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宇宙線のエネルギーと到来個数

天文学辞典

宇宙線：宇宙を満たす高エネルギー荷電粒子 2

人類の到達した 
最高エネルギー 

（LHC@CERN）

• 最高エネルギーの 
宇宙線1グラム 
→ 生物大量絶滅！

• １００年以上前に発見 

• 宇宙線の起源天体は謎 

• 宇宙線の生成機構も謎
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ニュートリノ天文学
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• 2010年代に初検出 

• 宇宙で最も速い有質量粒子 

• 起源天体は謎 

• 理論モデル構築と 
ニュートリノ追観測 
で起源を同定したい



• ジェットの起源 
• ニュートリノ・ガンマ線放射の予言
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ブラックホール天文学
• 降着プラズマの物理 
• ニュートリノ・ガンマ線放射の予言



大型実験による新発見
• NGC1068からのTeVニュートリノ
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(26). We applied the directional track recon-
struction method SPLINERECO (26, 27, 28) to all
events in our dataset (26). We incorporated ad-
ditional calibration information in the extrac-
tion of the charges at each DOM and in the
corresponding arrival times of Cherenkov pho-
tons. Compared with previous work (23), this
introduces small changes in the reconstructed
event energies and some reconstructed event
directions (26). To ensure a uniform detector
response, theDOMs of theDeepCore subarray,
intended to study ≲100‐GeV neutrinos, were
excluded (25). Our resulting dataset, which
is optimized for track-like events induced
by muon (anti-)neutrinos

h
nm
!ð Þ
i
, has a total ex-

posure time of 3186 days.
We restricted our searches to the Northern

Hemisphere from declination d = −3° to 81°,
where IceCube is most sensitive to astrophys-
ical sources. IceCube uses Earth as a passive
cosmic muon shield and as a target material
for neutrinos. Hence, by selecting only upward-
going events, we reduced the atmosphericmuon
background, which contributes <0.3% to our
final event sample (25). Declinations higher
than 81° are excluded because low-energy
events from those directions are closely aligned
with the strings of IceCube, complicating our
distinction between the signal and background
(26). The resulting loss of sky coverage is <1%.
A total of ~670,000 neutrino-induced muon

tracks pass the final event selection criteria
(25). However, only a small fraction of these
events originate from neutrinos produced in
astrophysical sources. Most arise from the de-
cay of particles (specifically mesons) that are
produced in the interaction of cosmic rays
with nuclei in Earth’s atmosphere. To discrim-
inate neutrinos that originate from individual
astrophysical sources from the background of
atmospheric anddiffuse astrophysical neutrinos,
we used a maximum-likelihoodmethod and
likelihood ratio hypothesis testing, based on the
estimated energy, direction, and angular uncer-
tainty of each event (26). The median angular
resolution of each neutrino arrival direction,
composed of reconstruction uncertainty and
the kinematic angle between the parent neu-
trino and the muon, is 1.2° at 1 TeV, 0.4° at
100 TeV, and 0.3° at 1 PeV. We assume any
point source emits a neutrino flux Fnmþ!nm de-
scribed by a generalized power-law energy
spectrum, Fnmþ!nm Enð Þ ¼ F0· En=E0ð Þ!g , with
normalization energy E0 = 1 TeV, where En is
the neutrino energy and the spectral index g
and the flux normalization F0 are free parame-
ters (26). This corresponds to two correlated
model parameters that we express as a pair
(mns, g), where mns is the mean number of as-
trophysical neutrino events associated with a
given point in the sky. Using the energy- and
declination-dependent effective area of the de-
tector and assuming a spectral index g, mns can
be directly converted to F0 (26). Hence, the

tuple of mns and g fully determines the flux of
muon neutrinos,Fnmþ!nm , at any given energy.
We performed three different searches (26).

