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ABSTRACT

We searched for diffuse interstellar bands (DIBs) in the 0.91< A <1.33 um region by analyzing
the near-infrared (NIR) high-resolution (R = 20,000 and 28,000) spectra of 31 reddened early-type
stars (0.04 < E(B — V) < 4.58) and an unreddened reference star. The spectra were collected
using the WINERED spectrograph, which was mounted on the 1.3 m Araki telescope at Koyama
Astronomical Observatory, Japan, in 2012-2016, and on the 3.58 m New Technology Telescope at
La Silla Observatory, Chile, in 2017-2018. We detected 54 DIBs — 25 of which are newly detected
by this study — eight DIB candidates. Using this updated list, the DIB distributions over a wide
wavelength range from optical to NIR are investigated. The FWHM values of the NIR DIBs are found
to be narrower than those of the optical DIBs on average, which suggests that the DIBs at longer
wavelengths tend to be caused by larger molecules. Assuming that the larger carriers are responsible
for the DIBs at longer wavelengths and have the larger oscillator strengths, we found that the total
column densities of the DIB carriers tend to decrease with increasing DIB wavelength. The candidate
molecules and ions for the NIR DIBs are also discussed.

Keywords: Diffuse interstellar bands (379); Interstellar medium (847); Interstellar molecules (849);
Interstellar dust extinction (837)

1. INTRODUCTION Diffuse interstellar bands (DIBs) are ubiquitous ab-
sorption features that are detected in the visible to near-
infrared (NIR) spectra of reddened stars. Their ab-

Corresponding author: Satoshi Hamano sorbing matter is considered to be gas-phase carbona-
satoshi.hamano@nao.ac.jp ceous molecules such as carbon chain molecules, poly-
cyclic aromatic hydrocarbons (PAHs), and fullerenes.
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However, there is no critical evidence to confirm this.
The ionized buckminsterfullerene (Cf;) was almost con-
firmed as the carrier of the five NIR DIBs via a compari-
son between the astronomical spectra and the spectrum
of the gas-phase Cgo obtained from laboratory experi-
ments (Campbell et al. 2015; Walker et al. 2016; Camp-
bell & Maier 2018; Cordiner et al. 2019), although the
identification is still under discussion, because the in-
tensity ratios of the two strong bands were quite vari-
able after the correction of the contaminated stellar line
and the detection of the weak bands was not robust
(Galazutdinov et al. 2017a, 2021). The gas-phase ab-
sorption spectra of some neutral PAH molecules have
also been measured and compared to DIBs (Gredel et al.
2011; Salama et al. 2011). Although this comparison did
not result in the detection of corresponding absorption
bands in the astronomical spectra, Gredel et al. (2011)
and Salama et al. (2011) succeeded in setting stringent
upper limits for the abundances of specific neutral PAHs
in some translucent clouds. Further laboratory experi-
ments are required to test the so-called PAH-DIB hy-
pothesis (Leger & D’Hendecourt 1985; van der Zwet &
Allamandola 1985).

Spectroscopic surveys of DIBs with high signal-to-
noise (S/N) ratios over a wide range of wavelengths are
essential for the identification of DIB carriers via a com-
parison of the DIB spectra with experimentally obtained
absorption spectra of the candidate molecules. Some
spectroscopic surveys in the optical wavelength range
have successfully detected hundreds of DIBs within a
detection limit of a few mA in equivalent widths (EWs)
(Jenniskens & Desert 1994b; Weselak et al. 2000; Tu-
airisg et al. 2000; Galazutdinov et al. 2000; Hobbs et al.
2008, 2009; Fan et al. 2019). However, DIB observations
in the NIR range have been limited, because the perfor-
mance of NIR high-resolution spectrographs (in terms of
spectral resolution and sensitivity) has been lower than
that of optical spectrographs. In addition, many telluric
absorption bands in the NIR range prevent the detec-
tion of weak absorption features. Recent progress in
NIR spectroscopy has enabled searches for DIBs in the
NIR spectra over the last decade (Geballe et al. 2011;
Cox et al. 2014; Hamano et al. 2015; Elyajouri et al.
2017; Galazutdinov et al. 2017b; Lallement et al. 2018).

We have conducted a comprehensive survey of NIR
DIBs using the high-sensitivity high-resolution NIR
WINERED spectrograph (Ikeda et al. 2016). In our
first study (Hamano et al. 2015, hereafter, H15), we ob-
served 25 stars and successfully identified 15 new DIBs
in the range of 0.91 < A < 1.32 pm. Moreover, we found
that the EWs of some NIR DIBs are highly correlated
with each other, which suggests that their carriers have
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similar molecular properties. In our subsequent study
(Hamano et al. 2016, hereafter, H16), we investigated
the environmental dependence of NIR DIB strengths us-
ing the high-quality spectra of seven bright stars in the
Cygnus OB2 association, which is one of the most mas-
sive clusters or OB associations veiled with large inter-
stellar extinction (the extinction of the most reddened
member, No.12, reaches Ay 10.2 mag; Wright et
al. 2015; Whittet 2015). Owing to the large extinction
and high flux density in the NIR wavelength range, we
could detect even the weakest DIBs reported in H15 with
high precision. We found that the NIR DIBs are not
correlated with the column densities of the line-of-sight
Cq molecules, which suggests that the DIB carriers are
not distributed in the molecular clouds traced with Cq
molecules. We also found that the carrier of DIB A10504
would be destroyed by the strong UV radiation in the
Cyg OB2 association, whereas the DIB carriers of other
strong DIBs survive in this environment, which suggests
differences in carrier properties, such as the ionization
potential and dissociation energy.

In this series, we explore the properties of the DIBs
in the Y and J bands, using the large quantity of high-
quality WINERED data. The most important DIBs, the
Céro bands, which are covered by the spectrograph, will
be comprehensively investigated in order to reveal the
properties of Cf, in the interstellar medium. It is also of
great interest to explore the relation of other DIBs with
Cdo- We will also study the correlations between NIR
DIBs and optical DIBs, which have been extensively in-
vestigated. Through this series, we aim to constrain the
carriers of DIBs in the Y and J bands.

In this first study of the series, we updated the catalog
of DIBs in the 0.91-1.33 pm range, using a larger sam-
ple and higher quality of spectra than those of H15. We
analyzed the high-S/N spectra of 32 objects, comprising
of an unreddened reference star (3 Ori) and 31 reddened
stars in the range 0.04 < E(B—V) < 4.58. To find very
weak DIBs, we included large-extinction lines of sight
of the Cyg OB2 association (2.2 < Ay < 10.2 mag;
Wright et al. 2015) and Westerlund 1 (Wd 1) cluster
(8.5 < Ay < 17 mag; Damineli et al. 2016). In compar-
ison with H15, the sensitivity and wavelength stability
of WINERED were improved by the upgrade (Ikeda et
al. 2022). The accuracy of the removal of telluric ab-
sorption lines is also improved (Sameshima et al. 2018).
With these improvements, we can detect much weaker
DIBs than those in H15. The updated catalog of DIBs
in the Y and J bands will be the basis of this series of
papers.

The remainder of this paper is organized as follows. In
Section 2, we describe our observations and targets. In



NIR DIBs IN Y AND J BANDS

Section 3, our data reduction procedures are described.
In Section 4, we describe the newly detected DIBs, and
in Section 5, we discuss the distributions of DIBs from
the optical wavelength to the NIR range and the carriers
of the newly found DIBs. Finally, we present a summary
of the study in Section 6.

2. OBSERVATIONS AND TARGETS
2.1. Observations

The data were collected using the high-resolution NIR
echelle spectrograph, WINERED (Ikeda et al. 2016,
2022), which uses a 1.7 pum cutoff 2048 x 2048 HAWATI-
2RG IR array. We used the WIDE mode, with a 100 pm
slit, which includes the wavelength range of 0.91-1.35
pm, with a spectral resolving power of R = A\/AX =
28,000 or Av =11 km s~ 1.

WINERED was mounted on the F/10 Nasmyth fo-
cus of the 1.3-m Araki telescope at Koyama Astro-
nomical Observatory, Kyoto Sangyo University, Japan
(Yoshikawa et al. 2012), from 2012 to 2016 December.
From 2017 to 2018, WINERED was mounted on the
ESO 3.58 m New Technology Telescope (NTT) at the La
Silla Observatory, Chile. The pixel scales of WINERED
were 0”.8 pixel™! and 0”.27 pixel™! for the Araki tele-
scope and the NTT, respectively. Most of the data were
obtained with the telescope dithered by 30 arcsec (Araki
telescope) or 10 arcsec (NTT) — the so-called “ABBA”
sequence. In the few cases in which the seeing was not
good, we alternately obtained the spectra of the object
and sky (the “OSO” sequence). The telluric-standard
AOV—-A2V type stars were observed at airmasses that
were similar to those of the targets.

The observations made with the Araki telescope were
primarily conducted in 2014 January and 2014 August—
October. Only the observation of 5 Ori was conducted
on 2016 February 11. The typical seeing size at the
Koyama Astronomical Observatory is approximately 3—
5 arcsec. Some of the data have already been published
in H15 and H16. Immediately prior to conducting the
observations in 2014 August, we installed an H-band
blocking filter to decrease the thermal leak in the 1.7—
1.8 pm range. The new filter successfully decreased the
background noise, and it yielded spectra with high-S/N
ratios. However, the filter was bent by the tight me-
chanical mounting, which caused a slight off-focus of
the light on the IR array. Consequently, the spectral
resolving power was reduced to R = 20,000, which is
lower than the nominal value, for the observations made
during 2014 August—October (since then, the problem
has been solved).

The observations using the NTT were conducted in
2017 July (ESO program ID: 099.C-0850(B)). The typ-
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Figure 1. Variations of the telluric lines with the observa-
tion sites and seasons. The normalized WINERED spectra of
the telluric-standard stars obtained using the NTT in June
(top), the Araki telescope in December (middle), and the
Araki telescope in August (bottom) are shown.

ical seeing size was approximately 1 arcsec. Compared
with the spectra obtained using the Araki telescope, the
telluric absorption lines of the NT'T spectra were consid-
erably weaker, owing to the lower humidity and higher
elevation of the La Silla Observatory. Figure 1 shows
the comparison of the spectra of the telluric-standard
stars. For the spectra obtained using the Araki tele-
scope, the telluric absorption lines strongly depend on
the season in which the observations were made. Very
strong absorption lines of atmospheric water vapor can
be seen in the Araki spectra obtained in August, which is
the season of high humidity and temperatures in Japan.
The difference in the intensities of the telluric absorp-
tion lines affected on the DIB search. The wavelength
ranges in which the water vapor lines are strong, such
as 093 < A < 095 pym, 1.11 < A < 1.17 pm and
1.33 < A < 1.35 pum, were not available for the DIB
search in the Araki spectra obtained in August.

2.2. Targets

The targets and observation information are shown in
Table 1. We observed 31 reddened early-type stars and
one 1 reference star without any interstellar extinction
(8 Ori). Figure 2 shows the distribution of E(B — V)
and the spectral types of our targets. The reddened stars
cover a wide range of spectral types, from A3 to 04.5;
however, our observations lack of the spectral-type cov-
erage of the reference star: only 3 Ori (B8Iab). To avoid
the misidentification of the stellar absorption lines as the
DIBs, we also utilized the model spectrum synthesized
using SPTOOL (Y. Takeda, private communication) as
a reference for the stellar spectra. Our targets include a
wide range of color excesses, 0.04 < E(B — V) < 4.58,
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which enable us to find the DIBs that originate from
interstellar clouds. We comment on some targets below.

HD183143 is the most extensively observed star for
DIB studies, owing to its large flux density and DIB
strength, which is a result of its large extinction (E(B
- V) = 1.27). The DIB properties of this star are well
known, owing to previous surveys of DIBs in optical
(e.g., Herbig 1975; Herbig & Leka 1991; Jenniskens &
Desert 1994b; Tuairisg et al. 2000; Galazutdinov et al.
2000; Hobbs et al. 2009; Cox et al. 2014) and NIR ranges
(Cox et al. 2014). The distributions and properties of
DIBs over a wide wavelength range are discussed in Sec-
tion 5.1 using the data of HD183143.

The Cyg OB2 association is one of the most massive
clusters in our galaxy. We examined the spectra of six
stars from Cyg OB2, which were also investigated in
H16. The distance to the Cyg OB2 is estimated as 1669
+ 6 pc based on Gaia Data Release 2 data (Orellana
et al. 2021), and it has a very large extinction (Wright
et al. 2015). In H16, we detected DIBs with very large
EWs in the spectra of the Cyg OB2 members. In addi-
tion, various gaseous environments can be traced using
this target, because the gas clouds in the lines of sight of
Cyg OB2 have a complex structure, consisting of a dif-
fuse component and a patchy dense component (Whittet
2015). Therefore, Cyg OB2 is an ideal target for finding
very weak DIBs.

Wd 1 is a massive young stellar cluster with a mass
of ~ 10°M (Negueruela et al. 2010) located at a dis-
tance of d = 4.1275°55 kpc from the Sun (Beasor et al.
2021). The typical extinction of the cluster members is
Ay = 11.4 £ 1.2 (Damineli et al. 2016). W7 and W33,
which are our targets, are very luminous B supergiants
in the cluster (Clark et al. 2005). The color excesses
of these two stars were calculated by using the stellar
intrinsic colors of Cox (2000). Owing to these color ex-
cesses being the highest among our targets, the DIBs
are the strongest; thus, these stars of Wd 1 are the best
targets for detecting new weak DIBs.

HAMANO ET
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Figure 2. E(B — V) distribution and the spectral types of
our targets.
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3. ANALYSIS
3.1. Data reduction

The obtained raw data were processed using the
pipeline that was developed to reduce the WINERED
data. The pipeline automatically produces the
wavelength-calibrated one-dimensional spectra from the
raw data. The pipeline conducts the subtraction of sky
frames, the subtraction of scattered light, flat-fielding,
bad pixel interpolation, the correction of echellogram
distortion, spectrum extraction, wavelength calibration,
and continuum normalization. A brief description of the
pipeline software is provided in Tkeda et al. (2022). A
more detailed description will be given by S. Hamano et
al., in preparation.

Since most of the optical components of the
WINERED spectrograph are maintained at room tem-
perature, the wavelength of the spectrum of each frame
shifted slightly with the changes in ambient tempera-
ture during the observations. The relative wavelength
shifts among the multiple frames of a target are cor-
rected in the pipeline by aligning the wavelengths of
the input frames with that of the frame with the high-
est count. However, the absolute wavelength shift from
the dispersion solution was left in the pipeline-reduced
spectra. In this study, the shift was measured using the
cross-correlation between the model spectra of telluric
absorption and the pipeline-reduced spectra. Because
we obtained high-S/N spectra of early-type stars, for
which the stellar lines are fewer than for late-type stars,
we could measure the wavelength shifts with a high accu-
racy. The wavelengths of the spectra were recalibrated
with the shift values.

The telluric lines of the target spectrum were removed
using the method detailed in Sameshima et al. (2018).
In the method, we made synthetic telluric spectra using
molecfit (Smette et al. 2015; Kausch et al. 2015). Using
these spectra as a reference, we identified stellar features
in the standard spectrum and fitted them with multiple
Gaussian curves, which were synthesized to construct
a stellar absorption-line spectrum. Because the telluric-
standard stars are AOV-A2V dwarf stars, the metal lines
of telluric-standard stars are not complex and can be fit-
ted well with multiple Gaussian curves. The observed
standard spectra were divided by the synthesized spec-
trum, to cancel out intrinsic stellar features, and the
resulting spectra were used to correct the telluric ab-
sorption lines of the targets. A detailed description of
this procedure is provided in Sameshima et al. (2018).

3.2. DIB measurement

Before the search for new DIBs, we measured the pa-
rameters of the DIBs that were found using the origi-
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nally developed software. The spectrum files, the rest-
frame DIB wavelengths, and the guess velocities of the
DIBs were inputted to the software. First, the soft-
ware cut out the input spectrum around the DIBs in
the range of 500 km s~! and normalized it by fitting a
Legendre function to the surrounding continuum region.
Then, the S/N ratio per pixel was calculated from the
standard deviation of the continuum region. Using the
S/N ratio and the normalized spectrum of the telluric-
standard star, the uncertainty of each pixel of the input
spectrum was calculated. The absorption regions, for
which the depths by the peak are lower than the contin-
uum level (=1) by 20, are then automatically searched
for in the normalized spectrum. The region in which
the center velocity is the closest to the input velocity is
picked up as the DIB region. If the absorption region
cannot be found within a £50 km s~! range from the
input velocity, the DIB is judged as a nondetection.
For the detected DIBs, the EWs and their uncertain-
ties, the central wavelengths and corresponding helio-
centric velocities, the FWHM in a wavelength scale, the
wavelengths of the absorption peak, and the depth were
measured. For the undetected DIBs, the 30 upper lim-
its of the EWs are calculated. The DIB EWs (W) were
measured from the normalized spectra as follows:

N
W= (1—I(z:) A, (1)
i=1
where x; is the ¢ th pixel, IV is the total number of
summed pixels, I, (x;) is the normalized flux at x;, and
A\ is the wavelength width per pixel. The EW uncer-
tainty was then calculated using the following equation:

1/2
)

2 2
ow = (Ustat + Jcon‘c) (2)
where ogtat and ocont are the statistical uncertainty and
the systematic uncertainty from continuum fitting, re-

spectively. ogat was calculated as follows:

N 1/2
Ostat — <Z (5]7274({151)) A)\v
i=1

where 01, (z;) is the uncertainty of the normalized flux
at x;. Ocont Was estimated with the rms shift method,
using the statistical uncertainties (Sembach & Savage
1992). In the case of a nondetection, the upper limit of
the EW is calculated using 3oy with Eq. (2), by setting
the integration range from the typical width of the DIBs
and the input velocity.

The central wavelength of each band, \., was mea-
sured as the weighted average for the overall band as

follows: N
_ Doimy AT (@)
Yo ()

i=17

(3)

: (4)

c
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where 7(z;) is the optical depth at ;. A formulation was
adopted from a preceding survey of DIBs in the optical
wavelength range in Fan et al. (2019). For a DIB with
an asymmetric profile, the central wavelength measured
using Eq. 4 differs from the wavelengths at the absorp-
tion peak. The FWHMSs of each DIB were determined
by calculating the difference between the wavelengths
where the depths are half of the peak depth.

All the results of the continuum normalization, the
search for DIBs, and the DIB measurements were
checked by eye, and if some of the procedures had failed,
owing to the systematic noise by telluric absorption lines
and the blending of the other features, the fitting pa-
rameters of the continuum normalization and/or the in-
tegration range were adjusted appropriately.

The velocities of the line-of-sight interstellar clouds
are necessary for the search for the DIBs in the spec-
trum. We do not have reliable interstellar features in
the 0.91 < A\ < 1.33 um range to determine the line-
of-sight velocities of the clouds, such as the K I line
at A = 7698.9645 A, which has frequently been used
to investigate the velocity profiles of the interstellar ab-
sorption. In this study, we use the DIB A10780, which
is relatively narrow and strong in this wavelength range;
therefore, it is likely to be best suited for the velocity
measurement. First, the rest-frame wavelength of DIB
A10780 is determined by comparing the velocities cal-
culated by DIB A10780 with those measured using the
K T line. Among our 31 targets, the K T line profiles of
10 targets have been obtained in previous studies. We
used the average of the velocities of the components,
weighted by the column densities for the targets to-
ward which multiple-velocity components are detected
using a K I line. Table 2 shows the velocities and ref-
erences of the K T velocities. We determined the rest-
frame wavelength of DIB A10780 as Aest = 10780.6A
by minimizing the difference between the K I velocities
and the A10780 velocities. In the calculation, we used
only six targets, for which the FWHMSs of DIB A10780
are lower than 1.5A, in order to reduce the systematic
uncertainty in the rest-frame wavelength, owing to the
blending of multiple-velocity components. The FWHMs
of DIB A10780 are also listed in Table 2. Figure 3 shows
the comparison between the spectra of DIB A10780 and
K 17699 for the six targets.

Our value, 10780.6A, is slightly larger than the pre-
vious values of 10780.3 4+ 0.2A (Cox et al. 2014) and
10780.46 4 0.10A (H15), which were determined using a
Gaussian fitting. The difference in the rest-frame wave-
length is caused by the difference in the method of the
DIB wavelength measurements because the A10780 pro-
file is asymmetric. We compared the wavelengths mea-

sured using our method (Eq. 4) with a Gaussian fitting.
It was found that the central wavelengths of DIB A10780
measured using a Gaussian fitting are smaller than those
calculated with Eq. (4) by ~ 0.2A, which is comparable
to the difference between the rest-frame wavelength of
A10780 in this study and those in the previous studies.

We further checked the robustness of the rest-frame
wavelength of DIB A10780 by comparing the velocities
measured using a C, band, DIB A\9577. Although DIB
A9577 is not suited for a velocity measurement, owing
to the contamination of the strong telluric absorption
lines and the intrinsically broad profile, the rest-frame
wavelength is measured in the laboratory experiments as
9577.0 + 0.2A (Campbell & Maier 2018). Galazutdinov
et al. (2017a) measured the rest-frame wavelengths of
Cfp bands AX9577 and 9632 for 19 reddened stars, and
showed that the mean wavelengths, 9577.0 and 9632.2
A, matched with the wavelengths measured in the lab-
oratory experiments but with a large scatter. The right
panel of Figure 4 shows the comparison between the ve-
locities. It was found that the velocities measured using
A10780 and A9577 are consistent, which suggests that
the rest-frame wavelength of A10780, 10780.6A, is ro-
bust for determining the line-of-sight velocities of the
interstellar clouds of our targets.

