i (E)

“)

Next, we randomly inject 15 dipoles with different amplitudes in each energy bin and scan over
the dipole declination from —80° to 80° with a bin size of 10°. It is irrelevant whether the dipole
orientation is within or outside the field of view (FoV) of Gen2. Furthermore, any observatory
situated on Earth will invariably detect a partial sky coverage CR dipole, with the dipole orientation,
or "hotspot’, potentially located either within or outside the FoV. In the simulation, we have a total of
1785 injected dipole maps, each with amplitudes detectable at levels exceeding 100. Our goal is to
study how dipole significance propagates at IceCube-Gen2, so we consistently use larger amplitudes
as inputs. Therefore, the amplitudes are chosen from 0.007 up to 0.956 for the dipoles with different
energy bins covering different ranges of amplitude. The distribution function of CRs is a function
of the exposure of IceCube-Gen2 surface array with a dipole and the reconstruction efficiency,

WGen2 (E’ 0, Omax, A, 04, 6Gen2) =w (9, Bmax, 6Gen2) X €Etot (E’ 9) XD (ﬂ’ dd, 6Gen2) s 5

where ¢4 denotes the dipole declination, w is the relative exposure of an observatory at declination
OGen2 = —89.99°, the function D (A, d4, SGenz2) provides the dipole distributions.

4. Sensitivity to the cosmic ray anisotropy

To assess the sensitivity of a partial-sky coverage observatory to a dipole anisotropy, it is
essential to compare the actual sky map Nyx,; of injected CR arrival directions by Eq.(5) with a
reference map (N),;, ; without dipole, and generate sky maps of relative intensity within the FoV
with I = (Npix,i = (N)pix,i)/{N)pix,;- Then, we perform a one-dimensional (1D) projection of
the sky map and fit it with a first harmonic function Areco cos (n(@ — ¢)) + B, where Areco 1S the
amplitude of the reconstructed dipole, ¢ is the phase, and B is a constant. The reconstruction ratio
between the reconstructed dipole and the true input dipole (Areco/ A) in the majority of the cases
are below 80% due to the limited FoV of the surface array.

To assess the significance of a dipole deviation from isotropy, we consider the deviation from
a null hypothesis in the number of sigmas n, = (ff’[reco - ﬂhypo) /0@, where Apypo is set to 0,
representing the expected value under the null hypothesis. We assume that the o # of the dipole
amplitude reconstruction is proportional to 1/VN and verified this through Monte Carlo simulation
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and the covariance matrix in the first harmonic fit of the 1D projected map. Therefore, the sensitivity
function (propagation of sigmas) can be expressed as:

ne =S (A, E, Omax» 84, 6Gen2) AVN, (6)

where S is defined as a sensitivity coefficient. We need to clarify that the sensitivity to the true
dipole, denoted as n, = StyeAtrue VN, is the corresponding true dipole of 30 or 5o reconstructed
dipole n, = SrecoAreco VN. We scatter the data points (n,/ VN, A) for both the reconstructed
dipole and true dipole cases from the simulation and fit the points with a polynomial equation of
the form Z?: 1/1,-&2(" , where A; are the coeflicients of the polynomials. The slopes of these curves
represent the sensitivity coefficients for both the reconstructed and true dipole cases:

S(A,E) = 1(E) + 22(E)A + 313(E) A2, (7

where A1, A, and A3 are parameters for proton and iron which are energy dependent.
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Figure 4: Ratio between reconstructed dipole and Figure 5: The curves show the 30~ and 50 sensitiv-
true dipole in the Monte-Carlo simulation. The true ity of the IceCube-Gen2 surface array to the recon-
amplitude ranges from 0.007 to 0.956, while the structed dipole, bands show the corresponding true
declination ranges from -80 degrees to 80 degrees. dipole of the 30~ and 5o reconstructed dipole. The
However, different energy bins cover different ranges data points shown are reconstructed dipole ampli-
of the true dipole amplitude. tudes from the various experiments [1-12].

Taking into account the energy gap region with upper limits and the highest energy data
from IceCube, the energy range chosen for this work is from 10° GeV to the overlap region with
Auger, approximately around 103 GeV. Figure 4 shows the ratio between the reconstructed dipole
and the true dipole. The 30 and 5o sensitivity curves of the reconstructed dipole and bands of
the corresponding true dipole of the IceCube-Gen2 surface array are shown in Figure 5, which
represents the significance of a deviation from the null hypothesis.

5. Conclusion and outlook

We present the 2D function of the air shower reconstruction efficiency of proton and iron
primaries for the IceCube-Gen2 surface array based on the existing CORSIKA simulation and
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estimate the reconstruction efficiencies for helium, nitrogen, and aluminum. Next, we simulate the
CR arrival directions for the surface array using Monte-Carlo simulation by injecting 1785 dipoles
in 7 energy bins with different declinations. To assess the anisotropy, we compare a dipole map with
a reference map for all cases, make the sky maps of relative intensity, and perform 1D projections
of the sky maps and fit them with the first harmonics. To assess the sensitivity of the surface array
to a dipole anisotropy, we consider a null hypothesis and the propagation of the sigmas. Finally, we
show the 30~ and 50 sensitivity to the CR dipole anisotropy with curves and bands (Fig.5). With
IceCube-Gen2, it will be possible to improve the sensitivity of the CR anisotropy in the energy range
of the galactic-extragalactic transition of the CR origin. The sensitivity studies will be extended in
the future, in particular by more realistic simulations. For example, we can perform simulations
with limited dipole orientations (by KASCADE-Grande and Auger) as inputs, conduct simulations
with multipole moments, and investigate the sensitivity of IceCube-Gen2 surface array to both
isotropic and multipole anisotropy.
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