The first search consists of three discrete scans
of the Northern Hemisphere to identify the
location of the most statistically significant
excesses of high-energy neutrino events. These
scans use three different hypotheses for the
spectral index: g as a free parameter, g fixed to
2.0, and g fixed to 2.5. The other two searches
use a list of 110 preselected astronomical ob-
jects, all located in the Northern Hemisphere:
The second search is for the most significant
candidate neutrino source in the list, whereas
the third search consists of a binomial test to
evaluate the significance of observing an ex-
cess of k sources with local P values below or
equal to a chosen threshold, with k being an
index from 1 to 110. The binomial test is re-

peated under the same three spectral index
hypotheses as the sky scan.
All analysismethods, including the selection

of the hypotheses to be tested, were formu-
lated a priori. The performance of eachmethod
was evaluated using simulations and random-
ized experimental data (26). The local P values
are determined as the fraction of background-
only simulations that yield a test statistic greater
than (or equal to) the test statistic obtained
from the experimental data. The global P values
are determined from the smallest local P value
after correcting for testing multiple locations
(the look-elsewhere effect) (26). We use this
global value to assess the evidence that the
data provide against a background-only null
hypothesis (that the data consist purely of at-
mospheric background and isotropic cosmic
neutrinos).
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Table 1. Summary of final P values. For each of the three tests performed, we report the most
significant local and global P values.

Test type
Pretrial P value, Plocal
(local significance)

Posttrial P value, Pglobal
(global significance)

Northern Hemisphere scan 5.0 × 10−8 (5.3s) 2.2 × 10−2 (2.0s)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

List of candidate sources, single test 1.0 × 10−7 (5.2s) 1.1 × 10−5 (4.2s)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

List of candidate sources, binomial test 4.6 × 10−6 (4.4s) 3.4 × 10−4 (3.4s)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Fig. 2. High-resolution scan around the most significant location. (A) High-resolution scan around the
most significant location marked by a white cross, with contours showing its 68% (solid) and 95% (dashed)
confidence regions. The red dot shows the position of NGC 1068, and the red circle is its angular size in
the optical wavelength (61). (B) The distribution of the squared angular distance, ŷ2, between NGC 1068 and
the reconstructed event directions. We estimated the background (orange) and the signal (blue) from
Monte Carlo simulations, assuming the best-fitting spectrum at the position of NGC 1068. The superposition
of both components is shown in gray and the data in black. This representation of the result ignores the
energy and angular uncertainty of the events.
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• マイクロクエーサーからのsub-PeV ガンマ線

• 潮汐破壊現象からのsub-PeVニュートリノ？
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Figure 2: Significance maps of four other LHAASO measured microquasars besides SS 433. Panel
(a) V4641 Sgr, (b) GRS 1915+195, (c) MAXI J1820+070 and (d) Cygnus X-1 at above 25 TeV.
In each panel, the green cross marks the position of the BH of each microquasar. The green circle
exhibits 68% containment radii of the LHAASO sources. The cyan arc in panel (d) represents the
bow-like radio structure inflated by the jet of Cygnus X-132. The yellow circle in each panel shows
the corresponding 68% containment radii of LHAASO PSF.
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accelerators, as evidenced by nonthermal radiation observed from lobes of SS 433. In addition,
powerful sub-relativistic winds may be launched from the accretion disk45. Expansion of winds
into the ambient medium can generate shocks and provide another potential particle acceleration
site25. Particles may be also energized at the boundary between the jet and the wind, or within the
jet’s outer layer of stratified velocity via the shear mechanism46. Besides, particle acceleration may
take place in more compact regions of the system as well. For example, internal dissipation within
jets, such as internal shocks and magnetic reconnection events, is also usually considered as the
efficient particle accelerator5. The fast-rotating magnetosphere of the BH offers an alternative pos-
sibility via the centrifugal force47, 48. Note that particles accelerated in the compact regions may also
produce extended gamma-ray sources, if these particles escape the acceleration site and diffuse to
ambient media of the BHs.
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Figure 3: Spectra of the LHAASO sources associated with four microquasars. (a) V4641 Sgr; (b)
GRS 1915+105; (c) MAXI J1820+070; (d) Cygnus X-1.