3.3. DIB search

We used the reduced spectra of all the targets to
search for new DIBs in the range of 0.91-1.33 pm. Our
strategy for distinguishing DIBs from stellar absorption
lines was to compare the heavily reddened targets to
reference stars without any extinction. Initial candidate
DIBs were acquired by comparing the spectra of the
most heavily reddened stars —HD183143, HD168625,
HD168607, and the stars of Cyg OB2 and Wd 1— to
those of the reference star, § Ori. Since the spectral
types of some highly reddened stars are earlier than that
of 8 Ori, the strengths of several lines change from ob-
ject to object. The clearest difference between late-B
and early-B/O stars is the line-strength ratio of He II to
He I. Thus, we compared the DIB candidates detected
in the Cyg OB2 members, but not in HD183143 against
the spectra of HD 210191 (B2III), to confirm that they
were not stellar absorption lines. Although there are in-
tervening clouds toward HD 210191 (E(B - V) = 0.04),
this star can be used as a semi-standard star, owing to
the weakness of the strongest DIBs in the range (e.g.,
A10780 < 5 mA). Note that the spectral resolution dif-
ference between the reference stars (R = 28,000 or
Av = 11 km s7!) and a subset of the reddened stars
(R ~ 20,000 or Av ~ 15 km s7!) did not affect the
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Velocity (km s™1)

Figure 3. Comparison of the spectra of DIB A10780 (this study) and K I 7699A for six targets, which were used to determine
the rest-frame wavelength of DIB A10780. The spectra of the K I absorption lines were reproduced from Welty & Hobbs (2001)
(for HD41117, HD141637, HD144470, and HD154368) and Siebenmorgen et al. (2020) (for HD170740 and HD147889). The
integration ranges of the DIB absorption are shown by the yellow areas. The central velocities measured from the profile of
DIB 10780 are marked with the vertical black lines. The K I velocities weighted with the column densities of each velocity
component are shown by the gray dashed lines.
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Figure 4. Comparison between the velocities determined by the DIB A10780 (Arest = 10780.6A) and those with a K I line
(left) and the Cg, DIB \9577 (right). The stars with a FWHMjio7so < 1.5 A are shown with red diamonds, and those with a
FWHMio7s0 < 1.5 A are shown with black circles.
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Table 2. Velocities of the interstellar clouds

Object VK 1 va107s0 FWHMa10780 Reference @
kms™' kms™! A
HD 210191
HD 20041 -5.4 1.3
HD 141637c -9.40 -10.8 1.1 1
HD 135591 6.3 1.2
HD 144470c -10.01 -8.5 1.1 1
HD 155806 -2.4 1.2
HD 179406 -2.6 1.5
HD 151804 -5.7 1.3
HD 41117C 13.72 16.3 1.2 1
HD 152408 -2.3 1.6
HD 170740€ -10.83 5.8 1.1 2
HD 43384 17.1 1.1
HD 223385 -22.30 -24.2 2.2 1
HD 149404 (1.0)b
HD 154368€ -5.87 0.8 1.4 1
HD 148379 -5.6 2.0
HD 152235 -8.4 1.4 3
HD 185247 -19.3 1.1
HD 147889c -7.73 -15.3 0.9 2
HD 169454 2.1 1.3
HD 183143 -2.94 5.6 1.6 4
HD 168625 9.7 1.8
HD 168607 7.9 1.6
Cyg OB2 No. 8 -2.0 1.8
Cyg OB2 No. 10 -0.8 2.1
Cyg OB2 No. 3 -0.9 1.6
Cyg OB2 No.5 -10 (-2.5)b 5
Cyg OB2 No. 9 0.8 1.8
Cyg OB2 No. 12 -10 5.7 1.8 5
Wd1W7 -19.0 2.9
Wd 1 W 33 -20.8 2.7

NOTE—

@1: Welty & Hobbs (2001), 2: Siebenmorgen et al. (2020), 3: Crawford
(2001), 4: Hobbs et al. (2008), 5: McCall et al. (2002)

b The velocities measured for DIB A11797 are shown instead, because
the DIB A10780 velocities could not be evaluated, owing to the broad
line of a stellar He 1 10830 line.

€ The stars are used to determine the rest-frame wavelength of DIB
A10780, because the FWHMs of DIB A10780 are narrower than
1.5Aand the velocities of the interstellar K 1 absorption lines are
known.

DIB search, because most of the DIBs and stellar lines
are broader than 30 km s~!, which is broader than the
velocity widths of the instrumental profiles .

To find new DIB candidates, we first shifted the spec-
tra of the heavily reddened stars into alignment using

the DIB A10780 velocities (Table 2), and we then ex-
tracted candidates by comparing the spectra of the red-
dened stars with those of the reference stars. The can-
didate search was conducted by eye, while the spectra
of telluric-standard stars were simultaneously checked,
to avoid misidentification, owing to residual features
from the strong telluric absorption lines. The rest-frame
wavelengths of the DIB candidates were measured using
the shifted spectra of the reddened stars.

After this initial search, we searched for absorption
in the wavelengths of the DIB candidates toward all
the targets within a range of —30 < wv1p750 < 30 km
s~! using the software described in §3.2. If any absorp-
tion bands with similar wavelengths to those of the DIB
candidates were detected with EWs at the 5o level, we
measured the parameters of the DIBs as in §3.2; in the
case where no absorption bands were detected, we calcu-
lated the upper limits. In cases where stellar absorption
lines, residuals of telluric absorption lines, or spurious
features significantly affected the DIB candidates, we
evaluated neither the EW nor the upper limit. After
checking the measurements of the DIB candidates for
all targets, the parameters of each detected DIB can-
didate were checked. Compared with the velocities of
DIB A10780, the DIB candidate absorptions for which
the velocities deviated from v1g7g9 at more than a 3o
level were rejected. Additionally, an FWHM histogram
was produced for each DIB candidate, and the DIB can-
didate absorptions that were peculiarly broad or narrow
were also rejected. The DIB candidates that signifi-
cantly blended with other features were also removed.
In the case of a slight blending with other features, the
integration range was arbitrarily adjusted. In that case,
therefore, the systematic uncertainties caused by the
blending should be included in the parameters of the
DIB candidates.

The candidates that satisfy the following requirements
are regarded as DIBs: (1) the candidates are detected
toward more than 10 reddened stars; and (2) the cor-
relation coefficients between the candidates” EWs and
E(B —YV) are larger than zero, with p < 0.05. The mul-
tipeaked DIBs were treated as a single feature, because
we could not determine whether these multiple peaks
originated from the intrinsic profile of an identical DIB
carrier or the blended profile of multiple DIBs.

4. RESULTS
4.1. Detected and candidate DIBs

_12_
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Table 3. Detected DIBs

Wavelength ~ Wavenumber — Detection EW/E(B-V) Rgp-v) FWHM Reference® Blending feature
(A) (em™1) (mA mag~1) A
9577.0 10438.8 30/31 118.0 + 3.3 0.79 2.8+ 0.4 (2)
9632.1 10379.1 19/31 95.0 £ 2.9 0.84 2.0+ 04 (2) Mg 11
9673.4 10334.8 21/31 12.2 £ 1.1 0.92 1.0 £ 0.1 This work
9880.1 10118.5 23/31 22.7 £ 1.2 0.72 1.1 402 (5) on
9987.0 10010.3 14/31 204 + 0.9 0.84 2.0+ 0.1 This work
10006.6 9990.7 15/31 16.1 + 1.0 0.72 1.5+ 0.4 This work
10262.5 9741.5 12/31 6.0 £ 0.7 0.63 1.0 +£ 0.2 (6)
10288.0 9717.4 21/31 89+ 0.9 0.57 1.2 +£ 0.2 This work
10360.7 9649.2 26/31 27.4 + 0.9 0.87 1.7 £ 0.3 (4)
10393.5 9618.8 25/31 18.0 + 1.2 0.91 1.0 £ 0.2 (4)
10439.0 9576.8 26/31 29.4 + 1.6 0.78 2.3+ 0.3 (4)
10504.4 9517.2 19/31 31.5 + 1.3 0.94 1.1 £ 0.1 (4) Fe 11, N1
10542.6 9482.8 17/31 16.8 + 1.3 0.76 1.0 £ 0.2 This work N 1?
10610.3 9422.2 24/31 11.4 + 0.9 0.78 1.2 +£ 0.3 This work
10697.6 9345.3 26/31 149.5 £+ 2.2 0.87 4.3 + 0.3 (4)
10734.5 9313.2 22/31 19.1 + 1.2 0.75 1.5+ 0.2 (6) O1
10771.9 9280.9 19/31 16.0 + 1.2 0.87 1.5 +£ 0.3 This work
10780.6 9273.4 28/31 134.0 £ 1.5 0.91 1.2 £ 0.1 (3)
10792.3 9263.3 25/31 33.9+£1.3 0.79 1.7+ 0.2 (3)
10813.9 9244.8 18/31 20.5 + 1.4 0.70 1.6 £ 0.4 This work
10876.9 9191.3 23/31 12.7 £ 1.1 0.56 1.6 + 0.2 This work
10883.9 9185.4 25/31 19.1 + 1.2 0.82 1.2+ 0.2 (6)
10893.9 9176.9 19/31 15.5 + 1.3 0.66 1.6 + 0.3 This work
11018.2 9073.4 11/31 10.6 + 1.1 0.76 0.9 +£0.2 This work
11691.6 8550.8 15/31 172 £ 1.3 0.80 1.3 £ 0.2 This work
11695.0 8548.3 22/31 21.0 + 1.3 0.84 1.4 +£ 0.1 (6)
11698.5 8545.7 27/31 29.5 + 1.6 0.92 1.4+ 0.3 (6)
11709.9 8537.5 14/31 9.0 £ 0.9 0.72 1.0 &£ 0.2 This work
11720.8 8529.5 27/31 38.7 + 1.7 0.86 2.1+ 0.1 (6)
11792.5 8477.6 22/31 18.6 + 1.4 0.85 1.0 £ 0.3 (6)
11797.5 8474.0 30/31 119.8 £ 1.7 0.91 1.6 £ 0.1 (1)
11863.5 8426.9 20/31 10.4 + 1.2 0.54 1.3 £ 0.3 This work
11929.3 8380.4 15/31 14.0 + 0.9 0.77 1.5 4+ 0.3 This work
12194.4 8198.2 10/31 8.4+ 0.8 0.91 0.9+ 0.2 This work  P(12), Q(18) and R(28) of Cs (0,0)
12200.7 8194.0 26/31 17.7 + 1.2 0.83 1.5+ 04  This work P(14) and R(30) of Cy (0,0)
12222.5 8179.4 28/31 30.9 £ 1.2 0.90 1.2 + 0.2 (6)
12230.0 8174.4 19/31 14.3 £ 1.0 0.89 1.1 +£0.2 This work
12294.0 8131.8 29/31 20.5 + 1.1 0.71 1.9 £ 0.1 (5) N1
12313.5 8118.9 22/31 7.2 £ 0.7 0.45 1.4+ 0.3 This work
12337.1 8103.4 29/31 110.8 £ 2.0 0.92 3.5 £ 0.7 (4)
12519.0 7985.7 20/31 21.1 £ 1.2 0.90 1.7 £ 0.2 (5)
12537.0 7974.2 26/31 31.1 £ 1.5 0.88 1.8 +0.4 (5)
12594.9 7937.6 20/31 10.7 £ 1.2 0.74 1.6 + 0.2 This work
12624.1 7919.2 29/31 68.5 + 1.9 0.90 24 4+ 0.6 (5)
12650.0 7903.0 21/31 19.7 £ 1.4 0.89 1.4 + 0.2 This work
12691.9 7876.9 18/31 19.4 + 1.2 0.67 2.1 £0.3 This work
12798.8 7811.1 18/31 35.4 + 1.2 0.63 1.1 £ 0.2 (5) Pap
12837.6 T787.5 14/31 57.9 £ 1.9 0.80 4.3 £ 0.2 (6) Pag
12861.5 7773.0 26/31 38.3 £ 1.7 0.85 2.3 £ 0.6 (5) Pag
12878.9 7762.5 12/31 11.2 £ 1.0 0.73 1.6 £ 04 This work
13021.0 T677.8 20/31 14.6 £ 1.0 0.88 1.8 £ 0.3 This work
13027.7 7673.9 24/31 59.4 + 1.7 0.90 3.5 + 0.6 (4)

Table 3 continued
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Table 3 (continued)

Wavelength ~ Wavenumber  Detection EW/E(B-V) Rgp_v) FWHM Reference® Blending feature
(A) (em™1) (mA mag~1) A
13050.5 7660.4 17/31 11.7 £ 1.1 0.82 1.6 £ 0.2 This work
13175.9 7587.5 30/31 442.7 + 3.1 0.91 4.1 + 0.3 (1)

NOTE—

% The references that confirmed the DIBs for the first time: (1) Joblin et al. (1990); (2) Foing & Ehrenfreund (1994); (3) Groh et al. (2007);

(4) Cox et al. (2014); (5) H15; and (6) Ebenbichler et al. (2022)

As a result of the search for new DIBs in §3.3, we de-
tected 34 new DIBs, nine of which were independently
reported by Ebenbichler et al. (2022). In addition, we
also detected eight candidates. Figure 5 shows the spec-
tra of 54 detected DIBs, 25 of which were newly de-
tected in this study. The spectra of two stars with
no or low reddening, 8 Ori and HD 210191, and the
stars with the largest reddening in the Cyg OB2 as-
sociation (No.12) and Wd 1 (W 33) are plotted. In
Figure 5, the DIBs detected toward W 33 have broader
profiles compared to those of Cyg OB2 No. 12, on aver-
age, probably because of the Doppler broadening. Ta-
bles 3 and 4 summarize the results of the measure-
ments for the detected DIBs and candidate DIBs, re-
spectively. Tables 3 and 4 show the rest-frame wave-
lengths (column 1), wavenumbers (column 2), numbers
of detections (column 3), EWSs per a unit of E(B — V)
(column 4), the correlation coefficients with E(B — V)
(column 5), FWHMs in a wavelength scale (column
6), and comments on the blending features (column
7). The DIB rest-frame wavelengths were determined
by minimizing the squared difference between the ve-
locities of DIB A10780 (Table 2) and the DIB veloci-
ties, which depend on the rest-frame wavelengths of the
DIBs. The EWs per a unit of E(B — V) were calcu-
lated as W/E(B — V) = SN WiEp_v,i/ 1 B3 v,
The FWHMs in Tables 3 and 4 are the average of the
FWHMSs of the detected DIBs with a sigma clipping. To
avoid the effect of Doppler broadening in the FWHM
calculation, as far as possible, the FWHMSs larger than
the 1o level were clipped, whereas the FWHMs smaller
than the 20 level are clipped. In the following subsec-
tions, we comment on some specific DIBs and candi-
dates.

4.1.1. Cf, DIBs

All five absorption bands identified as the electronic
band of Cg, are located in the wavelength range of our

observations (Campbell et al. 2015, 2017). Two main
bands, A9577 and A9632, which were contaminated with
the strong water vapor lines, could be detected toward
many targets. The latter band is known to overlap with
a pair of stellar Mg II lines at 9631.9 and 9632.4A (Jen-
niskens et al. 1997; Galazutdinov et al. 2017a; Walker
et al. 2017). We did not try to remove the effect of the
overlapping Mg II lines because that is outside the scope
of this study. Therefore, we note that the measured pa-
rameters of \9632 in Table 3 are affected by Mg IT lines.
Three weak subbands, \9348, \9365, and A9428, are
contaminated with stronger water vapor lines. There-
fore, these bands could not be detected at all in the
spectra obtained using the Araki telescope, owing to
the strong water vapor lines (Figure 1). We tried to
analyze the three subbands in the NTT spectra; how-
ever, we could not detect them clearly, owing to the
intrinsic weakness of the bands, the systematic uncer-
tainties caused by the removal of the telluric lines, and
the blending stellar lines. Therefore, we did not include
these three bands in Table 3 in this study. The prop-
erties of Cg‘o in the interstellar clouds and their rela-
tions with the other interstellar features, including the
newly found NIR DIBs, are of great interest. An anal-
ysis dedicated to these Cgro bands will be conducted in
the subsequent study.

4.1.2. A11691, A11695, and A11698

Three DIBs, A11691, A11695, and A11698, were de-
tected in the wavelength range where the telluric lines
are strong. Because the profiles of these DIBs are clearly
resolved in the spectra of most of the targets, we have
treated these features as independent DIBs in this study.
However, the EWs of these DIBs are well correlated with
each other (r ~ 0.9). Considering that these DIBs are
affected by strong telluric lines, which increase the scat-
ter in the correlation, it is possible that these DIBs orig-
inate from the same carrier, and the separations and the
relative intensities of the three peaks may be important
for constraining the molecular properties of the carrier
molecule.

4.1.3. DIBs overlapping with the Ca Phillips bands

_14_
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Table 4. Candidate DIBs

Wavelength ~ Wavenumber  Detection EW/E(B-V)

RpB—v) (p-value) FWHM

Blending Feature

(A) (em™1) (mA mag~1) A
10280.3 9724.7 13/31 5.9 + 0.7 0.55 (5.1e-02) 1.0 £ 0.1
10528.3 9495.6 11/31 13.1 + 1.3 0.10 (7.7e-01) 1.7 £ 0.4 Fe 117
10650.2 9386.9 11/31 7.8+ 0.9 0.56 (7.3e-02) 1.0 £ 0.1 N 1?7
12110.8 8254.8 9/31 26.7 + 2.3 0.76 (1.8¢-02) 14+02 Q(8) of C3 (0,0)
12175.2 8211.1 13/31 6.8 + 0.9 0.00 (9.9¢-01) 0.9+ 0.1 Q(16) and R(26) of Cs (0,0)
12406.2 8058.3 20/31 12.4 + 1.0 0.20 (4.0e-01) 1.8 £ 0.2
12486.7 8006.3 9/31 4.7 £ 0.7 0.77 (1.5e-02) 1.1 £ 0.1
12668.3 7891.6 10/31 5.8 + 0.8 0.60 (6.5e-02) 1.5 £ 0.1
NoOTE—

The electronic bands of Co and CN are located in
the range of 0.91-1.33 ym (Hamano et al. 2019). In
particular, the Cy bands have many rotational lines in
a wide wavelength range, because Co can be rotation-
ally excited to higher levels. The rotational lines of the
J" =0 —20 of the Cy (1,0) and (0,0) bands range be-
tween 10130-10300A and 12070-12332A, respectively.
It was difficult to find weak DIBs in these wavelength
ranges of the Cy bands, because the C,; bands were
strong in the spectra of most of the stars in the Cyg
OB2 association and the Wd 1 cluster, which were
used for the initial search for new DIBs. Four DIBs—
A12194, A12200, A12294, and A12313—and a DIB candi-
date A\12110, were detected in the region of the Cy (0,0)
band, while we could not find any new DIBs in the region
of the Cy (1,0) band. In particular, A12110 is blended
with a Q(8) line, which is relatively strong among the
Cz lines. We did not deblend the Q(8) line from A\12110
by simulating the Cs line profile. Therefore, A12110 was
measured only in the spectra of the stars toward which
the Co band was not detected or very weak.

4.1.4. DIBs detected in the wing of Pa 3

DIBs A12799, A12838, and A\12862 were detected on
the wing of the broad Pafg absorption line. We removed
this broad wing by fitting a polynomial function for mea-
suring the EWs of these DIBs.

4.2. NIR DIBs in the 0.91-1.33 um range

Figure 6 shows the EWs of the NIR DIBs in the range
of 0.91-1.33 pm for Cyg OB2 No. 12, toward which all
54 DIBs were detected, except for DIB A12110, which
was blended with the Cy band. The EWs of 20 of the
DIBs in this object that were detected in previous stud-
ies (H15, Cox et al. 2014; Joblin et al. 1990; Foing &
Ehrenfreund 1994; Groh et al. 2007) are larger than 30
mA, whereas the EWs of the weakest DIBs that are
newly detected in this study are as small as 10 mA. The

lack of DIBs in A < 95004, 11100 < A < 11500A, and
A > 13300A in Fig. 6 is a result of the strong telluric
absorption lines. Accordingly, there are fewer DIBs in
and near these wavelength ranges in Fig. 7, which shows
the distribution of the DIB numbers and EWs for Cyg
OB2 No. 12. The peaks of the number density distribu-
tions in the Y and J bands are at approximately 10500
and 12500 A, respectively, where the telluric absorption
lines are very weak. The weakest DIBs in the Y and
J bands are also detected in these bins. These results
suggest that the detection sensitivity of the NIR DIBs
is strongly influenced by the accuracy of the telluric ab-
sorption.

Figure 8 shows the overall distribution of the central
wavelengths of the DIBs, from the optical wavelength
range to the K band, where the longest-wavelength
DIBs have been detected. This figure primarily uses the
DIB EWs of HD183143 obtained by Fan et al. (2019, for
4000-9000 A), those obtained in this study (for 9100
13300 A) and those from Cox et al. (2014, for 15000
18000 A). For the DIBs in the K band and some weak
DIBs in the H band, we adopt the DIB EWs for Cyg
OB2 No.5 from Galazutdinov et al. (2017b), because,
to date, these DIBs have not been detected toward
HD183143. Although the number of DIBs detected in
the NIR region has gradually increased over the course
of the past decade, previous surveys could not detect
DIBs in the range of W < 50 mA, in which the majority
of the optical DIBs are distributed. In this study, we
were able to detect a number of weak NIR DIBs, which
has enabled us to discuss the DIB distribution over a
wide wavelength range (see Section 5). It will be possi-
ble to investigate the profiles of these DIBs, as well as
their correlations with gaseous parameters (e.g., H I col-
umn density), and to use them for comparison with the
laboratory spectra of candidate molecules for new NIR
DIBs. These new DIBs will provide new insights into the
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Figure 5. The spectra of all 54 DIBs detected in the 0.91-1.33 pum range. The spectra of 8 Ori (the top spectrum), HD210191
(the second spectrum from the top), Cyg OB2 No. 12 (the third spectrum from the top), and Wd1l W33 (the bottom spectrum) are
shown in each panel. The horizontal axis shows the line-of-sight velocities that were calculated with the rest-frame wavelengths
shown in Table 3. The spectra are shifted by the velocities that were measured using the DIB A10780, to align the DIBs. The
regions that are contaminated with the strong telluric absorption lines are interpolated from the surrounding regions, which
the strong telluric absorption lines do not contaminate. The interpolated and original spectra are shown using the thick and
thin lines, respectively. The spectra are shown with gray lines in cases where the DIBs could not be evaluated, owing to the
blending of the other features. The detected DIBs are indicated by the yellow areas. The marks with the black thin lines that
are sometimes plotted above the spectra show DIBs and candidates that appear in the panels of the other DIBs.
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Figure 4. Continued.
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5. DISCUSSION
5.1. Distributions of DIB numbers and strength

In this subsection, we discuss the distributions of
the DIB numbers and strength, using the DIBs of
HD183143, which is most frequently used for the
DIB surveys. The DIBs toward HD183143 have been
searched for from the optical wavelength range to the
NIR range, at high sensitivities. In Section 5.1.1, we dis-
cuss the DIB distributions over a wide wavelength range,
from the optical wavelength range to the H band. In
Section 5.1.2, we attempt to deduce the intrinsic distri-
bution of the DIBs toward HD183143 by considering the
biases among the observations in different wavelength
ranges, such as the differences in S/N, the spectral res-
olutions, and telluric absorption lines.

