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A number of cosmic-ray observatories have measured a change in both phase and amplitude of the
dipole component in the distribution of cosmic-ray arrival directions above a primary energy of
100 TeV. We focus on probing the cosmic-ray dipole and multipole evolution in the energy region
of mutli TeV to beyond PeV with a future large-area gamma-ray observatory, such as the Southern
Wide-field Gamma-ray Observatory (SWGO). The ability to discriminate between different mass
groups is essential to understand the origin of this evolution. Through a consideration of the energy
and mass resolution for cosmic-ray detection by such an observatory, we estimate its separation
power for decomposing the full-particle anisotropy into mass groups. In particular, we explore the
feasibility of probing the dipole evolution with rigidity with SWGO. In this way, we demonstrate
the great potential that this instrument offers for providing a deeper understanding of the origin of
the cosmic-ray anisotropy.
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1. Introduction

One of the most direct probes into the origin of cosmic rays comes from studies of their arriving
anisotropy. Although these particles arrive largely isotropically, the level of their underlying dipole
and multipoles have in recent years started to be probed [1]. In particular, a large phase swing of
the dipole direction, and a corresponding dip in the overall dipole amplitude, has been observed
in the preceding two energy decades below the knee. The origin of this feature, however, remains
unclear.
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Figure 1: The evolution in the phase (top-panel) and amplitude (bottom-panel) of the cosmic ray dipole,
which exhibits a strong swing in the two energy decades below the knee energy scale. This plot has been
taken from [1].

We here explore the role that the future detector SWGO, located in the southern hemisphere
on Earth, can play in providing a better understanding for the origin of this feature. Specifically, we
focus on this instruments ability to separate out the arriving cosmic rays into several major mass
groups.

2. Dipole Probe Energy Range

A simple description for the effective area of SWGO, whose accuracy and validity is sufficient
over the energy range of consideration, can be found of the form [4], can be approximately described
by a smooth function of the form,

�Eff (�) = �0

(
�

�0

)4 ∏
8=1,4

(
1

1 + �/�8

)
, (1)

where �0 = 100 m2, �0 = 101.4 GeV, �1 = 101.7 GeV, �2 = 102.1 GeV, �3 = 102.5 GeV,
�4 = 103 GeV. To obtain the rates of cosmic rays detectable by the instrument, this area is
convolved with the cosmic ray spectrum below the knee, motivated by the spectral measurements
in [5] of the form

3 ¤#
3�3�

= 5 × 104 �−2.7
GeV 4 (−�GeV/106GeV) m2 s−1 sr−1 GeV−1 (2)
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From this we obtain the expected annual rates of events expected in logarithmic energy bins of size
Δ�/� .

�
Δ#

Δ�
= ΔCyr

∫ �+Δ�/2

�−Δ�/2

3 ¤#
3�3�

�eff (�)3� (3)

Using these rates the energy range that can probe a 10−3 level of anisotropy, assuming a full
instrument year’s worth of exposure, can then be determined. The left-hand panel of fig. 2 shows
the rates obtained, and the right-hand panel indicates the energy range of the anisotropy probe (note
that the blue dashed line indicates the cosmic ray anisotropy level intended to be probed).
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Figure 2: Left-panel: the cosmic ray annual event rates as a function of energy determined for SWGO.
Right-panel: the corresponding statistic limited level of anisotropy able to be probed as a function of energy
(the energy at which the blue-dashed line and purple line intersect indicates the approximate energy limit
that the dipole can be probed up to).

3. Multipole Range to be Probed

In order to estimate the noise power spectrum, we use the approximation from [3] that only
depends on pixel-by-pixel Poisson noise and gives a flat spectrum Nℓ = N given by

N ' 1
4c

∑
8

F2
8
ΔΩ2∑
g =g8

, (4)

where =8 is the number of events in pixel 8 and ΔΩ(\<8=, \<0G) = 2c(cos(\<8=) − cos(\<0G)) is
the solid angle of observed sky.

We can compare the expected angular power spectrum from the simple model in the form

�ℓ ∝ 1/(2ℓ + 1) (ℓ + 2) (ℓ + 1) , (5)

introduced by [2], scaled to the all-skymeasurement in [1] in order to estimate the highest observable
multi-pole moment ℓ. The corresponding relative uncertainty, assuming a Gaussian distribution of
the individual 0ℓ<’s, is estimated as

〈Δ�ℓ〉2/�2
ℓ ∼ 2/(2ℓ + 1)/fsky , (6)
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where fsky is the fraction of the sky observed. After one year, SWGO should be sensitive to
structures larger than ∼ 35◦ (ℓ = 5) at 100 TeV and larger than ∼ 10◦ (ℓ = 20) at 10 TeV.
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Figure 3: Expected sensitivity to different angular scales for different energies after 1 year. Sensitivity is
limited by statistics. The colored solid lines correspond to the angular power spectrum from Poisson noise
calculated from Eq. 4 at different energies, and dashed curve shows the model expectation for angular power
spectrum from [2].

4. Separation Power into Mass Groups

In order to simulate air showers, we use the CORSIKA 7.7400 simulation package [6]. For the
standard simulated event set, we select the hadronic interaction model QGSJet-II.04 [7] for energies
above 80 GeV. UrQMD 1.3.1 [8, 9] treats the low energy hadronic interactions. For electromagnetic
processes, we use the EGS4 electromagnetic model [10]. Simulations were run for proton, helium,
nitrogen and iron primary nuclei species, at an altitude of 4700 m with a spectral index of −2 for
energy range from 103 to 106 GeV and Zenith angle from 0◦ to 65◦. All ground level arriving
muons within a radius of 150 m from the shower core were assumed to be counted by the detector.
As indicated from fig. 4, this level of muon counting as a function of the electromagnetic energy
deposited on the ground for particles with energy above 10 MeV by the instrument would allow
arriving cosmic ray showers to be separated into four distinct mass groups for primary cosmic ray
energies above 1 TeV.

5. Conclusion

The proposed future instrument SWGO offers unique capabilities in terms of its anticipated
large effective area, and good muon counting capabilities, and good energy resolution. Utilising
these capabilities, our results indicate the great potential that this future instrument offers for
cosmic ray anisotropy studies. Specifically, our results indicate that this instrument is well suited
for probing the origin of the evolution of the dipole and multipoles of the arriving cosmic rays
in the two energy decades below the knee. Beyond sufficient cosmic ray statistics to probe this
anisotropy, the separation power between several mass groups offers the potential to shed new light
on the underlying physical origin of the anisotropy evolution with energy.
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Figure 4: Expected `± content of mass groups as a function of the electromagnetic energy deposited on the
ground for particles with energy above 10 MeV simulated with -2 as slope of the primary energy for showers
from 103 to 106 GeV and Zenith of from 0◦ to 65◦ within 150 m from the shower core.
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