SS 433 is a microquasar presenting a pair of jets launched from the central BH. The two
jets are nearly perpendicularly to our line of sight and terminated at approximately 40 parsecs
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Swift X-ray Telescope (XRT) [181], yielding a combined 3σ
flux upper limit of 1.4 × 10−13 erg s−1 cm−2 for all obser-
vations before neutrino arrival (corrected for absorption).
The position of AT2019fdr was also visited by the

eROSITA telescope [182] aboard the Spectrum-Roentgen-
Gamma (SRG) mission [183] four times. The first two visits
did not detect an excess, with a mean flux upper limit of
2.7 × 10−14 erg s−1 cm−2 at the 95% confidence level.
However, at the third visit on March 10–11, 2021, it detected
late time x-ray emission from the transient with an energy
flux of 6.2þ2.7

−2.1 × 10−14 erg s−1 cm−2 in the 0.3–2.0 keV
band, thus showing temporal evolution in the x-ray flux (see
Fig. 1). The detection displayed a very soft thermal spectrum
with a best fit blackbody temperature of 56þ32

−26 eV.
The softness of the spectrum provides further evidence

for AT2019fdr being a TDE rather than regular AGN
variability, where soft spectra are rare [184]. Though
NLSy1 galaxies generally exhibit softer x-ray spectra, the
temperature of AT2019fdr is atypically low even in this

context (lower than all NLSy1s in Refs. [185] and [186]).
Furthermore, x-ray emission is rarely seen for SLSNe
[187], with only the first SLSN ever observed, SCP 06F6
[188], possibly showing an x-ray flux exceeding the
luminosity of AT2019fdr [189]. This provides more
evidence against the SLSN classification.
AT2019fdr was further detected at midinfrared (MIR)

wavelengths as part of routine NEOWISE survey obser-
vations [190] by the Wide-field Infrared Survey Explorer
(WISE) [191]. Using pre-flare archival NEOWISE data as
baseline, a substantial flux increase was detected in both
W1 andW2 band. MIR emission reached a peak luminosity
of 1.9 × 1044 erg s−1 on August 13, 2020, over one year
after the optical and UV peak. Complementary near-
infrared (NIR) measurements were taken with the P200
wide field infrared camera (WIRC) [192] in the J, H, and
Ks band. After subtracting a synthetic host model (see
Supplemental Material [57]), a fading transient infrared
signal was detected in all three bands; see Fig. 1.

FIG. 1. The bottom plot shows the light curve in the optical ZTF g band, the infrared P200 Ks and WISE W1 band as well as the
modeled dust echo (black line, dashdot), with the neutrino arrival time marked with a red dotted vertical line. The SRG=eROSITA x-ray
measurements are also included. The shaded gray areas are averaged and their respective SEDs are shown in the top panels, including a
fitted blue and a red blackbody (blue dashed and red dotted curve; lab frame), as well as the combined spectrum (black solid curve). The
left axes all show νFν, where Fν is the spectral flux density at frequency ν, while the right axes show νLν, where Lν is the luminosity at
frequency ν. Note: SRG=eROSITA data are given in units of integrated flux. The second epoch (middle plot on top) encompasses several
months to include bothWISE and P200 infrared data points. The global values for line-of-sight dust extinction are AV ¼ 0.45þ0.14

−0.14 mag,
assuming RV ¼ 3.1 and the Calzetti attenuation law [56]. Note that the x-ray measurements were not included in the blackbody fits. The
luminosities are given in the source rest frame.
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卒業研究
• 前期 

• 教科書を用いた輪講（週１回） 
学生の興味を聞いて選びます 

• 例： 
• KEK物理学シリーズ 宇宙物理学 
　小玉英雄、井岡邦仁、郡和範 著 

• Radiation processes of Astrophysics 
G.B. RYBICKI & A.P. LIGHTMAN著 

• Plasma Physics for Astrophysics 
R.M. Kulsrud 著
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• 後期 

• 各自の興味に合わせてテーマを決め 
論文の再現＝＞独自の計算 

• 過去の指導した研究テーマの例 
• 降着円盤の時間進化計算（卒研） 
• 中性子星の力学構造（卒研） 
• ガンマ線バーストからの 
高エネルギーニュートリノ（修士） 

• 活動銀河核からの多波長放射（修士）
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• ポスドク 
• 石崎渉（宇宙線の加速・伝播コード開発；パルサー星雲） 
• Nick Ekanger（超新星での非熱的現象; 天体での核破砕現象） 
• 学生 
• D3 松井理輝（GRBからのガンマ線・ニュートリノ放射） 
• M2 越水拓海（孤立ブラックホールからの電磁波放射）
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