5.1.1. DIBs in the 0.4-1.7 pm range

Herein, we discuss the number and EW distributions
for all the DIBs ever detected toward HD183143, to in-
vestigate the wavelength ranges (and, thus, the energies
of the transitions) in which the DIBs are the most pop-
ulous. From the previous surveys in the optical wave-

Wavelength (4)

Figure 7. Number density (top) and EW density (bottom)
distributions toward Cyg OB2 No. 12. The bin width is 500
A in all panels. The black, gray, and white bars show DIBs
with EW > 100 mA, 10 < EW < 100 mA, and EW < 10
mA, respectively.

length range, we have adopted the most extensive cat-
alog of DIBs, which was reported by Fan et al. (2019),
who obtained a high-sensitivity (S/N ~ 1300 at the me-
dian) and high-resolution (R = 38,000) spectrum of
HD183143 and detected 472 bands between 4000 and
9000 A. The EWs of the DIBs of HD183143 in the H
band (15,000 < A < 18,000 A) are adopted from Cox et
al. (2014).

Figure 9 shows the distributions of number density
(top), total EW (middle), and the summation of the
product of the oscillator strengths and column densities
of the DIB carriers (bottom). The summation is calcu-
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Figure 8. Upper panel: overview of DIBs from the optical wavelength range to the K band. The circles show the DIBs
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the literature (Joblin et al. 1990; Foing & Ehrenfreund 1994; Groh et al. 2007). The green diamonds show the DIBs detected
in Ebenbichler et al. (2022). The light blue triangles show the candidate DIBs in this study. Gray and black circles show the
DIBs in the range of 4000-9000 A (Fan et al. 2019) and the H-band DIBs (Cox et al. 2014), respectively. For the DIBs in the
K band and some weak DIBs in the H band, we adopt the DIB EWs for Cyg OB2 No.5 from Galazutdinov et al. (2017b),
because, to date, these DIBs have not been detected toward HD183143. Note that the points of No. 5 are only plotted to show
the DIB distribution at the longest wavelength, and cannot be directly compared with the other data from HD183143, owing to
the difference in the DIB EWs between HD183143 and No.5. The gray shaded areas show the wavelength ranges in which we
could not search for DIBs, owing to strong telluric absorption. Lower panel: synthetic spectrum of telluric absorption created
by ATRAN (Lord 1992).

lated as follows: The peak of the number density distribution (Fig. 9,
top panel) was around the bins from 6000 to 7000 A.
According to Fan et al. (2019), this peak does not re-

(5) flect the intrinsic DIB distribution, because a significant

fraction of the weak DIBs at A > 7000 A were not de-

tectable, owing to contamination by strong telluric ab-

sorption. The number density of the NIR DIBs at 9000

< X < 13500 A is considerably lower than that of the

optical DIBs, which may be a result of both the intrinsic

DIB distributions and the differing spectral qualities in

terms of S/N, spectral resolution, and telluric lines. In

_ W;(A)
zi:fiN,;(cm %) = Z 1.13 x 10%° 2(A)

(2

where i is the DIB index within each wavelength bin, f;
and N; are the oscillator strength and column density
of the ith DIB carrier, respectively, and W; and \; are
the EW and central wavelength of the ith DIB, respec-
tively. In this calculation, an optically thin condition is
assumed.
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particular, very few DIBs with W < 10 mA are detected
in the NIR wavelength range.

The difference in the detection limits among the obser-
vations has a lower impact on the EW distribution than
on the number density distribution because most of the
EW contribution comes from strong DIBs (W > 100
mA). For example, the 4000-4500 A bin has a very high
value, owing to A4430, which is the strongest DIB ever
found. Although this stochasticity primarily affects the
distribution, a trend of decreased EWs at longer wave-
lengths is seen, which may be attributable to an intrinsic
distribution of DIB EWs rather than to observational
bias. This trend is more clearly seen in the distribution
of >, filN; (the bottom panel of Fig. 9).

Figure 10 shows the DIB distributions on a wavenum-
ber scale. The wavelength coverage of our observations
corresponds to 7400 < v < 11100 cm~!. The wavenum-
ber distribution is probably more appropriate than the
wavelength distribution for investigating the intrinsic
distributions of the DIB numbers and strengths than the
wavelength distribution because the transition energies
are simply proportional to the wavenumbers. The trends
seen in Fig. 9 can also be seen in these distributions,
but the differences between the optical and NIR ranges
are diluted, because a bin in the wavenumber units cov-
ers a larger wavelength range at a longer wavelength.
In particular, the EWs are nearly constant across the
wavenumber plot, except for a few bins that contain the
strongest DIBs. To understand the intrinsic distribution
of these DIB properties, it is necessary to consider the
effects on the distributions that arise from differences in
observational conditions.

5.1.2. Observational biases

Next, we deduced the intrinsic distribution of the
DIBs from the observed distribution by minimizing the
effects of observational bias. The observed distributions
were affected by observational biases on the strength
and density of the telluric absorption and the detection
limits.

To remove the effect of telluric absorption, we selected
five wavelength ranges in which the telluric absorption
lines are weak: 5300 < A < 6850 A, 7300 < A < 7590
A, 10300 < X < 10900 A, 12200 < X < 12550 A, and
15400 < A < 15680 A. In the following calculation, the
first wavelength range is divided into five sub-ranges:
5300 < A < 5600 A, 5600 < A < 5900 A, 5900 < X <
6200 A, 6200 < A < 6500 A and 6600 < A < 6850 A;
the 6500 < A < 6600 A range was excluded to avoid the
stellar Hov line.

For the detection limit, we used only those DIBs that
were deeper than a fixed peak depth (d,) threshold for

Wavenumber (cm™1)
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3 10 < EW < 100
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© o N
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| | |
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Figure 9. Distributions of the numbers (upper panel), total
EWs (middle panel), and . f; N; (lower panel) of the DIBs.
The horizontal axes indicate the wavelength, and the bin size
is 500 A. The inset panel in the lower panel shows a detailed
view of the histograms at A > 7500 A. The colors indicate
the same factors as in Fig. 7.

all wavelength ranges, to minimize the effects of different
detection limits. Since the S/N ratio and spectral res-
olution of the optical spectrum of HD183143 obtained
by Fan et al. (2019) are both higher than those of our
NIR spectrum of HD183143, the threshold from the NIR
spectrum was set to be d, = 7 x 1073, which is the 50
detection limit for our NIR spectrum of HD183143.
Figure 11 shows the resultant wavenumber density of
the numbers, EWs, and ), f;N; of the DIBs in the
sampled wavelength ranges. The number density ex-
hibits a peak in the 6600 < A < 6850 A bin, and a
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Figure 10. Distributions of the numbers (upper panel),
total EWs (middle panel), and >, fiN; (lower panel) of the
DIBs. The horizontal axes indicate the wavenumber, and the

bin size is 1000 ecm . The inset in the lower panel shows
a detailed view of the histograms at v < 13000 cm~'. The

colors indicate the same EW ranges as in Fig. 7.

declining trend is seen toward both the shorter- and
longer-wavelength ranges. This is consistent with the
results shown in Fig. 10, and the peak wavelength cor-
responds to the 1.8 eV transition energy. In contrast,
the EW density is approximately constant over the en-
tire range, with the exception of the 6200 < A < 6500
A bin, in which the second-strongest DIB, \6284.3, is
located. The almost constant wavenumber density of
the DIB EWs results in a rapid decrease of ), f; N; to-
ward the longer-wavelength limit, as seen in the bottom
panel of Figure 11. Therefore, the carrier abundance
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Figure 11. Wavenumber densities of the DIB numbers (top
panel), EWs (middle panel), and the sums of the products
of the oscillator strength and column density (lower panel),
after considering the observational biases. See the main text
for the sampled wavelength region and the threshold used
for the depth of the DIBs. The horizontal bars indicate the
sampled ranges. The vertical bars in the top panel show the
square roots of the numbers of DIBs, that is, the Poisson
uncertainties of the DIB numbers. As a reference, we also
plot the data for the H-band DIBs with an open circles, to
see their trend at longer wavelengths. Note that the effects of
the observational biases were not considered for these points.

of the DIBs tends to be reduced at longer wavelengths,
suggesting that the NIR DIBs trace molecular species
that are less abundant in interstellar clouds and/or have
much smaller oscillator strengths than those in the op-
tical region.
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5.2. FWHM distribution

In this subsection, we discuss the distributions of the
FWHMs of the optical and NIR DIBs for HD147889,
using the data of Fan et al. (2019) and this study.
HD147889, which is considered to be a single-cloud
sightline (Siebenmorgen et al. 2020), is a good target
for investigating the DIB profiles. Here, we compare
the FWHMSs of the DIBs in the optical range and those
in the NIR range in order to examine the relation be-
tween the DIB width and the wavelength. The intrinsic
profiles of the DIBs are important for constraining the
DIB carriers (e.g., Huang & Oka 2015). If an intrinsic
DIB profile reflects the rotational contour of a molecu-
lar electronic transition, the FWHM on a wavenumber
scale is a function of the rotational temperature (Tyot)
and the rotational constant (B”) (Cami et al. 2004). A
difference in the FWHM distribution between the op-
tical and NIR wavelength ranges would imply that the
carriers producing the DIBs in each wavelength range
have different molecular properties (e.g., electric dipole
moment and molecular size), on average.

Figure 12 shows the histograms of the DIB FWHMs
measured in the wavelengths, normalized by wavelength,
and measured in wavenumbers for optical DIBs (5000 <
A < 6500 A; Fan et al. 2019) and NIR DIBs (9100 < A <
13300 A; this study). The bin size for the NIR DIBs is
twice as large as that for the optical DIBs, owing to the
difference in their numbers. The spectral resolutions in
Fan et al. (2019) and in this study were 8 and 11 km s~ 1,
respectively. The thresholds corresponding to the spec-
tral resolutions were also plotted with the histogram of
the normalized DIB FWHMSs. In the FWHM distribu-
tion on a wavenumber scale, the DIB width is narrower
in the NIR range, on average. Because most of the DIBs
have FWHMs broader than the spectral resolutions (see
the center panels in Figure 12), the difference of the
FWHM distribution on a wavenumber scale is probably
not caused by the difference of the spectral resolutions.

The detection limits of the observations also affect the
FWHM distributions. Since the broader DIBs have shal-
lower depths, it is relatively difficult to detect broader
DIBs at the same EW. Therefore, the detected weak
DIBs tend to have narrower widths, and the detection
limit can change the FWHM distribution. The FWHM
distributions of the DIBs with a central depth larger
than 0.009 are also shown with the black bars in Fig.
12. The threshold is sufficiently higher than the de-
tection limits of both observations, without a significant
decrease in the DIB numbers. The FWHM distributions
of the DIB samples that are limited by depth would re-
flect the intrinsic DIB properties better than that of
a full sample would. Other factors of the observations,

such as the contamination of the telluric absorption lines
and the wavelength coverages of each echelle order, can
bias the FWHM distributions; however, it is difficult to
evaluate their effects.

In these depth-limited samples, the difference between
the wavenumber-scale FWHM distributions is clear: the
medians are 2.1 and 1.5 cm™! for the optical and NIR
wavelength ranges, respectively. To investigate the sta-
tistical significance of the difference in the FWHM distri-
butions, we conducted a Mann—Whitney U test, which
is a nonparametric statistical test with the null hypothe-
sis that the medians of two samples are the same, under
the assumption that the shapes of the distributions are
identical. The sample sizes of the optical and NIR DIBs
are 29 and 27, respectively, which are sufficient for the
statistical test. We rejected the null hypothesis, with a
p-value of 0.038, which suggests that the difference in the
FWHM distributions between the optical and NIR DIBs
is statistically significant. The difference in the FWHM
distributions between the optical and NIR wavelength
ranges may imply that the DIB width on a wavenum-
ber scale becomes intrinsically narrower at longer wave-
lengths.

5.3. Carriers

5.3.1. General implications

Herein, we comment on the implications for the car-
riers of the NIR DIBs, based on our results. In Sec-
tion 5.2, we suggested that the intrinsic FWHMs of
the NIR DIBs in units of wavenumber are, on an av-
erage, narrower than those of the optical DIBs. If we
assume that the intrinsic widths of the DIBs are de-
termined by the rotational constants of the DIB carri-
ers, the NIR DIB carriers should have smaller moments
of inertia (i.e., they should be larger in size) than the
optical DIB carriers. This is consistent with the re-
lationship between the transition wavelengths and the
molecule sizes of conjugated molecules, such as carbon
chains, PAHs, and fullerenes. This proportional rela-
tion between the transition wavelength and the number
of carbon atoms in molecules has been experimentally
confirmed for the m — 7 electronic transitions of poly-
acetylene chains (Maier 1998). The relation is also seen
for the PAH molecules and ions in the calculation of the
wavelengths of the PAH bands that was conducted in
Ruiterkamp et al. (2005).

In Section 5.1, we suggested that the summation
of the DIB column density (), fiV;) decreases with
wavelength. We cannot determine whether oscillator
strength or column density is the primary contributor to
this decrease. If we assume that conjugated molecules
are a potential carrier, then their oscillator strengths will
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Figure 12. FWHM distribution of the DIBs for HD147889. The upper and lower panels show the DIBs in the optical (5000
< X <6500 A) and NIR (9100 < A < 13300 A) wavelength ranges, respectively. The left, middle, and right panels show the
FWHMs measured in wavelengths, normalized by wavelength, and measured in wavenumbers, respectively. The dashed lines
show the FWHMSs corresponding to the spectral resolutions. The black bars show the DIBs with the central depths larger than

0.009.

be in proportion to the total electron number, i.e., the
number of carbon atoms (e.g., Halasinski et al. 2003).
If the carriers of the DIBs at longer wavelengths are
larger in size, as suggested by their FWHM distribution,
then the DIBs at longer wavelengths can be considered
to have higher oscillator strengths. In this case, col-
umn densities associated with longer-wavelength DIBs
decrease more rapidly than is observed for ), f;N; with
increasing wavelength. It follows that larger DIB car-
riers have lower column densities in interstellar clouds,
because large molecules can have a variety of structural
patterns and more atoms are necessary to form bigger
molecules. In summary, we suggest that DIBs at longer
wavelengths tend to be caused by larger molecules.
Ruiterkamp et al. (2005) simulated DIB spectra to-
ward a line-of-sight cloud of HD147889, the physical
parameters of which have been well constrained, under
the assumption that the DIB absorption in this region
is caused by interstellar PAHs. Their results suggest
that larger PAH ions tend to have transitions at longer
wavelengths, and that the ionization fraction of PAHs
strongly depends on their size and structure. Metallicity

is another key parameter that determines the DIB dis-
tribution (Cox & Spaans 2006). Further high-sensitivity
observations in both the optical and NIR wavelength
ranges toward various lines of sight would put con-
straints on the DIB carrier properties.

5.3.2. Possible carriers

DIBs are considered to originate from interstellar car-
bonaceous molecules (Sarre 2008). Specific candidates
include carbon chain molecules, PAHs, and fullerenes.
The only positively identified carrier to date is ionized
buckminsterfullerene (Cf,), which has been identified
as the carrier of five DIBs at approximately 0.95 pm
(Campbell et al. 2015; Walker et al. 2015; Campbell et
al. 2016). Other fullerenes, such as C;‘O and C?S‘ , were
also tested by the same authors (Campbell et al. 2016,
2017), but their transitions were not detected in the as-
tronomical spectra. Omont (2016) reviewed the prop-
erties of other fullerenes and fullerene derivatives to ex-
plore their ability to produce interstellar DIB features.
Fullerene compounds may be candidates for DIB carri-
ers. Tomita et al. (2005) obtained NIR spectra of Cg, in
its gas phase at room temperature (300K) and identified
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three absorption bands at 9382, 9145, and 10460 cm ™!,
which corresponded to air wavelengths of 10655, 10931,
and 9557 A, respectively. Near the strongest of the three
bands (10655 A), we detected a weak DIB candidate at
10,650 A (Table 4). The EW and FWHM of the A10650
for Cyg OB2 No.12 are 2742 mA and 2.5 A, respec-
tively. We could not detect DIBs close to the other two
weaker bands at 10931 and 9557 A. The band at 10931 A
overlaps the H I line, and the band at 9557 A is heavily
contaminated by telluric lines; therefore, we could not
even set upper limits. Despite the wavelength difference
between the main band at 10655 A and A10650, a small
shift such as this may be induced because the absorp-
tion band was obtained at room temperature (Tomita
et al. 2005), which can broaden and shift bands. Based
on the oscillator strength of f = 0.022 (Strelnikov et al.
2015), the EW toward Cyg OB2 No.12 (27 mA) corre-
sponds to N(Cgy) = 1.2 x 10'? em™2. Considering the
amount of Cf, in the line of sight of Cyg OB2 No. 12
(N(CE,) = 2.5 x 10'3 cm~2 estimated from the \9577
band), Cg, may be present, and it would favor denser
clouds with reduced UV intensity. Although it remains a
matter of speculation, DIB A\10650 is a potential candi-
date for the absorption band of Cg,. Firm identification
requires (1) obtaining the gas-phase spectrum of Cg, at
a low temperature, and (2) detecting the other two sub-
bands. Since the detection of the band at 10931 A is
nearly impossible, owing to its overlap with the stellar
H I line, detecting the band at 9557 A would be more
significant.

Tonized PAHs are another class of DIB carrier candi-
dates in the NIR range. Mattioda et al. (2005) obtained
the NIR (0.7-2.5 pum) spectra of cations and anions of
27 PAHs (the largest of which was C50Hzz) using matrix
isolation spectroscopy. The Ar matrix that they used
can broaden and shift the obtained absorption band.
Therefore, it was difficult for them to identify DIBs as
the absorption bands of ionized PAHs. They demon-
strated that strong and narrow bands exist in the NIR
absorption spectra of PAH cations and anions. In H15
and in this study, we have detected DIBs whose wave-
lengths are close to the absorption bands of PAH cations
and anions. If the gas-phase spectra of such ionized
PAHs can be obtained, the DIBs detected here can po-
tentially be confirmed.

6. SUMMARY

We explored weak NIR DIBs the in 0.91-1.33 pm
range using the NIR high-resolution (R = 20,000 and
28,000) spectra of 31 reddened stars that were collected
using the WINERED spectrograph. Our findings are
summarized as follows:

_24_

1. The large DIB EWs toward the heavily reddened

lines of sight enabled us to detect 54 DIBs, 25 of
which were newly discovered by our observations.
We also independently detected nine of 12 DIBs
newly detected in Ebenbichler et al. (2022). We
succeeded in detecting DIBs as weak as 10 mA in
the NIR range. We found that, as in the opti-
cal range, many weak DIBs populate in the NIR
range of 0.91-1.33 um. The wavelength range of
0.91-1.33 pm that has been explored in this study
is of great importance for the study of interstel-
lar molecules, because it contains the absorption
bands of both small and large carbon molecules,
including Cg‘o, Csq, and CN, and many anonymous
DIBs.

. The FWHMSs of the NIR DIBs were found to be

narrower than those of the optical DIBs, on av-
erage. Assuming that the DIB width is deter-
mined by the rotational constant, this difference
suggests that the DIBs at longer wavelengths tend
to be caused by larger molecules, which is consis-
tent with the properties of conjugated molecules.

3. We investigated the distributions of the DIB num-

bers, EWs, and column densities, according to
wavelength (wavenumber), from the optical to the
NIR range. The number density of the DIBs peaks
at A ~ 6600 A and declines toward both the
shorter and longer wavelengths. Additionally, the
sum of the DIB column densities decreases with in-
creasing wavelength. Assuming that the DIBs at
longer wavelengths tend to originate from larger
molecules, as suggested by their FWHM distribu-
tions, the oscillator strength can be assumed to be
larger for DIBs at longer wavelengths. Thus, we
suggest that DIBs at longer wavelengths trace less
abundant molecules.

. The comparison of the DIB catalog that has been

compiled in this study with the gas-phase spectra
of candidate molecules, such as fullerenes, PAHs,
and carbon chains, will contribute to the fur-
ther identification of DIB carriers. As a trial, we
checked the NIR absorption spectra of the gas-
phase Cg,, that was obtained at room temperature,
and we found that the DIB candidate A\10650 was
close to the main absorption band of Cg, at 10655
A. The detection of weaker subbands in astronom-
ical spectra and in the laboratory spectra of gas-
phase Cg, at lower temperatures will be necessary
to confirm the identification of this ion.
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It will be of great interest to investigate the correla-
tions among DIBs, particularly the correlations of all
DIBs with the Cj, DIBs at A = 9577 and 9632 A, to
assess the contribution of fullerenes and their associated
compounds to DIBs. Moreover, it will also be important
to constrain the sizes and structures of the DIB carriers
by fitting the molecular rotational contour to the ob-
served DIB profiles (e.g., Huang & Oka 2015). The new
list of DIBs in the NIR range produced by this study
represent a valuable input to for further investigations
into DIB carriers.
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ABSTRACT

We report on the first polarimetric study of (3200) Phaethon, the target of JAXA’s DESTINY* mission, in the negative branch to
ensure its anhydrous nature and to derive an accurate geometric albedo. We conducted observations at low phase angles (Sun-
target-observer angle, @ = 8.8-32.4°) from 2021 October to 2022 January and found that Phaethon has a minimum polarization
degree Ppin = —1.3 + 0.1 %, a polarimetric slope 4 = 0.22 + 0.02% deg™!, and an inversion angle @y = 19.9 + 0.3°. The
derived geometric albedo is py = 0.11 (in the range of 0.08-0.13). These polarimetric properties are consistent with anhydrous
chondrites, and contradict hydrous chondrites and typical cometary nuclei.

