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研究成果概要 
本研究は、南半球初の sub PeVガンマ線観測を目指して、ボリビア・チャカルタヤ山

中腹に新しい空気シャワーアレイ Andes Large area PArticle detector for Cosmic ray 
physics and Astronomy (ALPACA)を建設し観測を進めるものである。Sub PeV のガン

マ線観測から PeV 宇宙線生成天体を明らかにするとともに、10TeV-10PeV の宇宙線観

測による南半球の宇宙線の異方性や太陽活動影響を探る。 
 2023 年から運転を続ける地表の部分アレイ ALPAQUITA の運転と解析を進めた。

ALPAQUITA の計数率モードで 2024年 5
月に観測したフォーブッシュ減少の解析

を進め、Any1チャンネルが中央剛度 76GV
に相当し、同等の中央剛度を持つミューオ

ン望遠鏡と同程度の減少が確認された。一

方、Any2 チャンネルの中央剛度は 960GV
に達し、有意な減少は見られなかったもの

の、減少量の低剛度からの単純なべき乗則

を制限する結果となった（図 1）。この結果

は Astrophysical Journal誌に掲載された

(ApJ, 998:16 (2026))。 
The power index of 0.55 is situated in the hard side of the

range reviewed in H. V. Cane (2000), which allows us to
discuss the high-rigidity behavior of this event. The measure-
ment by the ALPAQUITA Any1 at 76 GV (red blled circle)
aligns well on the power law. Comparing with the GMDN data
at slightly lower rigidity (blue open squares), there is no
indication of softening. On the other hand, the observation
with the Misato underground muon detector at 145 GV (green
open triangle) indicates a spectral softening. Beyond a wide
gap from the other points, the 2σ upper-limit amplitude of the
ALPAQUITA Any2 at 960 GV is located on the extrapolation
of the low-rigidity measurements. Though it is marginal in this
event, the upper limit of the ALPAQUITA Any2 constrains a
simple extrapolation from the low-energy behavior. This result
demonstrates the ability of new technique to study the high-
rigidity behavior of FD events.

We note that the observed FD amplitude tends to become
larger than that in space with a wider spread of the response
function. In general, the response function of a muon detector
spreads wider than that of an NM. Also, as we see in Figure 3,
the response function of ALPAQUITA Any1 spreads in a wide
rigidity range. These facts possibly make the amplitude at
higher rigidity in this study systematically larger and
consequently a harder rigidity dependence. When we discuss
the rigidity dependence of FD amplitude in space instead of
the dependence of the observed amplitude, we must take this
point into account.

Possible impacts of the geomagnetic storm observed during
this period are discussed. H. Hayakawa et al. (2025) reported
that the Dst index observed at 2:00 UT on May 11 ranks this
event as the sixth-largest geomagnetic storm since 1957. In
general, a geomagnetic storm reduces the geomagnetic cutoff
rigidity and consequently increases the observed FD ampl-
itude. Because the median primary rigidities summarized in
Table 1 are given for the magnetically quiet period, a possible
reduction of the median primary rigidity moves the point in
Figure 5 leftward, or a possible correction of this effect moves

the point downward. M. Abunina et al. (2025) estimated this
so-called magnetospheric effect on the NM observation on
May 10 at 10 GV. They concluded that within the observed
15.7% amplitude, a 4% amplitude is a contribution from the
magnetospheric effect. K. Munakata et al. (2018) discussed
that the reduction of the cutoff rigidity is small enough for the
observation sites with the quiet-time cutoff rigidity above
10 GV. In addition, the detectors counting high-energy
particles by requiring multichannel coincidence, such as
GMDN and ALPAQUITA Any2, or by operating at under-
ground, such as the Misato muon detector, have response to
primary particles only above 10 GV. In such detectors, even if
their site has a low cutoff rigidity, they are not sensitive to
geomagnetic storms. As discussed in Section 2, the quiet-time
cutoff rigidity of the ALPACA site is 12 GV. We calculated
the cutoff rigidity during the May 11 geomagnetic storm using
the OTSO tool (N. Larsen et al. 2023) using the parameters
given in A. Papaioannou et al. (2025) at the time of GLE 74
and concluded that the reduction is 0.7 GV. It reduces the
median primary rigidity by 4 GV with respect to the quiet-time
value of 76 GV and thus has a negligible impact on our
discussions. In conclusion, the magnetospheric effect can
move only some NM data points in Figure 5 downward but
does not impact the other points. It does not change or even
strengthens our conclusions regarding the hard nature of this
event and the importance of the ALPAQUITA Any2
observation.

6. Summary

We implemented the counting modes of Any-n coincidence
in the newly constructed ALPAQUITA air-shower array.
Though the Any1 and Any2 events are not useful for the air-
shower reconstruction, their counting rates, especially Any2,
have a unique rigidity coverage to monitor the variability of
the cosmic-ray intensity. We successfully detected the FD that
occurred from 17:00 UT on 2024 May 10 together with the
NM and GMDN networks. Our Any1 measurement with the

Figure 5. Median primary rigidity and amplitude of the FD event on 2024 May 10. The black open circles, blue open squares, green open triangle, and red blled
circle show the data of NMs, GMDN, Misato muon detector, and ALPAQUITA Any1, respectively. The red arrow shows the upper limit determined by the
ALPAQUITA Any2. Narrower error bars in each plot are derived from the standard deviation of each station, while the wider errors are debned to obtain χ2/dof = 1
in the power-law btting shown with a black line and hatched area indicating 1σ error band.
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図 1 2024 年 5月のフォーブッシュ減

少における各検出器が観測した減少振幅



荷電宇宙線の観測データを用いて、宇

宙線の到来方向異方性の解析を進めた。

宇宙線の異方性は北半球および南極か

らの観測によって知られているが、南半

球中緯度での観測が欠けていた。図 2 に

ALPAQUITA による結果を示す。これま

で北半球と南極の結果の境目に見られ

て不連続な変化が、ALPAQUITA による

単一の観測でも確認された。本結果は川

島輝能学位論文として公表された。 
 ALPAQUITA の観測データから 10-
300TeV の全宇宙線エネルギースペクト

ルを導出した（図 3）。系統誤差を考慮す
ると他実験と無矛盾な結果となってお

り、直接観測と間接観測を繋ぐ重要な結

果になる。現在投稿論文を執筆中である。 
 ALPACA 実験の核となる地下ミュー

粒子検出器(MD)の建設業者を選定し、11
月から建設作業を開始した。ボリビア側

共同研究者（代表 Pedro Miranda）の報

告に詳述するが、年度末時点での建設状

況の写真を図 4
に示す。2025 年
度前半に一台の

MDを完成し、上

部の地表検出器

を配置したのち、

ガンマ線に感度

のある観測を開

始する。残り 3台
の MD も今年度

中に工事を完了し、2027年度に地表検出器を設置し運転開始する予定である。 
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図 2 ALPAQUITA が観測した南半球中

緯度における宇宙線到来方向異方性地図
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図 3 ALPAQUITA と他実験による全宇

宙線エネルギースペクトル

図 4 鉄筋配筋がすすむ地下ミュー粒子検出器（左）3箇所の掘

削状況（R8年度 4月に 4箇所の掘削を完了した）（右）