Key words: techniques: polarimetric — minor planets, asteroids: individual: (3200) Phaethon.

1 INTRODUCTION sion investigated its target asteroid (101955) Bennu and revealed
unambiguous evidence for widespread hydrated minerals (Hamilton
etal. 2019). On the other hand, (162173) Ryugu, the target asteroid of
the Hayabusa2 mission, indicated a weak signature of the hydrated
minerals that might have experienced a mild heating process at >
300 °C in the parent body (Kitazato et al. 2021). Therefore, hydrated
silicate abundance is an important tracer for the thermal history of
C-complex asteroids (Hiroi et al. 1996).

(3200) Phaethon (F- or B-type, a subclass of C-complex, Tholen &
* E-mail: ksky0422@snu.ac.kr Barucci 1989; Bus & Binzel 2002) is the target of JAXA’s DESTINY*
7 E-mail: ishiguro@snu.ac.kr mission (Arai et al. 2018), and known to have unique properties. It

C-complex asteroids are particularly important for revealing the aque-
ous activity that might have occurred < 10 Myr after the beginning of
the solar system formation (Fujiya et al. 2012). Most of them are rich
in volatile components, maintaining the primordial information since
the formation epoch (Krot et al. 2015). Accordingly, recent asteroid
explorations targeted carbonaceous asteroids. The OSIRIS-REx mis-

© 2022 The Authors
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has an asteroid-like orbit (the Tisserand parameter with respect to
Jupiter, 73 > 3) that likely originates in the main asteroid belt (de
Leon et al. 2010; MacLennan et al. 2021). It has shown evidence for
dust ejection reminiscent of comets (Jewitt & Li 2010). Phaethon’s
albedo has not been determined well, making it difficult to identify if
this object consists of a comet-like or asteroid-like composition (see
Section 4).

There is a large discrepancy in the interpretation of Phaethon’s
spectrum. Licandro et al. (2007) argued that Phaethon’s spectrum is
similar to those of aqueously altered CI/CM meteorites and hydrated
minerals. Licandro et al. (2007) further suggested that Phaethon is
likely an activated asteroid similar to the main-belt comets rather
than typical comets of outer solar system origins. On the other hand,
Clark et al. (2010) reported that Phaethon’s spectrum matches CK
meteorites or an experimental mixture of chlorite and carbon lamp-
black. Later, Takir et al. (2020) reported that this asteroid shows
no hydrated mineral absorption near 3 um, supporting the idea of
anhydrous material. Note that the interpretation of anhydrous mate-
rial conflicts with Licandro et al. (2007). Such a large discrepancy
arises the necessity to examine the nature of Phaethon by a method
independent of spectroscopy.

Recently, Ishiguro et al. (2022) proposed that polarimetry at low
phase angles (Sun—target—observer angle, @ < 20°) is a useful di-
agnostic tool for conjecturing if C-complex asteroids are hydrous
or anhydrous. However, due to the unfavorable observational condi-
tions until recently, Phaethon’s polarimetric property at low phase
angles (@ < 19.1°) has not been investigated. Taking advantage of
the opportunity in late 2021 and early 2022, we obtained polarime-
try at low phase angles (@ = 8.8-32.4°) and found that Phaethon’s
surface is anhydrous. In addition, we narrowed down the albedo es-
timate range with our polarimetry. In this paper, we describe our
observations in Section 2 and the derivation of polarimetric param-
eters in Section 3. We provide two major findings (the composition
and geometric albedo) in Section 4. We discuss these results in Sec-
tion 5, focusing on the significance of the albedo determination and
hydrous/anhydrous nature.

2 OBSERVATIONS AND DATA ANALYSIS

We made polarimetric observations using three instruments: the Hi-
roshima Optical and Near-InfraRed camera (HONIR; Akitaya et al.
2014) on the 1.5-m Kanata Telescope at the Higashi-Hiroshima Ob-
servatory, the Wide Field Grism Spectrograph 2 (WFGS2; Uehara
et al. 2004; Kawakami et al. 2022) on the 2.0-m Nayuta telescope
at the Nishi-Harima Astronomical Observatory, and the Andalucia
Faint Object Spectrograph and Camera (ALFOSC) with the FAPOL
polarimeter on the 2.56-m Nordic Optical Telescope at the Ob-
servatorio del Roque de los Muchachos, La Palma. These instru-
ments equip a polarizer and a rotatable half-wave plate mounted in
the Cassegrain focus of each telescope. We acquired HONIR and
WFGS?2 data at four different angles of the half-wave plate (0°, 45°,
22.5°,and 67.5°, in that order) and FAPOL data at 16 different angles
(0°,22.5°,45°,67.5°,90°,112.5°,135°,157.5°, 180°,202.5°, 225°,
247.5°,270°,292.5°,315°, and 337.5°, in that order). We used only
Rc-band filter. In addition to these new observations, we reanalyzed
the Rc-band polarimetric data published in Shinnaka et al. (2018).
Because this data was taken near the inversion angle with a good
signal-to-noise (S/N) ratio (i.e., small random errors), we reanalyzed
them by paying particular attention to the systematic errors.

An outline of the data analysis consists of five major steps: (1)
preprocessing the raw observed images, (2) extraction of source sig-
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nals by aperture photometry, (3) correction for systematic errors, (4)
derivation of Stokes parameters (¢ and u), polarization degree (P),
and polarization position angle (dp), and (5) obtaining the nightly
weighted mean of g and u. Because we strictly followed the reduction
processes (1), (2), (4), and (5) written in Ishiguro et al. (2022), we
skipped the detailed explanation in this paper. The reduction process
(3) is particularly important for this work, not only because the po-
larization degrees at these phase angles are small (P < 1 — 2 %)
and comparable to the instrumental polarization (an inherent artifact
of polarization) of some instruments but also because we need to
compare the data taken with different instruments.

In the HONIR data analysis, we examined the polarization ef-
ficiency (Pef) by observing a star (HD 14069) through a wire-
grid filter. We investigated the instrumental polarization parameters
(ginst and ujng) and position angle offset (6,4) through observa-
tions of unpolarized stars (G191B2B, HD 212311, and BD +32
3739) and strongly polarized stars (HD 29333, BD +59 389, BD
+64 106, and HD 204827). We determined Peg = 97.58 + 0.08 %,
Ginst = —0.0097 + 0.0498 %, ujng = —0.0077 + 0.0371 %, and
Aot = 36.08 £ 0.13°. These parameters are consistent with Akitaya
et al. (2014), ensuring the long-term stability of the polarimetric
performance of HONIR.

In the WFGS2 data analysis, it was reported that gj,q and g
depended on the instrument rotator angle (fyot). To eliminate this
effect, we observed unpolarized stars (HD 212311 and HD 21447) at
four different instrument rotator angles and derived two equations:
Ginst (Orot) = qo €0s 2010t —ug sin 260ror and gt (Grot) = o Sin 20r0r +
ug cos 261, where gg = —0.042 + 0.016 % and ug = 0.178 £ 0.011
%o for the 2021 October observation and gg = —0.043 = 0.012 %
and ug = 0.273 + 0.012 % for the 2021 November observation. We
determined Oy = —5.19 £ 0.15° from the observations of strongly
polarized stars (HD 204827, HD 25443, BD +59 389, and HD 19820).
We assumed Pog = 1.

In the FAPOL data analysis, we divided each set of data (consisting
of 16 different half-wave plate angles data) into four subgroups. The
procedure for deriving the Stokes parameters from each subgroup (the
process (4)) is the same as the procedure for HONIR and WFGS2.
To investigate ginst» Uinst> and o, two unpolarized stars (G191B2B
and HD 14069) and one strongly polarized star (BD +59 389) were
observed. We determined gjng; = —0.052£0.07 %, ujng = —0.04+0.11
%o, and Oy = —92.30 £ 0.06°. These values are in good agreement
with previous observations (Ishiguro et al. 2022).

We analyzed the PICO data following Ikeda et al. (2007). How-
ever, it should be noted that gj,g and ujng errors in our analysis
are different from those described in Ikeda et al. (2007). They esti-
mated the errors of the instrumental polarization to be ~ 0.3 % over
the entire field of view (5'x10”). After analyzing standard star data
taken during the Phaethon observations, we found that the instru-
mental polarization of PICO was significantly smaller than 0.3 %.
The Phaethon’s images were taken in the central part of PICO, where
the polarization performance is the best in the field of view (Ikeda
et al. 2007). Accordingly, we considered 0.1 % errors for gj g and
Uinst and derived Phaethon’s polarization degrees. We also updated
the errors of Peg and 6y to 0.02 % and 0.18° based on the measure-
ment of calibration data taken during Phaethon’s run. Although we
only use data at a low phase angle (@ < 30°), we confirm that our
results show good agreement with Shinnaka et al. (2018) within their
3o -uncertainty throughout the whole phase angles. Only the errors
are slightly different because we considered systematic errors com-
prehensively, following the data reduction processes in Ikeda et al.
(2007).
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Phaethon polarimetry in the negative branch L3
Table 1. Observation Circumstance and Polarimetric Result
Date in UT¢ Inst? Exp¢ N4 ¢ AS @8 a" PT o P ox oo, P" 6"
(s) (aw)  (aw) ) ) T (%) ) ) (%) @)
2021 Oct 27 18:53-19:35  WFGS2 300 8 231 146 2354 159 051 0.58 69.9 472  -045 1045
2021 Oct 28 14:41-18:14 ~ WFGS2 300 12 231 145 2341 155 1.09 035 65.3 16.3 -1.01  101.2
2021 Nov 14 12:35-20:31  WFGS2 300 40 225 130 1883 9.0 147  0.15 21.1 10.8 -1.33 1028
2021 Nov 15 10:24-15:23 ~ WFGS2 300 44 225 130 1840 8.8 1.29  0.16 12.4 14.3 -123 984
2021 Nov 02 17:22-19:50  HONIR 120 56 229 139 2253 134 100 025 41.0 7.3 -0.99 857
2021 Dec 22 10:22-13:17  HONIR 120 64 207 133 805 226 057 041 -0.29 20.3 0.55 9.2
2021 Dec 23 09:12-12:41  HONIR 120 80 206 134 798 230 096 032 3.6 9.6 0.85 13.8
2021 Nov 10 00:57-02:49  FAPOL 180 16 227 133 2062 105 137 023 26.5 14.9 -1.37 904
2021 Nov 13 01:18-01:33  FAPOL 180 8 226 131 1952 95 1.33 0.25 10.7 7.9 -1.31 85.5
2021 Nov 15 01:55-02:23  FAPOL 180 8 225 130 1864 9.0 1.47 020 176.7 5.5 -1.39 803
2021 Nov 30 22:15-23:33  FAPOL 180 20 218 126 1143 115 129 0.13 1133 4.9 -1.29  89.0
2021 Dec 11 21:15-21:43  FAPOL 180 8 213 128 915 172 0.67  0.20 86.0 11.5 -0.66  84.6
2021 Dec 23 19:27-21:39  FAPOL 180 28 206 134 795 232 070 0.11 159.8 7.1 0.66 -9.7
2022 Jan 24 20:08-20:11 FAPOL 180 8 1.84 159 684 324 355 0.32 151.36 3.6 355 -7.07
2017 Dec 09 12:16-17:39 PICO 30 188 1.13  0.15 201.8 193 040 0.11 -4.2 7.8 -0.24  64.0
2017 Dec 10 10:58-16:53 PICO 30 144 111 0.14 1879 192 0.17 0.11 15.4 18.3 -0.16 975
2017 Dec 11 10:46-16:18 PICO 30 424 1.10 0.12 1704 20.0 0.02 0.10 315 52.0 0.00 1312
2017 Dec 12 12:39-16:32 PICO 30 180 1.08 0.11 149.0 226 094 0.11 67.5 7.9 0.90 8.5
2017 Dec 13 10:24-15:08 PICO 30 172 1.07 009 1297 27.1 192  0.10 34.5 3.1 1.89 -5.1
4 UT at exposure start,” Instrument, “Exposure time, 4 Number of images used to the analysis, ¢ Median heliocentric distance,
F Median geocentric distance, 8 Position angle of the scattering plane, ” Median solar phase angle, ¢ Nightly averaged polarization degree,
J Uncertainty of P, ¥ Position angle of the strongest electric vector, ! Uncertainty of €p, ™ Polarization degree referring to the scattering plan
"' Position angle referring to the scattering plane.
‘We note that the PICO data in this table is the result of reanalysis of data published by Shinnaka et al. (2018).
The web-based JPL Horizon system (http://ssd. jpl.nasa.gov/?horizons) was used to obtain r, A, ¢, and « in the table.
T T T T T T T ‘
O Nayuta/WFGS2 1
3i > Kanata/HONIR 1 -1.0 A v
F A NOT/FAPOL 1 | v AO Bt |
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Figure 1. Phase angle (@) dependence of polarization degree (P;). The
solid and dash-dot lines are curves that fit only the Phaethon data using the
trigonometric and linear-exponential functions, respectively.

3 DERIVATION OF POLARIMETRIC PARAMETERS AT
LOW PHASE ANGLES

Table 1 summarizes the weighted means of nightly data. We com-
puted the polarization degree and the position angle referring to the
scattering plane (Py and 6;). Fig. 1 indicates the phase angle depen-
dence of P;.

In Fig. 1, the data taken with different instruments agree well,
indicating that the data reduction processes described in Section 2
seem to work well to eliminate the instrumental effects. Moreover,

h [%deg~!]

Figure 2. Comparison of h—Py,j, between Phaethon, other B-type asteroids,
and carbonaceous meteorites. Bt and Bp indicate B-type asteroids with a low
albedo (i.e., the Themis group) and a high albedo (i.e., (2) Pallas belongs to the
Pallas group, Clark et al. 2010). Ch-type is based on the classification in Bus
& Binzel (2002). The meteorites and asteroid data are obtained from Zellner
et al. (1977), Geake & Dollfus (1986),Cellino et al. (2018) and Gil-Hutton
et al. (2014). F-type asteroids are not shown because of large h values.

Phaethon’s profile is in good agreement with (155140) 2005 UD (a
dynamical association with Phaethon, Ohtsuka et al. 2006), support-
ing previous results (Ishiguro et al. 2022).

We fit the data of Phaethon at low phase angles (@ < 30°) by
using the Lumme—Muinonen function (L/M, Lumme & Muinonen
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1993) and linear-exponential function (L/E, Muinonen et al. 2009).
We use the same notations as the one used in Cellino et al. 2015.
The Markov chain Monte Carlo method implemented in PyMC3
(Salvatier et al. 2016) is employed. We set boundary conditions of
h e [0%deg™!, 1%deg™ "], ag € [10°,30°], ¢; € [0,10], and
¢y € [0,10] for L/M, and A € [10,20], B € [15,25],and C € [0, 1]
for L/E. The uncertainties of the optimal parameters are derived in
the same manner as Geem et al. (2022). The fitting results and their
uncertainties obtained by using L/E are covered by those of L/M.

4 RESULTS

As aresult of the data fitting, we obtained the minimum polarization

degree P, = —1.3tg"11 % at the phase angle @, = 9.0J:%"Z§°,
the polarimetric slope & = 0.22t%%]2 %deg”!, and the inversion

angle g = 19.9’:%'33". As shown below, we further examined the
composition and geometric albedo with this result.

4.1 Comparison with meteorites and other asteroids

Fig. 2 compares P i, and / of Phaethon with those of carbonaceous
chondrites and other C-complex asteroids. As described in Ishiguro
et al. (2022), anhydrous meteoritic samples (CK, CO, and CV) are
distributed in the upper left, while hydrous ones (CM and CI) are in
the lower right. Because the distribution of Ch-type asteroids (de-
fined by the presence of an absorption near 0.7 um due to Fe-bearing
phyllosilicates) mostly matches the hydrous meteorite samples, this
Prin—h plot is adaptable to actual asteroids. Since the low albedo
B-type asteroids (the so-called Themis group, Clark et al. 2010) are
distributed between hydrous and anhydrous, their surfaces likely ex-
perienced some degree of dehydration. Both Phaethon and 2005 UD
are located near the concentration of anhydrous samples and (2) Pal-
las (B-type with a moderately high albedo, Clark et al. 2010) but
significantly deviated from the concentration of hydrous samples.
Therefore, we conclude that the surface of Phaethon is likely com-
posed of anhydrous carbonaceous material. Although the anhydrous
nature was suggested based on the spectral studies (Clark et al. 2010,
2011; de Ledn et al. 2012; Takir et al. 2020), it is significant that
the independent approach via polarimetry ensures the possibility of
anhydrous nature.

4.2 Geometric albedo

Itis known that the geometric albedo in V-band (py ) has a tight corre-
lation with 4 (Geake & Dollfus 1986). This relationship is expressed
as logo (py) = Cylogyo (h) + Co, where Cy and C; are constants.
These constants are derived using databases of asteroid polarime-
try and albedos. We employed the constant values from two recent
works (Cellino et al. 2015; Lupishko 2018). Cellino et al. (2015) de-
rived these constants for asteroids without albedo constraint and with
pv > 0.08, while Lupishko (2018) derived these constants without
albedo constraint. We used three sets of these constants and estimated
the Rc-band geometric albedo of pr. = 0.09+0.01 for the constants
in Cellino et al. (2015) (without the albedo constraint) and Lupishko
(2018), and pr. = 0.11 + 0.02 for the constants in Cellino et al.
(2015) (with the albedo constraint). We regard pr. = py because
Phaethon has a nearly flat spectrum over this wavelength. With these
pv values and errors, the median, minimum, and maximum values
are py = 0.11, 0.08, and 0.13.
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5 DISCUSSION

Phaethon’s geometric albedo had been derived by various methods,
yet it varies widely from 0.037 to 0.220 in the literature when the
errors are considered (Green et al. 1985; Harris 1998; Tedesco et al.
2004; Usui et al. 2011; Hanus et al. 2018; McAdam et al. 2018;
Ali-Lagoa et al. 2018; Masiero et al. 2019). This factor of ~ 6 differ-
ence made it difficult to establish the fly-by observation plan for the
DESTINY* mission. This large discrepancy may be caused by differ-
ent thermal models with different absolute magnitudes. Polarimetry
has the advantage of converting directly from 4 to py without any
assumptions. It is worth noting that we considered all possible un-
certainties (i.e., in &, Cy, and Cy) for deriving the reliable p, and
its range. Although the median albedo value is not so different from
previous works, it is significant to narrow the possible range to 1/3 of
the previous estimate range for preparing the DESTINY* fly-by ob-
servation. The updated albedo value is also valuable for considering
the nature of the asteroid.

The association of Phaethon with comet nuclei has been discussed.
From the visible spectrum, Phaethon is classified as either B- (based
on Bus & Binzel 2002) or F-type (based on Tholen & Barucci 1989).
Although F-type asteroids account for only 3 % of all asteroids in the
Tholen classification, they show an interesting polarization property.
Belskaya et al. (2005) noticed that three F-type asteroids exhibited
unique a values (14-16°), which are predominantly smaller than
asteroids in general (g ~ 20°). The small @ values of F-types may
be linked to two comets, (7968) Elst-Pizarro (i.e., main-belt comet)
and 2P/Encke (@p=17.6+2.1° in R-band and ~ 13°, respectively,
Bagnulo et al. 2010; Boehnhardt et al. 2008). While the number of
comet samples is only two, Cellino et al. (2018) suggested a con-
nection between F-type and comet nuclei. Belskaya et al. (2005)
suggested a possible interpretation that an optical homogeneity of
regolith microstructure at scales of the order of visible light wave-
lengths may be responsible for the small . However, Phaethon’s
a is different from F-type asteroids and two comet nuclei but con-
sistent with asteroids in general. The geometric albedo determined
in this study (py ~ 0.11) is significantly higher than comets (in-
cluding Elst-Pizarro, py = 0.06 — 0.07, Boehnhardt et al. 2008)
and F-type asteroids (py = 0.058 + 0.011, Belskaya et al. 2017).
Comets generally have a red spectra, while Phaethon has a flat or
even blue spectrum. Accordingly, Phaethon’s surface materials are
likely different from ordinary comets.

How can we explain Phaethon’s recent activity (Jewitt & Li 2010)
and its anhydrous nature found in our study? From polarimetry at
large phase angles, Ito et al. (2018) suggested that (1) Phaethon’s
actual albedo could be much lower than the estimate at the time, or
(2) the asteroid was covered with large grains (probably produced
via a sintering effect at the perihelion). With the updated albedo, we
estimated the particle size using the same method as Ito et al. (2018)
and found that itis ~ 300 um (with an error of ~ 70 um). This particle
size is larger than other asteroids such as Ryugu (Kuroda et al. 2021),
increasing the confidence of the sintering hypothesis.

Dust ejection under such a high-temperature condition has also
been studied recently. Masiero et al. (2021) devised a mechanism
for dust ejection by sodium sublimation. Bach & Ishiguro (2021)
developed an idea of Jewitt & Li (2010) and proposed that dust pro-
duction and ejection would happen by the combination of thermal
fatigue, thermal radiation pressure from the surface, and solar radi-
ation pressure. These recent studies considered a cometary activity
in the high-temperature environment (~ 1000 K) near the Sun, com-
pletely different from general comets, whose activities are driven by
ice sublimation. Under such an environment at high temperatures, de-
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hydration (Hiroi et al. 1996) and subsequent sintering would happen
near the perihelion. To sum up our findings and other recent research
on Phaethon, the surface is unlikely primordial but experiences a
high degree of thermal alternation.

6 SUMMARY

We conducted the polarimetric observations of Phaethon at low phase
angles and found that this asteroid has a polarimetric property sim-
ilar to anhydrous chondrites. Phaethon’s albedo and inversion angle
are significantly different from comet nuclei. Although the interior
composition is still unknown, we conjecture that the surface mate-
rial shows considerably-evolved features that have experienced ther-
mal metamorphism and dehydration rather than primitive features of
comets and hydrous asteroids.
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NOTE ADDED IN PROOF
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in Kiselev et al. (2022) with ours and updated it to py = 0.10 (in the
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ABSTRACT

Context. Hyperactive comets are a small group of comets whose activity is higher than expected. They seem to emit more water than
would normally be expected given the size of their nucleus. Comet 46P/Wirtanen (hereafter, 46P) is among these objects of interest.
Investigating its activity and composition evolution could provide clues about its origins and its formation region in the Solar nebulae.
Aims. Given the exceptional close approach of comet 46P to the Earth in 2018, we aim to study the evolution of its activity and
composition as a function of heliocentric distances before and after perihelion.

Methods. We used both TRAPPIST telescopes to monitor the comet for almost a year with broad and narrow-band filters. We derived
the production rates of five gaseous species (OH, NH, CN, C;, and C,) using a Haser model as well as the A(0)fp dust proxy parameter.
The comet was also observed with the two optical high-resolution spectrographs UVES and ESPRESSO, mounted on the 8-m ESO
VLT, to measure the isotopic ratios of C and N, along with the oxygen forbidden-line ratios and the NH, ortho-to-para ratios.
Results. Over nearly a year, we followed the rise and decline of the production rates of different species as well as the dust activity of
46P on both pre- and post-perihelion. Relative abundances with respect to CN and OH along the orbit of the comet show constant and
symmetric abundance ratios and a typical coma composition. We determined the rotation period of the nucleus using high-cadence
observations and long series of CN images on several nights. We obtained a value of (9.18+0.05) hours at perihelion. Using the
high-resolution spectra of 46P coma, we derived C and N isotopic ratios of 100+20 and 150430 as well as a green-to-red forbidden
oxygen [OI] line ratio of 0.23+0.02. We measured a NH, ortho-to-para ratio of 3.31+0.03 and derived an ammonia ratio of 1.19+0.03,
corresponding to a spin temperature of 27+1 K.

Conclusions. Narrow-band observations show that comet 46P is a hyperactive comet for which 40% of its nucleus surface is active. It
has a typical composition, similar to other normal comets; however, an asymmetric behavior with respect to perihelion has been seen
in its activity, which is typical of seasonal effects. Photometric measurements show no evidence for a change in the rotation period of
the nucleus during this apparition. High-resolution spectra show that 46P has typical NH, ortho-to-para, [OI] lines ratios, and C and

N isotopic ratios.

Key words. Comets: general - Comets: individual: 46P/Wirtannen - Techniques: photometric, spectroscopy

1. Introduction

46P/Wirtanen is a Jupiter-family comet (hereafter, JFC), with an
« orbital period of 5.5 years, that was discovered on January 17,
1948 by Carl Wirtanen at the Lick Observatory (Jeffers 1948).
It has been classified as an hyperactive comet, namely, it is part
of a small group of comets whose activity levels are higher than
expected based on the sizes of their nuclei. It was an initial target
of the Rosetta mission and many studies have been performed to
determine its nucleus size, shape, rotation period, albedo, and
color, as well as its gas and dust activity (Farnham & Schleicher
1998; Lamy et al. 1998; Schulz et al. 1998; Bertaux et al. 1999;
Crovisier et al. 2002). New radar observations have estimated the
nucleus radius to be (0.70+0.05) km during its 2018 passage'.

! https://wirtanen.astro.umd.edu/46P/

The comet’s return to perihelion was highly anticipated, as it
made an unusually close approach to Earth (0.07 au) in Decem-
ber 2018 that was only about 30 times the distance to the moon,
and with an excellent visibility from both hemispheres. This
passage allowed for observations to be undertaken around the
world and in great detail, with a broad set of ground-based and
space telescopes at a wide range of wavelengths. This close ap-
proach provided a rare spatial resolution of about 50 km/arcsec,
which offered unique conditions to study the inner coma of a
comet. Several results have been published on the characteri-
zation of 46P including measurements of the nucleus’ rotation
period (Farnham et al. 2021), the detection of mini-outbursts
(Kelley et al. 2019, 2021), measurement of the D/H ratio (Lis
et al. 2019), abundances of several organic molecules observed
at near-infrared wavelengths at different heliocentric distances
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(McKay et al. 2021; Khan et al. 2021; Roth et al. 2021a), search
for icy grains in the coma (Protopapa et al. 2021; Bonev et al.
2021), and coma features from optical imaging (Knight et al.
2021). Millimeter and submillimeter observations of 46P have
reported on the detection of several complex organic molecules
and showed that the comet is relatively rich in methanol, but rel-
atively depleted in CO, CS, HNC, HNCO, and HCOOH (Biver
et al. 2021; Roth et al. 2021b; Coulson et al. 2020; Bergman
et al. 2022). Using both TRAPPIST-North (TN) and TRAPPIST-
South (TS), we collected photometric observation over almost a
year. 46P was visible for many hours during the night, allow-
ing for long observing sequences for months during its return,
passing near to the Sun.

In this work, we report on the activity, composition, and rota-
tion period of comet 46P during its 2018 perihelion passage. An
introduction and historical background of comet 46P is given
in Section 1. We describe the observing circumstances and data
reduction process in Section 2. In Section 3, we discuss the evo-
lution of the gas and dust activity before and after perihelion and
we compare the behavior of 46P to previous apparitions. The rel-
ative molecular abundances and their evolution with respect to
the heliocentric distances are discussed in the same section. In
Section 4, we measure the nucleus’ rotation period and its vari-
ation around perihelion. In Section 5, we present the C and N
isotopic ratios and the NH; (and NHj3) ortho-to-para ratio (OPR)
and the green-to-red [OI] lines (G/R) ratio derived from high-
resolution spectra. The summary and conclusions of this work
are given in Section 6.

2. Observations and data analysis
2.1. TRAPPIST

We used both TN and TS telescopes (Jehin et al. 2011) to ob-
serve and follow comet 46P over almost a year. We started mon-
itoring the comet at the beginning of August 2018 (r,=1.88 au,
pre-perihelion) until the end of March 2019 (r,=1.70 au, post-
perihelion). More than 2400 broad and narrow-band images of
the comet were collected over 45 nights with TS and 40 nights
with TN. 46P reached its perihelion on December 12, 2018 at
1.06 au from the Sun and only at 0.08 au from Earth. For the data
reduction, we followed standard procedures using frequently up-
dated master bias, flat, and dark frames. The sky contamination
was removed and a flux calibration was performed using stan-
dard stars. In order to derive the production rates, we converted
the flux of different gaseous species (OH, NH, CN, Cs, and C,),
measured through the HB narrow band cometary filters (Farn-
ham et al. 2000), to the column densities using heliocentric dis-
tance and heliocentric velocity-dependent fluorescence efficien-
cies (Schleicher 2010, and references therein). To convert the
column densities into production rates, we used a Haser model
(Haser 1957) to fit the coma profile. The model adjustment was
performed at a physical distance of 10000 km from the nu-
cleus. The scale lengths and g-factors of different molecules at
1 au were scaled by r;2 (A’Hearn et al. 1995; Schleicher 2010).
More details about the Haser model and its parameters are given
in our previous works (Moulane et al. 2018; Moulane et al.
2020). We derived the water-production rate from our the OH
production rates using the empirical formula Q(H,0)=1.36 1,
Q(OH), given in Cochran & Schleicher (1993); Schleicher et al.
(1998). We derived the Afp parameter, a proxy for the dust pro-
duction (A’Hearn et al. 1984), from the dust profiles using the
HB cometary dust continuum BC, GC, and RC filters and the
broadband R and I filters. We corrected the A(6)fp for the phase

Article number, page 2 of 10

angle effect to obtain A(0)fp using the phase function given in
Schleicher (2007). The main uncertainties in the gas-production
rates and Afp come from the absolute flux calibration and the
sky background subtraction. For the absolute flux calibration, we
used an uncertainty of 5% on the extinction coeflicients in all fil-
ters as seen in our long-term observations of the standard stars.
This is almost negligible compared to the sky level uncertainty
at lower airmass, but it becomes significant at high airmasses.
We estimated the three-sigma-level uncertainty on the sky back-
ground value and use it to computed the error on production rates
due to the sky subtraction. As a result, errors given in the follow-
ing sections are a quadratic combination of sky background and
extinction coefficient uncertainties.

2.2. UVES and ESPRESSO at 8-m ESO VLT

We obtained a high-resolution spectrum of comet 46P with the
Ultraviolet-Visual Echelle Spectrograph (UVES) mounted on
the Unit 2 telescope (UT2) of the Very Large Telescopes (VLT)
at the European Southern Observatory (ESO) on December 9,
2018 (a week after perihelion, 1,=1.05 au and A=0.09 au). We
used the UVES standard setting DIC#1 346+580 covering the
range 3030 to 3880 A in the blue and 4760 to 6840 A in the
red. We used a 0.44” wide slit, providing a resolving power of
R~80000. We took two spectra at UT 0:59:52 (exposure time of
2300 s) and UT 1:19:54 (exposure time of 2300 s) as a start time.

The ESO UVES pipeline (Dekker et al. 2000) was used to
reduce the spectra in the extended object mode, in which the spa-
tial information is kept. The spectra were corrected for extinction
and flux calibrated using the UVES master response curve pro-
vided by ESO. One-dimensional spectra were then extracted by
averaging the 2D spectra with simultaneous cosmic ray rejec-
tion and then corrected for the Doppler shift due to the velocity
of the comet with respect to the Earth. More details about the
UVES data reduction are given in the UVES manual®. The dust-
reflected sunlight was finally removed using a reference solar
spectrum, BASS2000°. A more detailed description of the steps
for the UVES data reduction and the solar spectrum subtraction
is given in Manfroid et al. (2009) and references therein.

A set of six spectra were also obtained with the new Echelle
SPectrograph for Rocky Exoplanets and Stable Spectroscopic
Observations (ESPRESSO) at the VLT (Pepe et al. 2021) over
two nights on December 9 and 10, 2018. Exposure times ranged
from 5400 s for the first spectrum to 6300 s for the follow-
ing five spectra. We used the ultra-high-resolution mode of the
instrument, providing a spectral resolution of 190000 between
3800 and 7880 A. In this mode, the spectrograph is fed by two
0.5”-size fibers: one centered on the object and another 7" away
usually used for simultaneous observation of the sky or a wave-
length drift reference. However, in the case of the very extended
coma of 46P, both fibers contained comet signal and provided
an opportunity to probe different parts of the coma. Observa-
tions were executed in visitor mode, with good seeing (typi-
cally less than 1 arcsec) and the data were reduced using the
ESPRESSO pipeline. which is publicly available from the ESO
pipeline repository*.

2 ftp://ftp.eso.org/pub/dfs/pipelines/uves /uves -
pipeline-manual-22.17.pdf

3 http://bass2000.obspm. fr/solar_spect.php

4 http://www.eso.org/sci/software/pipelines/espresso/
espresso-pipe-recipes.html
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of the comet toward the Earth before and after perihelion. The
same behavior has been observed in the Lowell Discovery Tele-
scope data (Knight et al. 2021). This explanation is supported
by a study of the morphological features seen in 46P coma dur-
ing this passage, reported by Knight et al. (2021). They show
that 46P had large changes in both the sub-solar and sub-Earth
latitudes during the apparition as well as changes in the pole
orientation of the nucleus, assuming that there is no significant
non-principal-axis rotation considered. It is also possible that the
ice material present under the surface across the nucleus of the
comet has different sublimation efficiency at the same heliocen-
tric distances pre- versus post-perihelion. As mentioned above,
we used narrow and broadband dust filters to estimate the dust
production using the Afp parameter introduced by A’Hearn et al.
(1984) (see Figure 2). The behavior of the comet dust activity is
similar to the gas on both sides of perihelion. This kind of asym-
metry has been seen in many LPCs and JFCs.

3.2. Molecular abundances and dust-to-gas ratio

Using the production rates above, we derived the ratios with re-
spect to CN and to OH as well as the dust-to-gas ratios. Fig-
ure 3 shows the evolution of the logarithm of the production

-100 -80 60 -40 -20 0 20 40 60 80 100
Time to perihelion (Days)

Fig. 2. A(0)fp parameter from the broad and narrow-band filters as a
function of time to perihelion in days. Triangle symbols indicate data
acquired with TN. Filled circles indicate TS.

rate ratios with respect to CN and to OH as well as ratios of
A(0)fp-to-Q(OH) and A(0)fp-to-Q(CN) with time to perihelion.
The C,/CN ratio decreases when the comet gets far away from
the Sun (40 days post-perihelion). The abundances ratios did
not show any significant variation on both sides of perihelion.
This implies that 46P has an homogeneous composition along
its orbit around the Sun. Comet 46P has been observed with
many ground-based telescopes over the previous passages us-
ing narrow-band photometry, since it was an important target se-
lected initially for the Rosetta mission in 1994. Table 1 summa-
rizes the mean relative molecular abundances in 46P measured
in 2018 (this work), in the 1991 apparition A’Hearn et al. (1995),
and in the 1997 apparition (Farnham & Schleicher 1998) com-
pared to the database of comets given in (Schleicher 2008). The
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Fig. 3. Logarithm of the production rate and dust-to-gas ratios of comet 46P with respect to CN (LoglO[Q(xx)/Q(CN)]) and to OH
(Log10[Q(xx)/Q(OH)]) as a function of time to perihelion. Pre-perihelion values are represented with open circles and post-perihelion values
with filled circles. The dust-to-gas ratio is expressed in cm second per molecule. The horizontal dashed line indicates the mean ratios of typical
comets given in Schleicher (2008).

Table 1. Mean relative molecular abundances of comet 46P for the perihelion 1991 to 2018 compared to typical and depleted comets.

Log production rate ratio

1991 1997 2018 Typical comets Depleted comets
(A’Hearn et al. 1995)  (Farnham & Schleicher 1998) This work (Schleicher 2008)
C,/CN -0.01 0.10+0.10 0.08+0.04 0.10£0.10 -0.61+0.35
C;/CN -1.05 -1.05+0.10 -0.54+0.08 -0.57+0.11 -1.49+0.14
CN/OH -2.52 -2.50+0.12 -2.57+0.06 -2.55+0.18 -2.69+0.14
C,/OH -2.53 -2.36+0.30 -2.49+0.06 -2.46+0.20 -3.30+0.35
C3;/OH -3.57 -3.49+0.12 -3.10+0.08 -3.12+0.29 -4.18+0.28
NH/OH -2.13 -2.36+0.30 -2.10+0.06 -2.23+0.27 -2.48+0.34
A(0)fp/CN -23.36 -23.55+0.38 -23.05+0.20 -23.30+0.32 -22.61+0.15
A(0)fp/OH -25.88 -25.92+0.21 -25.62+0.25 -25.82+0.40 -25.30+0.29

Notes. The Afp/Q values for typical and depleted comets are from A’Hearn et al. (1995). We note that the difference in C; abundance in 2018 is
due to the use of an updated dust continuum removal factor for the new Cj filter, which results in an increase of the C; flux of about 2.1 times
compared to the previous factors used in A’Hearn et al. (1995) and Schleicher et al. (1998). More details are given in Farnham et al. (2000) and
Schleicher & Osip (2002).

measurements in the 1991, 1997 and 2018 apparitions show that  four orbits. This shows that even an hyperactive comet, while
46P has a "typical" coma composition and a normal dust-to-gas  outgassing a lot, does not change its main surface composition
ratio. Given the uncertainties on the ratios, no significant change properties after several passages close to the Sun.

is observed in the molecular abundances of 46P over the last
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3.3. Parent and daughter molecules

In order to investigate the origin of the radicals observed in 46P’s
coma, we compared our daughter species abundances with par-
ent molecular abundances obtained at Infrared wavelengths. Ta-
ble 2 summarizes the abundances for some radicals observed in
the optical compared to their possible parent abundances ob-
served at NIR wavelengths (Roth et al. 2021a; Bonev et al.
2021; McKay et al. 2021; Khan et al. 2021), measured during
the same period of time. We compared these abundances at two
epochs, perihelion (r;,=1.06 au) and post-perihelion (r;=1.12),
when the infrared observations are available. Our CN/OH ra-
tios are in agreement with the HCN/H,O ratios derived directly
from IR observations around the same dates, namely, Dec. 16-
23, 2018 (see Table 2). In addition, the HCN production rates
(1.06+0.03)x10% molec/s obtained from millimeter (Biver et al.
2021) and (1.60+0.10)x10% molec/s from sub-millimeter ob-
servations (Bergman et al. 2022) show an agreement with our
Q(CN) values obtained during the same nights of Dec. 15 and
20. This indicates that the observed CN abundances are consis-
tent with HCN being the dominant parent. The C, abundance is
much higher than C,H, which suggests that C, could be disso-
ciated from both C,H, and C,He. It has been shown that C, is
still linked to both molecules even at large heliocentric distances
> 3 au in comet Hale-Bopp (Helbert et al. 2005). We looked for
a C3 parent but none has been identified in 46P at infrared wave-
lengths pointing to a C3 production coming from chemical reac-
tions in the coma. Based on direct detections of NHj lines, the
mixing ratio of NH3/H,O ~0.50 in 46P (See Table 2) is lower
than the NH/OH ~ 0.72 obtained with TRAPPIST. This result
suggests that NH is not dissociated directly from NH3, but obvi-
ously via NH, which has been demonstrated for several comets
(Shinnaka et al. 2011, 2016).

3.4. Water-production rates and active area

We derived the water-production rate from OH using an empir-
ical relationship (see Section 2) proposed by Cochran & Schle-
icher (1993) and Schleicher et al. (1998). Figure 4 shows a com-
parison of our water-production rates for the 2018 apparition
with other measurements derived at different wavelengths us-
ing various techniques. First, we have a very good agreement
between the TRAPPIST data (red circles) and the Lowell Ob-
servatory data (black squares) on both sides of perihelion, with
both using the same technique based on narrow-band filters and
the same model to derive the water-production rates. We also
have a good agreement with H,O measured directly from the
NIR spectra from iSHELL at the NASA-IRTF and NIRSPEC-
2 at Keck (McKay et al. 2021; Roth et al. 2021a; Khan et al.
2021; Boneyv et al. 2021). The data from Combi et al. (2020) who
derived the water-production rates from the hydrogen Lyman-a
emission observed by the SWAN instrument on board SOHO
show an offset on both sides of perihelion. This disagreement
is probably the result of using different techniques and models.
It is also tricky to compare these results as SWAN/SOHO in-
strument threshold only allows for Lyman-a emission to be ob-
tained within a small range of heliocentric distances. SWAN’s
values have rather large error-bars and dispersion among their
measurements during this passage and the same for the previous
ones (see Figure 5). We have seen this systematic difference also
for comet 21P/Giacobini-Zinner (Moulane et al. 2020).

As 46P was the original target selected for Rosetta mis-
sion, many observations were performed in the previous pas-
sages in order to characterize the comet. Here, we compare the
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Fig. 4. Water-production rate of comet 46P as a function of time from
perihelion during the 2018 apparition. Our measurements and those
from Knight et al. (2021) were derived from the OH production rates.
Combi et al. (2020) measurements were derived from H Lyman-a spec-
tra using the SWAN instrument on SOHO. iSHELL/IRTF and (McKay
et al. 2021) data were derived from NIR spectra. Lis et al. (2019) data
were derived from far-infrared spectra using the GREAT spectrometer
aboard the Stratospheric Observatory for Infrared Astronomy (SOFIA).
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Fig. 5. Water-production rates of comet 46P as a function of time from
perihelion during 1991 (orange), 1997 (black), 2008 (blue), and 2018
(in red) apparitions. Fink et al. (1998) derived the water-production
rate from the [OI]('D) forbidden line doublet emission in the optical,
Bertaux et al. (1999) values were derived from the H Ly-a emission ob-
served by the SWAN instrument on board SOHO and Crovisier et al.
(2002) values were derived from the OH emission observed at the radio
wavelengths.

water-production rates obtained in the previous passages 1991
and 1997 with those obtained in 2008 and 2018 (see Figure
5). Besides the offset between narrow-band and spectroscopic
data, the comet’s activity was similar in 1991 and 1997 but
30% lower in 2008-2018 apparitions. We did not include the
2002 observations in this comparison as they were dominated
by large outbursts® after perihelion (Combi et al. 2020). The
maximum water-production rate in 2018 was measured ten days

5 http://www.aerith.net/comet/catalog/0046P/2002.html
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Table 2. Abundances ratios derived from the optical and infrared data of comet 46P in its 2018 apparition.

UT Date I A Abundances (%) Reference
(au) (au) CN/OH  HCN/H,O C,/OH C,H,/H,O C,H¢/H,O  NH/OH NH3/H,O

2018 Dec 16  1.06 0.07 0.22+0.01 - 0.30+0.02 - - 0.72+0.05 - This work
2018 Dec 17 1.07 0.07 - 0.20+0.01 - 0.07+£0.01  0.75+0.08 - 0.66+0.15  Bonev et al. (2021)
2018 Dec 18 1.07 0.07 0.75+0.08 Roth et al. (2021a)
2018 Dec21 1.07 0.08 - 0.21+0.01 - 0.08+0.01  0.71+0.09 - 0.50+0.06  Khan et al. (2021)
2018 Dec23 1.07 0.09 0.22+0.01 - 0.33+0.02 - - 0.74+0.08 - This work
2019Jan 10  1.12 0.17 0.33+0.01 - 0.43+0.02 - - 0.85+0.05 - This work
2019Jan 11 1.13 0.18 0.68+0.06 McKay et al. (2021)

pre-perihelion with Q(H,0)=(8.00+0.30)x10%” molec/s, while it
was (7.40+0.20)x10%” molec/s a month after perihelion in 2008,
(1.23+0.10)x10%?® molec/s a week before perihelion in 1997, and
1.25x10?® molec/s three weeks after perihelion in 1991 (Farn-
ham & Schleicher 1998; Fink et al. 1998; Bertaux et al. 1999;
Crovisier et al. 2002; Kobayashi & Kawakita 2010). There is
a decrease in the gas-production rates by a factor of two over
the last two decades (from 1997-2018), taking into account the
uncertainties and systematic offset between different techniques.
Our results are similar to those reported by others who found a
similar decrease rate of the water-production rate over several
previous apparitions (Combi et al. 2020; Knight et al. 2021).

Comet 46P is considered a hyperactive comet as it is emit-
ting more water than it would be expected from its nucleus ra-
dius. Based on the standard water vaporization model (Cowan &
A’Hearn 1979)°, we estimate the evolution of the active area of
46P during our observational campaign in 2018 by modeling the
water-production rate as a function of the heliocentric distances.
We assumed a bond albedo of 5%, 100% infrared emissivity, and
the rotational pole pointed at the Sun (see, e.g., A'Hearn et al.
1989; McKay et al. 2018, 2019). We found that the active area
of 46P varied from ~0.9 km? at 1.52 au pre-perihelion, reached a
maximum of ~2.5 km? at 1.06 au during the perihelion passage,
and decreased to ~0.7 km? at 1.53 au post-perihelion. Based on a
radius of ~0.7 km, the active fraction of the nucleus was ~14%,
~40% and ~11%, respectively. These values are much larger
than the active fraction of less than 3% derived for the majority
of JFCs that have radius measurements (A’Hearn et al. 1995).
Since the comet had been observed in its previous passages,
we compared the active fraction of its nucleus at perihelion in
the past. Based on the water-production rates derived from the
empirical conversion of Haser OH production rates (Schleicher
et al. 1998; Farnham et al. 2007), we estimated the active frac-
tions of its nucleus to be ~72% at r,=1.11 au in 1991, ~65%
at r,=1.07 au in 1997, ~37% at r,=1.05 au in 2008 and ~40%
at r,=1.06 au in 2018. It is clear that there is a decrease in the
active fraction of the nucleus with time. Comet 103P/Hartley 2
was the first known "hyperactive" comet and it was visited by
the Deep Impact eXtended Investigation mission, demonstrating
that this hyperactivity was produced by sublimation of icy grains
in the coma (A’Hearn et al. 2011; Protopapa et al. 2014). Several
authors reported on the presence of an extended source of water
ice sublimation in 46P coma in the form of small grains or large
chunks. Bonev et al. (2021) provided indirect arguments for the
presence of an extended source of water vapor in the coma of
46P at NIR spectra, but they did not provide information on the
properties of the ice that produces the water vapor, such as par-
ticle size and ice-to-dust ratio, while Protopapa et al. (2021) and

® https://pdssbn.astro.umd.edu/tools/ma-evap/index.
shtml
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Kareta et al. (private communication) did not detect any water
ice absorption features in their NIR spectra.

4. Rotation period and CN coma morphology

We took the opportunity provided by this very close approach
of 46P to investigate the rotation period of its nucleus, using
long CN series of images collected during the same night and
at different epochs on both sides of the perihelion. Thanks to the
visibility of the comet in both hemispheres, we collected long
series of CN images for many hours on several nights with both
telescopes. These series were taken over 12 nights with TS and 8
nights with TN. We determined the rotation period from CN light
curves. We tested different size apertures and we finally used 20”
which gave the largest amplitude in the light-curve. We phased
multiple nights data to construct more extensive light curves and
searched for the best alignment of the overlapping segments. We
derived a rotation period of 9.12+0.05 hr in late November and
early December (pre-perihelion), 9.18+0.05 hr between Decem-
ber 7 and 10 (perihelion time) and 9.00+0.04 hr in mid January
2019 (post-perihelion). These results are in agreement (within
the error bars) with those derived by Farnham et al. (2021) from
the CN coma morphology and photometric series (see Table 3).
Given the uncertainties on the measurements, we did not detect
any significant change in the rotation period of the nucleus on
both sides of the perihelion. Figure 6 shows the CN light curves
at different epochs, showing two asymmetric maxima and min-
ima, which could be due to two active areas on the surface of the
nucleus.

Table 3. Rotation period of 46P nucleus at different epochs.

Epoch Date UT Rotation period (hour)

This work  Farnham et al. (2021)
Pre-perihelion ~ Nov 23-28,2018  9.12+0.05 9.03+0.04
At perihelion Dec 7-10,2018  9.18+0.05 9.14+0.02
Post-perihelion  Jan 12-15,2019  9.00+0.04 9.01+0.01

We searched for CN coma features using the rotational fil-
ter technique as described in our previous work (Moulane et al.
2018). Figure 7 shows the detection and evolution of a CN jet
at different epochs and on both sides of perihelion. We did not
detect any clear rotation of this jet with time in our images for
many hours during the same night. This could be due to an orien-
tation of the jet towards the Earth. Around November 16, another
small jet appeared in the CN images but it disappeared in the
following nights. This could suggest that the nucleus might be
in a non-principal-axis (NPA) rotational state, as was previously
mentioned by Samarasinha et al. (1996). The orientation of the
jet remains the same before perihelion, while it changes by ~ 95
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Fig. 6. Phased CN light curves for the nucleus rotation period of comet
46P at different epochs. Time origin for the phase is JD 2458440 on
Nov. 17, 2018. Data combined for (a) Nov. 23, 28 and Dec. 1, 2018 pre-
perihelion, (b) Dec. 7-10, 2018 at perihelion and for (c) Jan. 12 and 15,
2019 post-perihelion. The red curve shows the best fit of the data.

degrees counterclockwise after perihelion because of the view-
ing geometry of the comet with respect to Earth. Farnham et al.
(2021) used the 4.3-m Lowell Discovery Telescope to investigate
the CN coma morphology of 46P. They were able to detect two

spiral jets in the coma. The first one appears to have been active
(at varying levels) throughout most of a rotation, corresponding
to the bright jet detected in our data. The second seems to turn
on and off with time and it could correspond to the small jet that
appears around mid November in our images. Compared to the
previous apparitions, Lamy et al. (1998) derived a rotation pe-
riod of the nucleus of 6.0+0.3 using data from HST, while Meech
et al. (1997) found a possible rotation of 7.6 hr and a very small
amplitude variation of 0.09 mag using ground-based telescope
during the 1997 apparition. Based on these results, we conclude
that the rotation of the 46P nucleus might have slowed down by
16% to 45% over the last four orbits. These changes might be
due to some unusual activity in the previous apparitions. There
is some evidence for potentially significant outburst activity dur-
ing the 2002 apparition (Combi et al. 2020) that could explain
these changes.

e ~ - 20000 km : ¢
Nov. 08,2018 - . Nov. 23,2018

Nov. 28,2018 | pec. 3, 2018 Dec. 9, 2018 Perihelion

Dec. 15,2018 - - Dec, 23,2018

Jan.3,2019 <

Fig. 7. Evolution of the CN jets of comet 46P along its orbit around the
Sun. The images are oriented north (N) up and east (E) right.

5. Optical high-resolution spectra
5.1. The 2C/"3C and "“*N/" N isotopic ratios

We obtained high-resolution observations with UVES/VLT
(Dekker et al. 2000) of comet 46P on December 9, 2018 (r,=1.05
au and A=0.09 au). Using the '>C'*N B-X(0,0) band, we esti-
mated the '>C/'3C and "“N/">N isotopic ratios of 46P. We used
a CN fluorescence model to create synthetic spectra of 3C!4N,
12C5N, and '2C'*N. More details of the model are given in Man-
froid et al. (2009). Figure 8 shows the observed CN spectrum
compared to the synthetic one made under the same observing
conditions. The ratios found for '2C/"*C and "“N/"N are 100+20
and 150+30, respectively. These values are consistent with those
of about 20 comets with different dynamical origins, 91.0+£3.6
and 147.8+5.7 for '>C/3C and "“N/PN, respectively (Manfroid
et al. 2009; Bockelée-Morvan et al. 2015).

5.2. The NH, and NH; ortho-to-para ratios

From the UVES spectra, we measured the ortho-to-para (OPR,
hereafter) abundance ratio of NH, using the three robivronic
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Fig. 8. Observed and synthetic CN isotopologues spectra of the R
branch of the B-X (0, 0) violet band in comet 46P.

emission bands (0,7,0), (0,8,0), and (0,9,0) following the method
described in Shinnaka et al. (2011). The derived OPRs of NH,
and of its parent molecule NHj3 are listed for each band in Table
4, and they have average values of 3.31 + 0.03 and 1.19 + 0.02,
respectively. A nuclear spin temperature (7pin) for ammonia of
28 + 1 K was derived. The 46P value is consistent with typi-
cal values measured in comets (see Fig. 9), which is a possible
cosmogonic indicator linked to the formation temperature of the
molecule.
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Fig. 9. NH; T, in comets of various dynamical origin. The red filled

circle is the value of 46P obtained with UVES at VLT (this work).

We would like to point out that recent laboratory experiments
show that the OPR of water does not retain the memory of its for-
mation temperature in the natal molecular cloud or in the solar
nebula 4.6 Gyrs ago (Hama et al. 2011, 2016; Hama & Watan-
abe 2013). The OPR of water just after its sublimation from the
solid phase is set to a statistical weight ratio (i.e., 3 for water).
It is likely that this is also the case for ammonia (but the sta-
tistical weights ratio is unity for ammonia) although no experi-
mental studies have been reported so far. The OPRs of cometary
volatiles might have been modified by some kind of ortho-to-
para conversion processes in the inner coma such as water clus-
ters, or by other catalyst activities of dust crust surfaces of the
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nucleus (Shinnaka et al. 2016). Thus, the observed OPRs might
be diagnostic of the physico-chemical conditions in the inner-
most coma or beneath the surface.

Table 4. Derived NH, and NH; OPRs in comet 46P. Upper and lower
values for each band are the results for the two spectra taken at UT
0:59:52 and UT 1:19:54 on Dec. 9, respectively.

NH, band NH; OPR NH; OPR  T4in(K)
(0,7,0) 3.40+0.09 1.20+0.05 26%7/_,
3.32+0.07 1.16+0.04 28%%/_,
(0,8,0) 3.21+£0.09 1.11+0.05 31*%/_3
3.29+0.10 1.15+0.05 29%3/_,
(0,9,0) 3.30£0.06 1.15+0.03  29+1
3.33+0.05 1.17+0.03  28=+1
Average  3.31+0.03 1.16x0.02  28+1

5.3. The [Ol] G/R ratio

Using the very high-resolution ESPRESSO spectra (Pepe et al.
2021), we were able to resolve the telluric and cometary for-
bidden oxygen lines even with a Doppler shift as small as 5
km/s. We detected the cometary [OI] lines at 557.73, 630.03,
and 636.38 nm in all six spectra (See Figure 10) and used them
to measure the ratio between the green line (557.73 nm) and the
sum of the two red lines (630.03 and 636.38 nm), commonly re-
ferred to as the G/R ratio. Due to the low geocentric velocity of
the comet at the time of our observations (between -5.4 km/s and
-4.5 km/s), the cometary and telluric lines were slightly blended,
even at the very high resolution of ESPRESSO. We used two
Gaussian to fit both lines simultaneously. We performed the mea-
surements for the center and the sky fiber separately for the six
spectra and subsequently averaged the values for each fiber. The
uncertainty of the measurement is the standard deviation of the
measurements made of six spectra. We measured a G/R ratio
of 0.23+0.02 in the central fiber and of 0.05+0.01 only in the
sky fiber (7" away). Both measurements are in agreement with
what has been measured in several comets at the same nucleo-
centric projected distances (Decock et al. 2015). The difference
of G/R ratio at different distances from the nucleus is mainly
due to the collisional quenching of O('S) and O('D) by water
molecules in the inner coma. This fits with the general behav-
ior observed in several comets, where the G/R ratio decreases
monotonically with the projected distance to the nucleus (De-
cock et al. 2015). The intensity of these lines can be used to
derive the CO/CO,/H,0 abundances ratios and, hence, the C/O
ratio, which can provide a diagnostic of solar nebula chemistry
in the comet-forming region (Oberg et al. 2011). The detail anal-
ysis and modeling of the [OI] lines are out of the scope of this

paper.

6. Summary and conclusions

We conducted an extensive monitoring of the Jupiter Family hy-
peractive comet 46P on both sides of perihelion with TRAP-
PIST telescopes. These observations led us to an overview of the
comet activity along its journey around the Sun in 2018-2019.
Using narrow and broadband filters with the TRAPPIST tele-
scopes, we derived different quantities related to the activity of
the comet such as the gas-production rates, the A(0)fp param-
eter, the rotation period of the nucleus, and the morphology of
the coma. Comet 46P shows an asymmetric activity with respect
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Fig. 10. Three forbidden oxygen [OI] lines in comet 46P, from
ESPRESSO observations, at 557.73 nm (left) for the green line, and
630.03 nm (middle) and 636.38 nm (right) for the red doublet. The
cometary oxygen lines are identified by tick marks and the telluric lines
marked by dashed tick. The y-axis is in arbitrary units for all three pan-
els. The red line is a fit for one of the six spectra taken in the centered
fiber.

to perihelion, steeper decrease after perihelion for OH, NH, and
dust (Afp parameter). This might be due to the spin axis orien-
tation or the distribution of activity on the comet’s surface. The
comet has exhibited a decrease in its activity from the 1997 to
2018 apparition by about 30%. This implies a decrease of the nu-
cleus’s active fraction to ~40% which confirms its hyperactivity
compared to most of JFCs. The molecular abundances relative
to CN and OH remained the same as a function of the heliocen-
tric distance, showing that 46P has a typical composition similar
to what has been found in previous apparitions. These derived
abundances in the optical showed a good correlation with their
possible mother molecules measured in the IR (HCN, C,H,, and
NH3) and sub-millimeter (HCN), confirming the link between
different molecules observed in several comets. Given the close
approach of the comet, we obtained high spatial and high reso-
lution spectra for the comet around the perihelion. Using UVES
spectra, we measured typical '>C/'3C and '*N/!N isotopic ratios
of 100+20 and 150+30, and average NH, OPR of 3.31+0.03 and
1.16+0.03 for NH3, with a nuclear spin temperature of 28+1 K.
The ammonia OPR was found equal to 1.19+0.03, correspond-
ing to a spin temperature of 27+1 K. Using very-high-resolution
ESPRESSO spectra, we measured a forbidden oxygen lines ratio
G/R of 0.23+0.02. These measurements are in agreement with
those found for several comets of different dynamical types and
origins and do not reveal any peculiarity with regard to the hy-
peractive comet 46P.
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Appendix A: Gas-production rates and A(0)fp parameter of comet 46P/Wirtanen

Table A.1. Gas-production rates and A(0)fp parameter of comet 46P/Wirtanen measured with TRAPPIST-South (TS) and -North (TN). The A(0)fp
values are computed at 10000 km from the nucleus and corrected for the phase angle effect.

UT Date I A AT Production rates (x10%* molecules/s) A(0)tp (cm) Tel
(au) (au) (Days) OH NH CN C, Cs BC RC GC R
2018 Sep 14 1.55 0.63 -89.52 2.28+0.29 2.79+0.14 29.8+104 TS
2018 Sep 15 1.54 0.62 -88.60 2.80+0.15 2.95+0.16 29.7+104 TS
2018 Sep 17 1.53 0.60 -86.61 3.21£0.08 3.42+0.12 28.7+14.6  33.3x11.5 35.2+10.6 TS
2018 Sep 18 1.52 0.59 -85.60 1050+371 3.3840.09 3.60+0.15 1.05+0.05 26.6+13.0 32.0£104 TS
2018 Sep23 1.48 0.55 -80.59 1080+248 3.63+0.08 4.03+0.20 1.00+0.06 35.8+10.8 TS
2018 Oct 01 1.42 0.48 -72.65 1690+271 4.70+0.10 5.43+0.22 1.39+0.08 55.8+12.8 59.4«+11.1 TS
2018 Oct 05 1.38 0.45 -68.58 1590+100 4.49+0.07 4.68+0.10 1.40+0.12 54.7+104 TS
2018 Oct 12 1.33 0.39 -61.54 1780+328 4.79+0.06 71.8£10.5 TS
2018 Oct 15 1.30 0.38 -58.63 1930+164 6.11+0.11 6.98+0.14 1.71+0.13 62.9+13.1 75.5+12.1 74.0+11.0 TS
2018 Oct21 1.26 0.34 -52.62 2860+180 8.73+£0.09 10.50+0.13 2.63+0.11 85.4+15.0 93.4+13.5 84.1+12.2 TS
2018 Oct24 1.24 0.32 -49.60 3240+120 27.60+1.03 7.87+0.12 9.32+0.21 2.14+0.20 69.5+17.9 90.0+13.1 68.2+12.6 TS

2018 Nov 01 1.19 0.27 -41.71 3830+110 28.30+0.84 8.91+0.08 10.10+0.10 2.13+0.07 83.4+15.9 101.5+£13.0 93.6+14.9 119.7+11.6 TS
2018 Nov 04 1.18 0.26 -38.61 4050+176 31.80+1.61 9.55+0.06 11.40+0.09 2.72+0.09 103.5+16.3 118.5+12.7 109.8+12.2 129.2+10.8 TS
2018 Nov 08 1.15 0.23 -34.61 4970+119 37.00+1.03 10.60+0.10 12.70+0.11 3.22+0.07 108.1+16.4 126.5+13.6 116.7+13.1 147.7+10.8 TS

2018 Nov 13 1.13 0.21 -29.61 5220+£310 35.20+1.60 10.90+0.06 12.80+0.13 3.24+0.11 115.8+18.0 137.5+14.0 155.4+11.4 TS
2018 Nov 14 1.13 0.20 -28.90 5050+140 11.20+0.15 156.1+11.7 TS
2018 Nov 15 1.12 0.20 -27.67 5260+177 11.30+0.08 13.50+0.13 159.6+12.9 TS
2018 Nov 17 1.11 0.19 -25.57 5280+133 12.30+0.16 13.90+0.18 1142+16.6 135.0+12.6 128.6£14.6 169.3+11.7 TS
2018 Nov20 1.10 0.17 -22.62 5650+122 34.70+1.03 12.10+0.18 14.20+0.20 3.32+0.05 99.7+17.5 155.1+12.6 171.0£12.9 TS
2018 Nov 21 1.10 0.17 -21.58 5510+130 13.00+0.20 165.3+13.8 TS
2018 Nov23 1.09 0.16 -19.70 5050+191 40.20+1.10 14.20+0.19 4.18+0.16  99.7+20.4 147.0+16.4 131.6+18.7 178.1+13.8 TS
2018 Nov26 1.08 0.14 -16.89 5770+101 44.30+0.90 14.10+0.18 17.40+0.22 4.13+0.05 123.4+17.8 160.3+11.7 1542 +11.5 200.8+13.2 TS
2018 Nov 27 1.08 0.14 -15.90 13.70+0.21 205.0+£12.6 TS
2018 Nov 27 1.08 0.13 -14.99 5340+155 13.20+0.23 15.40+0.26 4.10+0.06 112.9+17.5 165.6+14.1 149.1+14.6 201.6+13.8 TN

2018 Nov 28 1.07 0.13 -14.66 5140+102 39.30+0.80 14.00+0.20 17.00+0.22 4.16+0.06 135.5+11.7 175.0+13.2 153.5+13.8 205.3x12.9 TS
2018 Nov 30 1.07 0.13 -12.90 5700+265 43.80+1.50 13.60+0.30 17.00+0.32 4.21+0.09 157.5+14.0 180.0£12.0 167.6+13.5 210.7+13.5 TS
2018 Dec 01 1.07 0.12 -11.73 5250+117 39.40+0.75 12.90+0.26 16.80+0.21 4.45+0.10 146.8+18.9 178.6+15.2 150.0+15.4 207.8+10.6 TS
2018 Dec 02 1.06 0.11 -10.01 6040+£219 42.90+1.46 12.80+0.25 16.60+0.35 4.04+0.12 127.4+12.3 182.7+13.4 143.6+13.7 207.7x14.5 TN
2018 Dec 03 1.06 0.11 -09.74 5730+110 36.90+1.00 13.90+0.28 4.72+0.08 135.7+21.9 186.9+154 153.2+17.1 216.9+14.0 TS
2018 Dec 04 1.06 0.11 -08.68 39.30+0.62 13.80+0.32 16.60+0.25 143.9+14.5 169.6+17.0 149.9+153 213.6+£12.8 TS
2018 Dec 04 1.06 0.10 -08.01 4830+135 36.90+1.20 12.40+£0.26 14.90+0.40 3.95+0.10 146.0+12.8 174.4+13.3 148.2+13.6 211.1+15.3 TN
2018 Dec 07 1.06 0.10 -05.71 13.90+0.33 18.50+0.22 202.4+17.3 225.7+15.7 TS
2018 Dec 07 1.06 0.10 -05.90 4950+131 42.50+1.12 12.50+0.27 18.40+0.28 4.32+0.11 149.5+13.3 193.1+13.2 166.2+14.3 222.1+16.5 TN
2018 Dec 08 1.06 0.19 -04.93 5380+130 41.40+1.14 14.20+0.28 17.70+0.45 4.20+0.08 153.6+13.2 198.2+14.2 171.0+15.3 238.5+16.9 TN

2018 Dec 09 1.06 0.09 -04.00 13.60+0.30 17.50+0.43 4.10+0.11 2343+17.1 TN
2018 Dec 09 1.06 0.09 -03.69 5050+152 38.90+1.21 14.50+0.40 17.50+0.40 4.30+0.09 176.6+19.4 204.2+17.3 144.2+13.1 234.3x16.5 TS
2018 Dec 10 1.06 0.09 -02.98 5030+166 34.50+1.34 13.70+0.28 18.40+0.41 TN
2018 Dec 10 1.06 0.09 -02.65 5410+144 14.40+0.42 19.90+0.50 4.04+0.09 162.2+15.0 207.0+16.0 207.0+16.0 236.9+17.2 TS
2018 Dec 12 1.06 0.08 -01.00 5260+173 41.80+1.63 13.00+0.34 15.40+0.62 4.07+0.12 TN
2018 Dec 14 1.06 0.08 +01.01 5440+180 33.30+1.89 13.70+0.32 15.80+0.47 4.00+0.08 170.6+16.8 217.8+17.7 186.7+17.0 249.1+19.2 TN
2018 Dec 15 1.06 0.08 +02.17 5260+237 14.90+0.41 4.12+0.05 196.1+16.4 180.7+12.9 216.2+14.2 219.0+16.3 TS
2018 Dec 16 1.06 0.08 +03.10 5600+154 40.30+1.58 13.70+0.34 17.20+0.50 3.93+0.06 160.7+17.2 213.6+16.0 181.9+16.6 242.6+18.0 TN
2018 Dec 17 1.06 0.08 +04.02 13.10+0.34 TN
2018 Dec 17 1.06 0.08 +04.02 14.60+0.40 TS
2018 Dec 18 1.06 0.08 +05.95 12.30+0.26 15.00+0.38 172.2+17.6 200.7+15.6 162.4+19.1 227.1+19.7 TN
2018 Dec 21 1.06 0.08 +08.01 236.6 £20.4 152.9+20.1 116.2+20.1 221.6+28.8 TN

2018 Dec 23 1.07 0.09 +10.88 4120+183 30.50+1.88 11.40+0.21 13.70+0.48 2.95+0.16 180.5+20.1 172.2+14.3 125.5£19.8 170.5+25.6 TN
2018 Dec 25 1.07 0.10 +12.95 3620+110 29.20+1.28 11.20+0.23 14.10+0.46 3.25+0.12 127.7+14.9 143.3+17.7 121.3+12.1 169.8+13.4 TN
2018 Dec29 1.08 0.11 +16.91 3500+100 31.00+0.89 10.80+0.18 14.60+0.26 3.39+0.08 87.0+14.9 137.2+13.4 99.2+13.2 143.9+14.7 TN

2019Jan 02 1.09 0.13 +20.98 27.00+£0.95 10.50+0.25 13.40+0.40 3.14+0.05 73.3+14.3 118.4+154 101.1+13.4 140.2+13.4 TN
2019Jan 05 1.10 0.14 +23.21 10.30+0.17 14.00+0.44 3.00+0.06 88.0+11.5 116.9+12.1 99.0+11.9 125.9+11.9 TN
2019 Jan 10 1.12 0.17 +28.32 2940+115 25.50+0.90 9.89+0.14 12.70+0.32 2.64+0.07 75.4+12.8 109.4£10.8 87.4+11.1 1152+11.5 TN
2019Jan 13 1.14 0.19 +31.22 9.36+0.11 12.00+0.26 2.46+0.07 106.4+11.5 TN
2019Jan 15 1.15 0.21 +34.01 8.58+0.09 10.30+0.22 TN

2019Jan 19 1.17 0.23 +37.29 3000+£120 23.20+0.85 8.75+0.10 11.00+0.23 2.44+0.05 80.7+11.3 100.1+11.3 82.8+11.7 102.3+11.7 TN
2019Jan 23 1.19 0.25 +41.27 2690+105 22.90+1.67 8.05+0.21 9.27+0.20 2.04+0.06 61.1+14.7 95.8+12.1 96.3+15.8 101.0+13.2 TN
2019Jan25 1.20 0.27 +43.26 2150110 24.40+0.95 7.56+0.09 9.10+0.10 1.94+0.07 82.6+13.8 94.8+11.0 66.6+12.8 91.1+15.1 TN

2019 Jan 28 122 0.28 +46.15 8.37+0.08 106.7+11.3 TN
2019Jan 31 1.24 0.31 +49.31 1920+100 17.30+1.15 6.80+0.07 7.33+0.13 1.75+0.04 27.9+13.6 56.3+10.2 37.5+15.5 56.3+11.9 TN
2019 Feb 05 1.28 0.35 +55.04 6.01+0.05 52.3+143 TN
2019 Feb 08 1.30 0.37 +57.26 14.70£0.90 5.67+0.06 5.89+0.08 1.26+0.03 25.4+123 62.3+11.5 409+10.6 629+11.3 TN
2019 Feb 11 1.32 0.39 +60.15 1730495 16.30+£0.95 6.18+0.07 5.53+0.12 1.34+0.05 64.2+13.0 TN
2019 Feb 14 1.34 0.41 +63.25 5.02+0.07 58.8+11.5 TN
2019 Feb22 1.40 0.49 +71.30 5.69+0.10 4.00+0.16 0.90+0.10 TN
2019 Feb 28 1.45 0.55 +77.45 4.33+£0.04 4.13+0.08 48.1+12.1 TN
2019 Mar 10 1.53 0.65 +87.10 3.16+0.05 2.81+0.10 0.60+0.03 17.2+10.9 19.4+11.4 33.4+125 TN
2019 Mar 20 1.62 0.77 +97.35 3.05+0.13  2.00+0.13 TN

Article number, page 10 of 10

_44_



WIZAR - B ) R b

_45_



A4 (2022) R, MILKRCAICE T 25EEENIC D & O K LS A HUSE . Al
FmSCHEREIEEGRS (BWA Y /L) BLUYS - MTRESFCoRKRICOVWTIE, UTo
EBYVTHDL, FHHEEICOE DD, WL IZO [JRIMREE 7787 R Laboratory of
Infrared High-resolution spectroscopy | ICBH# 3~ 2 i & @) [FHE D 2 M HEEE IC X 2 RIk
SICEEDFTER] ICRlE 5,

TIMRE BT ROEHE, WE 1y mHOERE - E085tds WINERED D% &
I eBHIIE 2oL LTw s, P29 (2017) FEZ A5 WINERED % 7 U 3441
c BRMFEKRKLE 7 - > YEBIFTO 04 3.6m New Technology 9imHi i LY 17, (K
£ - EERROBBIZLEDO TCIEFICREOBIM T — 24 %% S TE 2, ik, &i
JE - ARRE R O HERIC I\ CHEE 1.3m AR H@ES 2 v TR 2 O TR b 1 5 TR It
MTseEZTCE, TNEZT, BFECTERAEERICL>TEONET %% b &IC
L 72W3E 8 72 1) © 72 { . New Technology LiE# COBI T — 2 % b LI L WFFE 08 EA
T3 BRI NP0 I PR Z S, o, ZhICEbRo>T, XY REAROE
DYLEFIC X > T, LY BT X0 ETOREOBIHIWIE S HEA TV 2, HA14 (2022)
9 Hiciz, WINERED o F VHAHIEF R « 7 v o8 F ZARXEDHE 6.5m ~v+¥ 7 v LEiE
BI~DOBEDBTET L, 77 —A b T7A4 MCEII L7, Sk, KRAE~® 7 vEEF O
HNEEP L, LVEGFOEWKRKICOWTE 7 7 4 FEIZNELREOEER O BHIRTE e,
X b #5597 Diffuse Interstellar Bands O #8Lfl 7 &', /) %2 FHHC % 298 7 — <~ DhEDS
I C% 2, $72. IR 3-5u mi O - EOEE VINROUGE DBI%E b i <
BYO, A=Y a VK TFOREPKEEL T Iy 72T —< R0
I 7 EERERA TS R B ASET R T h B, —J7. A4 (2022) FEIX@QIHY TS DI
BHE IEED B O N T WA, EAIEREEIY 7 < F = T RKXK L D@ A TEH Y |
I 1.3m AR SE S 72 1) © 7% < EIWNAL O Hh/NE @ § 2 K58 % F o 7= BLIITZE 2314 2 C
w3,

PAE. T4 Ui LR SR oW FEiEEN 13— EKEZ R D DD EHI R IREETHERR L T
%, WINERED D% 6.5m =+ 7 v Yaii ¢ OEM 2 FMGT 2 a5 (2023) FELIRE
X, REEGO R ZE» LT —~. & QICHFOMIEdRIC 2 <, ifgE-x—t
F—THEN—FAF—HEHDRA Y N—5HIL X 2 RKGRNEREDER D EITL., 5K~
¥ 7 vEEHIC X 5 WINERED ORURDSERC & L CHIRE 112 BRI A % . LR SR 13,
FHREARBREE LRI N7 74 PRIZRESC 13 b x P 2| #E 4
BEREDENZ 7 —< L LTHIH#E, SBHMER vy T VoW R 2 A3 C
EDBTICHIfFCE 2 RHIICH B,

| R VA
(FEYEEL)

_46_



¥ /mnnﬁc*&ﬂ%%z L (2022 4£4 H~2023 4£3 H)

H

% : Super-rotation independent of horizontal diffusion reproduced in a Venus
GCM, #H#H 4 : Sugimoto, Norihiko; Fujisawa, Yukiko; Komori, Nobumasa; Kashimura,
Hiroki; Takagi, Masahiro; Matsuda, Yoshihisa, {§#{3£44 : Earth, Planets and Space,
oA 1, & 75, Ry REDOH id.44, FEERE : 2023
G4 : Multi-chord observation of stellar occultation by the near-Earth asteroid (3200)
Phaethon on 2021 October 3 (UTC) with very high accuracy, ##% : Yoshida, Fumi;
Hayamizu, Tsutomu; Miyashita, Kazuhisa; Watanabe, Hiroyuki; Yamamura, Hidehito;
Akitaya, Hiroshi; Asai, Akira; Fujiwara, Yasunori; Goto, Tateki; Hashimoto, George L.;
Hatanaka, Akitoshi; Horaguchi, Toshihiro; Ida, Miyoshi; Imamura, Kazuyoshi; Isobe,
Ken; Ishiguro, Masateru; Kaizuka, Noboru; Kasebe, Hisashi; Kawasaki, Yohei; Kim,
Taewoo; Kitazaki, Katsuhiko; Manago, Norihiro; Matsumura, Masafumi; Matsushita,
Hiroshi; Matsuura, Shuji; Nakamura, Takahiro; Nagata, Toshihiro; Noda, Hirotomo;
Ogawa, Masaaki; Ohshima, Osamu; Owada, Minoru; Saitou, Kazuyuki; Tsumura,
Mitsunori; Ueyama, Yoshihiro; Watanabe, Hayato; Yamamoto, Masa-yuki; Yoshihara,
Hideki; Fujiwara, Takao; Haraguchi, Miyu; Hayashi, Hironori; Hitotsuda, Tomoya;
Horikawa, Toshihiro; Ishida, Kai; Ito, Tadashi; Jin, Sunho; Kang, Wonseok; Katayama,
Toshihiko; Kawabata, Koji S.; Kawasaki, Ryosuke; Kim, Kihyeon; Kita, Masayuki;
Kitazaki, Naoko; Kurisu, Hiroya; Matsushima, Makoto; Matsumi, Chika; Mihari, Ayami;
Naka, Masaru; Nakaoka, Tatsuya; Nishihama, Reiko; Nishiyama, Yukio; Nukui, Sadao;
Oba, Masahiko; Okamoto, Takaya; Omori, Yujiro; Seo, Jinguk; Shirakawa, Hiroki;
Sugino, Tomoshi; Tani, Yuki; Takagaki, Kazuhiko; Ueda, Yukikazu; Urakawa, Seitaro;
Watanabe, Masanari; Yamashita, Kouhei; Yamashita, Misato; Sato, Isao; Murayama,
Shosaku; Arai, Tomoko; Herald, David; Higuchi, Arika, {§#i544 : Publications of the
Astronomical Society of Japan, Bt O HHE 1 5, & 175, ¥l & &% D H  pp.153-168,
FFRAF 1 2023
i X4 * Revealing the dynamics of magnetosphere, atmosphere, and interior of solar
system objects with the Square Kilometre Array, #F%# 4 : Kimura, Tomoki; Fujii, Yuka;
Kita, Hajime; Tsuchiya, Fuminori; Sagawa, Hideo; SKA-Japan Planetary Science Team,
fg#iE 4, : Publications of the Astronomical Society of Japan, &atDHHE : fF, & 1 75,
B & it DHE : pp.S196-S216, FFKAE : 2023 4
a4 ¢ Activity and composition of the hyperactive comet 46P/Wirtanen during its
close approach in 2018, #3544 : Moulane, Y.; Jehin, E.; Manfroid, J.; Hutsemékers, D.;
Opitom, C.; Shinnaka, Y.; Bodewits, D.; Benkhaldoun, Z.; Jabiri, A.; Hmiddouch, S.;
Vander Donckt, M.; Pozuelos, F. J.; Yang, B., #§#it% : Astronomy & Astrophysics,
Ao OHHE - f. & 670, &¥ & ®REDH ¢ id. A159, 10 pp.. FEFRF : 2023 4
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10.

11.

i X4 ¢ A new constraint on HCIl abundance at the cloud top of Venus, ## % : Sato,
Takao M.; Sagawa, Hideo, #§#it4 © Icarus, oD EHHE : . & 390, & & &%
DH  id. 115307., FEEF : 2023 4F

iM%+ Akatsuki LIR observing system simulation experiments evaluated by thermal
tides in the Venus atmosphere, # 3 % : Sugimoto, Norihiko; Fujisawa, Yukiko; Komori,
Nobumasa; Ando, Hiroki; Kouyama, Toru; Takagi, Masahiro search by orcid, #&#F&
% ¢ Geoscience Letters, HatOHAME : f, & 9. R L RIEDOH  id.44, FEERF
2022 4F
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a vy 7k [Mitaka] ZHWAFEHD 3D YR FILS LT T3, KI5E 1.
77 L) —=@»% L, HRIERRICIE 100 B2 2 5074 DT b, HRERIC
X, HOWEICBIT 2 EREITI) R e REEZRZ ZENTERVEAICOELD S
avrFvYEHELTWS,

HE2 BIRER



KEBLEETIE, ZORICAZRIEDORZ v 7HIFL T L [HILIRLE R X v
770 —] BEML, HIBICHL I3 KXEL L2 E T35, FR 22
(2010) FE2 b —MNfEEML., 14 (2022) FEE To 12 F[H T,
57,000 £ % #2512 Ik W=7 % HIBICIBI LAKTHE L LT, I
X2 hoT&7 (BRI - 2), RKIGET v — R TIE, R¥EL w5 Bl
FRMLL T, RICEDOREBERF IR E TITbN T 2RI 2w % 72
WEWIFERL G, RAX Yy 7 OHEMSTOFEEC Y A4 T v RO, BLHIZEE % FH
FLEFAEORER EHHY A, fILKSCE OMEFI DM T2 E LT, &
EPEEORFOFHEC = — X EH MY LT Ao, WEEOEWAHFEELYITo
Tw3,

(2) HRED-tEHRE

PRILRICE ORIER LR, “FH B LR EBIE %2 2 LIEH O BFEICIE, #f
IR BEO—HoO L) 72K L. RALEREF* HHICAY L Tl nTE
720 K 26 (2014) 4EFE LR 27 (2015) EEICIT,. FELREREEROW I
X0, BENICCERTEEZRMEL. KGE» 0L BOHHL2RET0w5, 25D
WENE. RNFRKAEE L TCOMURLEDOHY L LTEMELTELDDTH
%, L2l WEAFEEKRFEDOANICHKE S NIRRT E LT, FEHE WD A
7o THIEOHSBEE ZH S &I MR E OEEIZ LT L. REULAT 0%
B2 AR Co [EWEEE ] ZECTOMMA L VI BlR» b, MILKIE %
YRR L U CHHIEICEE L 720 e WO BSER 20 F o T,

Z 2T, o4 (2022) FEICE, MILREICE T 2 EYEEERREOIL T & B
ELT, TNECRIFBERR ETORERA - LT L T&E MUK H
DR —%2SEL., HYHL L COBR7e T 28 HL 7=, FFE7HICF) =
=T FA=TVvEREL, FHEERZTEL L COBMEESMZYI Y O
I RO SEEFICHE X 2 MRHC LR B 25EcS 5 BRA 7x Lo iR, /R E
CEHEOIDEMEMFHL v AL VEREERERE LTARMLTWwS (R
3)o T3P -2tk EBICHILRIE CTiERE L T 5 KCBLUHIEEE O 8
REJE R LS, B, MEILHAHIH~I3HIKIZ, 1BER7v T LT+
—VEBERTY T L LUCER L, FHMZEMIHAEEE JAXA) oo b &/hek
BEREK (1322 & 2| PHBRICE LR 72/NERE) 2 v 7'y 0RYRI/ES 7+
NDEYR ERERTIRNEZBELZ (BE4), HiflaoF v A4 L 2EYYED
SR RIS & U CRIGERHIR % 3% 72 CORE T H o 7225, %O KEE H
HY, RYOHRT I v T 4 v IHELICEMCE 22 E 2 T3 (FEMR .
1,530 N), FAIEK T3, 7272 QU OHEHRERICERZ LT3,
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St BAEE L E~2 FoMEEOEL BfEE LT\, BEFOMEELE L
THILRLAEDBNEL T EEAHICERT 2T —~v2 TEL GEEHFEATHH, &
M4 (2022) F£EEED»SFRT—~ KoL TEEEROINERHEZED, %
DR E S5 (2023) FERIHE I

(3) RXXHERE

FOCFHIEIL, FN O E i e L, SWERORKBYES L) L KLFEDOH
WEFEICIN O N NAEEZ ., LIEH O TR ORRH CEML T 5 (BES5 -&EEL 3),

ZatE ORI, HET O B e &3, IO EE D b b HED T 4 & T 20
~60 HOSMHH 5, FFEHEDOMK THICIK, ], % < OBEMAROR W, Zild o
B I A2 5, Hicid, EYeesys. Pz EM L T2 mREBE 0T, [T
KX WA 2 0EINEONZDO TR L 72\ ] &) HINTOXZ#ED H O, [F
AR L, W R EME LAVWERBEED L O—EDOHRHELIATNG, 2D X5
ICVHUIBOBREE O iz 5 & v o BEIRICE W TH LR SCE OEENT K % v,

e, Fillav v AV RIEGYERILRT 2 LAATIE, FFEEOK TR o7 4
LR EEORHAEHNE Lz (72 a ) 3— A7 ZBE (BE6) L. 34K
HIRAB TR0 H XIRICTHANICERI CE 2 52 Rt L & 2, 2o olHic kb, Mo
HRICEHLEINDIKLABLE LT ARZDA A=V T v 7ICH BT T 328, BERH R

a7 ANAEGYEIL Rz, TR I — - A7 2 i3 RIEL Tw 3,




(4) ILRXEBE~Ray b F ¥ 77 42—TIELA~EH 2 A%

XV DHFLZICHINKRLBICHLATHZEL DI, ~2Aay b Xy T 7 X —
M3l Aa~2%b2A® 2P 25 (2013) FicEHALE (M2), 2hild. BlEAIC
B 2D EE B 2 FEPER LR R D L, REHPHAEOIRE 23
A RIS ALK SR T OB - HIE L E AT TRy o 72 Bl 2 Bk fiE L T 3D L 72 d @
T, PERVCBIE D> O LT 2 NHED 5 2 RE, FEERLZbDTH %,

[ELAa~2b A% 1F, UKL BICEFE2EERRLZ—PENF T+~
#H, REBESTEML TV 22 v 77 ) —D0REFEDIZ ., EEEEENICE W
TIhSIER IR T W3, $7-, FRK 29 (2017) 4EEEiCi, LINE 2 2 v 7% ER L.
LAYy — v & L CofE 2> T3,

M2 1Z3LAa~2H LA
4. ¥ANNE
KREZICEHBWTIE, 24 - BE LR EOENFEZNR E L REFBEESCFHO 3D
MR D EIE% T > T\ b, LR CFHOLREERICR 2 2 L, FHICE T 24
R, Z LCANERHFET 2 E®REZZE 23 L WS LR KFORIRETH 3 FARE
Bt ol ofaz, X0 KoFELBICEEL T bWnznen)
FHND EA TV,

5. B ERE~DRIEE

LR Tk, /b - - @A (ESHEE - &SR E &) AFHIC
of U CHlBE - BlOARE A, BRA KB T 2 FREZBFARICHER T 2 A 21t 3
22 R HMICHEEZEmML TV 5, BioERicB LT, 2L Tuirng
BbHY, RXPFHDOZ L2 RRNICEE T 2RAEBP Rl hoTwnd oo, I
SOFH - KX T — L&KL, 2T TICHFERK 24 (2012) FicsBHAAE, &8
DRGHHEBFEICOVWTA XY PEEEL T2, ZOHT, 2O X ) HRRHRIC
BILZRTAEREZ S OBA, UAIC DML TEH L A>T E T EE2FHKL TV, %
DX HEEEL D, RLPFHICOWTHLERMICERZ LR TE 3 DRRF
HTh 2, BREIZ 3D BYREHLY AN 7-if# L e Ayt "R 3D BYRic T 30 4

_60_



RICFEE T, T 10~20 KRIZEDSMB D 5, 41 4 (2022) F1F 13 HfF
ZFANFE a0 F T 4 0 RIEYE D BRI & L TR ANE T3 5 LART.
Tdb b 2019 EFELIET & IRIEFRKHEEIC £ CRIE L 72, RO~ HEiRES D
Ehid 5 7% L, MO BB & oL HE I A, T2, FERE v 5 LHIA
BEEH L TEEIRITADZ AN S BHBINCIT S 2 & xR XAEZHEL TS,

6. fhiBE L oEHEHZE

PEE 22 (2010) AR, CPEK 23 (2011) AL 2 f4Efii <, HARZEMRE SO 05
WEWELEDEFAIVA, ATV R N=FF—vy T Tuvzy MR
., &% Z T CTRA_T b VEBRAIRERS- B %2 L 72, LRI, TE
HIX DA &, @2 ODSMb H o 7=, Zildic & o> TiZ, /- gz duiic
WD ETHEBRTCERNI IR LEZFERILRTE, i, FEbL2b
L o TIEREDHEICH DD L IHIERAEDFDOZ LA TE ZIFF ICHKELNE
o7z,

F 7z P23 (2011) FEEICE, WETESFERE e v 2 — LEEE L [k
AT 4 A PEREE] CFRL 23 (2011) £ 8 HEMM) ., 7742V v L 4L[FEFEHM
(RO O FHEES ] oLFEGIE EIE Pk 24 (2012) £1 H~3 A%
) 7o & %AT o AER. #9 4,500 Lo H 0, #ILKE oW EiEE % 7 v —
TEIENTE T,

TR 24 (2012) SEREED DI, B RPRFBEIRE R IFIERL & 5t /1 1c B 3 % 197
JE % Ml U AR s B e ds o L s e & 2T 5 72 © O WIFERFEICHL Y
MHATVS, F7, P27 (2015) FE2LIE. 4 YV FASTONY F v IREKYE
EIE & AG O, FTREFE O BLIIFFTICHY fHA TEB Y . TR 28 (2016) 7 A
B 29 (2017) 41 Hicix, FLFEIFFZE O R A3 iramsCERs ic B8 & 7z,

Ste. AR5 (2023) I, FI4E 4 A2 O HEfT & 2 SUEEYEE O T < [
EEYIRE] & LCoFi-aln 2 BIgT & & bic, inBEo HYAEiER & EEE L 7 1H)
fEE O RFEELHIEL T 5,

7. NEABEEZBLEZEOEK

HIEH O AP R ICFEEEDEMICH 72 > Tk, IR LE A X v 7T 2T,
B L L CEED N 2/ Tw 5, BRI, RFBIERICEH T 2 RIFMH., KX
FEIC BT 2 HAMBEE FIciH o TE Y LR CA VP AEB 2T 2 1CH 2 H R
DRI NFIETSH B,
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HPE & L% 20T R HTFOHZRTHEERAVEELCHD D> T W
LR MOHFRCHHLKEZ 2 LML CLE > PAE ROCHEMICEELTLE S
FEDNVWDE, LrL, BFrENQTHL I BIC, GELACEN =Bz &k
L. —#ICBERZ2EE L T LW BEEPE D, B THEATUTE - I8E T
X5 ELTHWZEELD RS RV, 25 LE2Eohyrs, AKXERLED
KICB D 2 (MR L 2% A3 FEHL T 5,

ZoX )i, LR BEDBLELF L CihETE 22 L1k, PAEDF ¥ U T
CHEEARBE R EEZOND, T L FERXNRIC, P 23 (2011) 4
ORI E CIEBI 2T 2 e L. ¥4 T vy 2 7 b F— 24 (CFRK 27 (2015)
FEREICHINRLER T VT4 TF =000 [MILKRXEYF— b F—L4] i) %
b EFTwn 3,

8 MILRXBEYR— 1t F—LDIEE)

LR SCAE R =+ F =20, Ak 23 (2011) FEICHIURLER 7 v T4 T F
—LE LT, MUK EZ X ViEHELT 22t 2HIEL. BED¥AEIC X > THIK X
NEFETRY 27 b F—LThHD, CREREZMD T MILKICE R I g
BHENIESINETE LB TE, £M5 (2023) 43 ABLE T, 50 % 0EAEDNE
FEL, WmEIZ L TW3,

[ — 20475 id, fIILRXAEMRECHEEOREDS &, A7z b THELD
LAY P ERAEL, JASHIKO T 2 IR B DM REICHD TV,

(1) RhBlE L

FHOARITTT VALY I aLb—2a vy 7+ [Mitaka] ZHw725H# o 3D
MR D W2 % £ v LR SCA RIS /N a5 & 3%l L. IREETICS U 7ok 4 7%
RIBEZ RS & CRBEOHICELATHZEZCHMHEZ LT 5, ok, BER{E
FFC i, EDMEIC O TOEREARL T2 vTn 5,

(2) ZRRBFBER

KEFBRE BIRE - #4) Z2R%E LT, EICKEERL w3, FAREE
B NUEESEIC X A RIFYE (BHE6) . > T2l —3¥a vy 7+ [Mitaka
72 3D WG B S 7 AR L T 22w T n g,

(3) 27 =Y % vF) —

PRTF =% AR Y — 1, REDREM L T s k72 5 a1 o KR A
RV EFTHE (HEET) A 3 (2021) FEIF3ESVICEMBL, LK TE
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Tt MAREEFEOMALFH O 3D MR LBk, KBS, REGTERERZ &
FEML 7z, BHIFERICD CEn, L 05k,

e

s -

= /‘ -,
" N
BEHT7 H27—V% VR -0t

(4) FRLE (FEH)

W4 (2022) FEI3, 3SR D ICHEM X 4, KI5 T 2 Mk - — DT 2RI,
LKA EZ 2% L L, RAREREROMN P TH O 3D B ks, REFEGTEL
Y R— b F—LOFEHEELZELDATA Vo a—ExEML 72,

(5) Zofth

RS b M O EAETO T & D [T O RIERLEE LKL AT SR L
DFENEIERE DEFRA XV b, HIEBYE A0 FEE, FVED - oRlEoRiLe
BHEGEHY A TV X7 2 2T 4 NA~DOHEZ & H A4 H EMICHILER S TOE
Bafeldcwad, A4 (2022) SR, Sl EMRERER (202247 A 29
H) TORFRBERYEBRFH CORBRKIXBEIEZ R CIboTHIA S | ]
DFEf, FYED D OREDORMOPHEE Y 4 TV X7 2 2T 4 N A ~DHE,
B D ERE T ORISR & 2T 5 72,

LI, fiMESCHR—FF—L2D—B & LTOEINIC L 2RERZHE L., 24

ZebDaa=y—vavENPRFCHET A MEE L VRO LT ORFICET
5 \MERO—iz#H->Tw23 (EF6),
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Bl SEARVF RSEEH /RREE-E

SRIBRIA R b GRIBESD

PPN FRR22EE [ FrR23FE | P24 IE | FRi25 5 & | L 265 [ | PRR2 1 5 I | PRR 28 | PRR29F I | PR30 F |
(2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018)
(1) RhEL% 2,060 1,762 1,380 973 1,185 1,166 1,584 1,430 1,821
(2) BRER - BEE
() MEHRRF (BRER, TALEH) 400 400
(4) RXEBHBE 120 188
(65) RIFHIE (IBRXFAFIHALE) 260 303 347 148 114 56 147 145
(6) HBIEER 77 33 36 64 92 79 64 66
(7) vovEfheEpEd (T2 (BAPHIRES & D) 77 30
(8) b - HBEMBIZEHA () - F - BRE) 484 393 407 204 204 406 499 667 706
(9) #—TFvF vz 960 787 592 510 963 1,614 1,362 1,239 1,105
(10) #&F =Y v KU — 547 466 213 316 273 389 500 466 250
(11) REBELASEDAY (H28h LHRBEBRKS 116 156 224 179 217 292 244 295 185
(12) 2HELE (KPHPE - HEMIT) 190 417 115 188 122 119 131 74 42
(13) #elige 232 557 284 534 509 613 495 870 827
(14) Zofty (NP, FERZHFIAEM®L) 185 65 162 137 89 150 95 166 105
a5t 5,048 5,114 3,716 3,452 3,802 4,942 5,030 5,820 5,586
3] r-N
ABEES :Fmﬁf_:;g DM2EE | SHBEE | DMAEE 4«":: +3Y
) (2020) (2021) (2022) &%t
(1) XFEBER 1,214 03 233 753 15,561
) HER - tEE 1,530 1,530
() HEERRY (BRRER. RALEHR) 473 46 626 1,446 3,391
(4) RXAEFHE 308
(6) RXFFME (IBRFAPIFHEE) 131 0% 03 190 1,841
(6) FRIFER 511
(7) vowEtrEpEy ATy R (BAPMHHRAS & D) 107
(8) 2## - HBEWBENA () - - &KE) 703 79 565 5,317
(9) A—F>Frviz 961 596 1,266 11,955
(10) 42 F =Y v Rl — 534 663 4,617
(11) REPEZRFDAY (H28h LHEBHE) 201 179 2,288
(12) ZRIBER (RF2FE - THERD) 112 34 129 266 1,939
(13) #li% 817 ik Fik 858 6,596
(14) Zzofts (NP, ZFEXFEHRIARML) 66 0 15 84 1,319
aft 5,212 80 1,678 7,800 | 57,280

XHM2 (2020) EFEEFETORBRESRUORFAHEE S > T4 VITTEE, B3 (2021) FEF—HORBRERELTORXEHEEF > T4 VI TENR

Fr 74 VEE (REEE)

e i*ZDOZZT)E %(T;ZT)E i*ZDOBZT)E ! ’\‘.é:;: ?

(A) WEBRHHRER 26,661 19,540 5,408 51,609
(B) WEBRIZF 3 11,794 2,342 1,712 15,848
At 38,455 21,882 7,120 67,457
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B2 —ROFRGEHR—E
CE) REShTOARVWARR, —RABPARY FERBLTLAL,

Fpk22 (2010) £E

A<t NS T - P

IEEE wn | O 66 6 26 51 10 1 42 47 3 103
4A10R 32 4 3 0l 1 0 1 17 20 39
4R17R wn | O 91 16 10 ! 6 11 61 18 117
4824R wn | O 69 3 21 3] 1 0 32 39 14 96
48 & 3 258 29 60 sl 43 7 86 164 55 355

5A1H mhEezy| O 52 4 22 51 19 1 16 44 3 83

5A88 Ensgy [ O 50 1 7 0] 3 2 28 23 2 58
5A15H EhiLE O 15 2 22 1 : 5 1 13 20 1 40
58228 £Y x 5 1 4 51 0 0 1 13 1 15
5829H B O 65 2 13 11 15 1 16 38 11 81
58 &t 4 187 10 68 2] 42 5 74 138 18| 27

6A5H B O 70 2 24 6 : 12 2 21 51 16 102
68128 Ehsg) [ O 50 6 13 21 21 2 4 37 7 7
68198 x 6 2 11 1] 0 0 3 15 2 20
68268 R AaHE W x 9 0 3 0 0 0 1 9 2 12
68 &t 2 135 10 51 9l 33 4 29 112 27 205

7H3H m x 1 4 4 0l 0 0 0 8 1 9
7A10B b2y [ O 28 13 7 4 11 0 6 25 10 52
7178 moremn| x 13 1 13 61 5 0 6 20 2 33
7A24A ENEL | x 27 4 3 2l 3 2 14 6 36
7R31H mnEeRy| A 33 5 15 01 6 20 3 31 3 63
78 & 1 102 21 42 2, 33 23 17 98 22 193

8ATH whobBy| O 126 1 19 I 5 1 87 37 154
8A21A 2Y o) a8 1 4 T 6 38 5 65
8A &t 2 174 2 23 20] 38 1 3 125 42 219

9A4H Zy#En| O 22 9 10 1 : 11 0 28 1 42
9A11A X aHE mnkezy| O 21 7 13 1! 7 1 16 16 2 22
9A18A whEezy| O 15 7 6 1l 4 2 3 26 4 39
9A250 £Y O 36 0 30 31 10 1 28 24 6 69
98 &t 4 9 23 59 6] 32 4 49 94 13 192
10828y 27— v omy— o 48 1 5 1l 7 1 30 17 0 55
10895 x 3 0 1 ol 0 0 0 4 0 4
105160 moremn| x 13 5 5 4 6 3 0 15 3 21
108230 2ygin| O 42 0 13 1T 6 5 25 8 56
10A30H BB AT x 3 0 2 21 1 0 0 3 3 7
108 & 2 109 6 26 81 26 10 35 64 14 149
11868 mniezy| O 19 3 2 0] 2 0 2 16 4 24
118130 Enkc20| O 25 14 15 51 2 6 4 40 7 59
118270 wni«By| O 21 0 2 0l 1 0 12 6 4 23
118 & 3 65 17 19 5] 5 6 18 62 15 106
12540 mniezy| O 23 0 11 0] 8 0 2 21 3 34
128118]FxAHE 2 A 0 0 2 ol 0 0 0 2 0 2
125180 £Y x 3 0 5 31 0 0 2 8 1 11
128258 |[Xmasan yohidiES 2ysEn| O 2 1 6 5 3 0 2 9 0 14
128 &t 2 28 1 2 s] u 0 6 40 4 61

188A gniezy| O 22 0 6 41 5 1 4 20 2 32
15220 BhEEY. AE| X 12 0 0l 1 3 6 0 13
18 it 1 34 0 7 4 8 2 7 26 2 45
2A5H 2y osiEn]| O 52 5 14 T 2 11 35 1 72
2A12R BY—BET| x 7 2 3 51 1 0 2 13 1 17
2A19A whobBy| O 15 0 5 71 4 0 6 13 4 21
2A26A wn | O 29 0 13 15 8 0 12 29 8 57
28 & 3 103 7 35 28! 36 2 31 90 14 173

3E68 [xxamE O 12 3 4 11 6 0 3 10 1 20
38128 o) 8 1 5 3 0 0 8 8 1 17
3819A ) 7 2 8 13 1 0 6 22 1 30
37268 EPEPR IS 10 1 2 51 3 0 6 9 0 18
38 & 4 37 7 19 221 10 0 23 49 3 85

& 31| 1,32 139 433 162 317 74| 38| 1062] 229 2,060




Tr23 (2011) &FE

Aot vl B e NS D P P
4F2H 2Y O 12 0 11 2 L 3 0 3 16 3 25
4F9H 2Y O 9 4 15 4 ! 5 1 1 24 1 32
4F16H 2YELEN| O 13 2 1 21 0 1 1 12 4 18
48238 2y | O 3 0 0 0) 0 0 1 0 2 3
45248 2 O 6 0 3 2 : 1 0 0 9 1 11
45 & 5 43 6 30 10! 9 2 6 61 1 89
587H O 15 5 5 0 ! 7 1 5 12 0 25
5148 |RXFEAPIHE &) 49 9 2 1) 8 0 8 23 2 61
521 8| R F APIEHE O 26 2 2 3 : 5 0 3 25 0 33
5/28H O 5 0 8 1 : 0 0 5 7 2 14
58 & 4 95 16 17 51 20 1 21 67 4| 133
6R4B Y & T =Y v R — O 20 3 1 Oi 6 0 6 9 3 24
68118 | R F APIEHE O 59 2 0 0 : 18 0 0 43 0 61
65 18H| R A FHE x 57 34 4 1 : 1 4 1 85 5 96
6825 8| R F A PIaHEE O 42 5 16 0 ! 8 1 17 32 5 63
68 & 3 178 44 21 TS 5 24 169 13 24
TR28 | RXXFAPIHE 2 x 22 1 27 2 i 1 3 1 46 1 52
TAIB|RXFAPIHEE EhobRY O 53 4 13 3 : 7 0 3 60 3 73
7THR16 8| R APIHE 2YE4EN|] O 58 10 11 5 ! 21 0 3 54 6 84
7R23H RYRLEN] O 25 0 8 0 ! 7 1 3 22 0 33
7TH30H 2Y @] 9 1 4 6 i 5 1 0 11 3 20
78 B 4 167 16 63 6] M 5 10| 193 13| 262
8R6B|A -7 F v /R 2YE4EN| O 40 6 12 6 : 15 6 2 38 3 64
8A20B|F—T v F v 2YEBWN x 12 4 1 2 ! 5 0 0 12 2 19
88 &t 1 52 10 13 81 20 6 2 50 5 83
9A3H BR125H | X 0 0 0 0 : 0 0 0 0 0 0
9B 10| R A 2Y @] 51 9 8 2 : 16 0 5 45 4 70
9/17H GBS x 1 3 5 2 ! 1 0 1 9 0 11
9H24H EhE4 29| O 55 28 11 16 2 14 52 9 93
98 & 2 107 21 41 5, 33 2 20 106 B[ 1
1081B|Y &7 =Y v Ry — 2YE4EN| O 14 0 13 O: 3 0 4 16 4 27
10888 |RTFAPIHE RYRLEN] O 54 3 17 6 ! 6 1 23 36 14 80
10A15H x 24 3 3 0 ! 0 2 1 24 3 30
NEPYE] ESEINEE T x 12 1 6 0] 0 0 1 12 6 19
108298 | RXFAPIHE O 33 4 13 0 : 5 1 9 25 10 50
108 & 3 137 1 52 6] 1 4 38| 113 37| 206
118128 | RXFAPIHE BngZY | O 68 12 7 2 ! 30 0 7 46 6 89
11726 B |RTFAPIHE EnE4 2] O 57 8 19 61 12 2 3 57 16 90
1A & 2 125 20 26 8] 42 2 10| 103 2| 179
12438 R APIsEE 6 8 1 8 ol 0 2 0 12 3 17
128108 | KX A #HHE O 43 3 12 2 ! 5 5 2 38 10 60
128178 | R APIHE O 22 1 11 3 ! 1 0 3 25 8 37
12824 B|Xmasan JoliES 2 O 32 2 10 6 i 8 2 8 18 14 50
128 # 4 105 7 41 1] 1 9 13 93 35| 164
187H ZURBLAE| x 2 5 6 6 ! 2 3 0 10 4 19
1/821H GBS x 2 0 0 0 ! 0 0 0 2 0 2
18 & 0 4 5 6 61 2 3 0 12 4 21
2R48 O 15 1 11 1 : 8 0 1 17 2 28
2A18H e O 20 0 3 0 : 8 1 0 12 2 23
2R 258 |BHE&E7 12 EES x 16 1 6 0 ! 8 0 4 10 1 23
28 & 2 51 2 20 11 2 1 5 39 5 74
3A3A|RXABE s Ry| O 23 5 37 1) 2 2 3 24 35 66
3810H 2Y x 1 0 7 0 : 2 0 0 5 1 8
3R17H IREBEEY | x 6 1 4 9 ! 0 0 8 11 1 20
3824H Wk x 18 0 1 0 ! 0 0 1 18 0 19
3A31H memnE«gy] O 16 0 3 1 i 6 3 2 8 1 20
38 & 2 64 6 52 1] 1 5 14 66 38| 133
& 32| 1128] 164] 382 88! 262 45| 163| 1,072 200| 1,762
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k24 (2012) &R
AR FERR || REBH | A el "f KPE o _mu,f it

48R 2YB4EL| O 10 0 2 ! 2 0 5 6 14
48148 gyB4in| O 5 1 ol 5 0 1 3 2 16
48218 2Y x 0 0 0l 0 0 0 0 0 0
4528A BN o 33 5 1) 20 0 3 49 10 82
48 &t 3 48 6 8l 27 0 9 63 13 112
58128 BN o 12 5 4l 4 1 1 17 1 24
58198 | APIaHE whobzy| O 31 1 41 6 2 3 14 16 41
55260 2Y o 17 5 11 5 2 3 12 6 28
58 &t 3 60 11 9] 15 5 7 43 23 93
6828 2Y x 12 3 2! 4 0 3 10 3 20
6 AR | RXFEAFIBERFIRELR  |2vsemosnn] O 28 2 0 ! 4 0 6 13 15 38
68168[A—7> % v /iR ] x 1 0 11 1 0 0 1 0 2
67238 [RxxzAramE 2Y x 29 1 0 2 0 11 15 8 36
65300 ] x 3 2 ol 1 0 3 5 1 10
6A &t 1 73 8 3l 12 0 23 44 27 106
7878 & gyobin| O 27 4 61 11 2 3 24 6 46
7A148 Z2YDLE| x 4 0 0] 0 0 4 5 0 9
78218 BUBAT| x 6 0 of 8 1 0 9 0 18
7R 288 |FxE APIHIE whisc 2y O 33 2 3! 16 2 2 30 5 55
78 & 2 70 6 9l 35 5 9 68 11 128
8B4R|F—T % v iz whisc2y| O 24 4 11 4 1 9 19 6 39
88250 |Fxxse ArazhEE BN o 59 0 H 20 0 4 62 7 93
84 &t 2 83 4 3] 24 1 13 81 13 132
988E | ammE (emas) x| Burem| O 7 0 ol 0 0 0 12 3 15
98158 2yB4mn| O 44 7 61 14 1 7 52 14 88
9B 298 |RXF AP RIEE2E 2Y x 11 4 0} 0 1 2 9 12 24
98 &t 2 62 11 6] 14 2 9 73 29 127
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129 28268  WebhR#R INTERNET COM HEY), HHITE V339 Del DBRFANBOBRFIBMEN O EMHHEAL A

130 2R26H Web A3 EnFEH=Za2—-2 7Y, HEAFTEV339 Del DREMH OBERBHY OEHHHZH O A,

131 2R26H WebhR# R BRI #HHRY), HHIFEV339 Del DFERMAOBRMENOEZMHHEAS HIC

132 2B268 Web Rz mapion = 1 — X H#HRY), HHFTEV339 Del DERMPOBERBEYOZMAHLZAS NI

133 2A27TH M AR I8 74 F KRFWBESA F] RPEEAY KFEHER

134 35148 8 HAHM FEEERPHIIR A ORLLHE

135 3A208 HiE BT [ER7 A F KEBEHA F) FEEERT RXFHBE EERFTRALTHLRAGVWEDEERZICIE? ]

136 35278 %8 SARHE [E|7 A F KREBEAA F] RBEEARY FEHRLS

1

R1(2019)4EE \Webt 1 F

JSa—RL—>rary BADFHR

FERA <> hinkF [RFEHESR.
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2 4248 #H REHE [ME8|7 4 F KEHBEHA F] RPEERE KEHLR
3 58228 M RAEBH [E|74F REBESA F] RPEERY RXPHE [RMPEEREPALNIC LIV DHEHRE ]
4 5A288  #H HEHE HMEBREOBRTHL DD > REKTRFHE
5 6A228 FLE KBSm#B [BO74 ] ISl RA Al it BRAHE
6 TA17H  #HE REHE [MER7AF KREHBEHA ] REEERE RXEHBE (77 v 7 F—LNBREOTHE L SERORE)
7 TRA198  fEHE H¥2YvRTIBS (FNHF) LR EDOBHISEN | HZ T | REOBN
8 8A5H %M B #HE HE FET [FbRe] HBICEABFICHRER REPEERF b
9 8A218 M FeooH RERSMEEHTE
10 8A23H M BT #5R EMVETRE - BE, SHEHRE RERHLHY
3L/ AH05 11 8A23E  Web¥ A b BT EHM EMYETRE - BE. SHEEHE REXHLRY
i 12 8H28H  #H REHE [MER7 4 F KEHBEHA ] RPEERY KEHLR
2019) 13 9A258 M RAEBH [EE7AF KREBEHA P SHPEERE REHLR
14 108278  #H REAH BT [FRUV7HE] KR KBERIND SRALKE
15 118198 ik L ASA IR BHMABESFIRE Yryarz -V F—HELD
16 114228 #H BRTCHTE EELEEYEE? OXRE  Yryab= -V S—HE
17 1848 M BHEFE2R5 77y 2ELOBRRLFHRE
18 1858 eSS YrF—E0 FETLREYE— Za—RTHERT YRV T oo SR THER] OEEHRY LRES NSRS E S ENHTHE.
19 1A9H Eil) L ARATRIE EITRORIURFE
20 1A108 BAREHE KBRS ORI, %5ED 24V 7 E28ER
21 18108  Web¥% A b BAREFHE KIEFRANDORE, @A2ES A Y 7 EE2RHT
22 1A128 BAREHE HEICHEMAERDT
23 2B5H i BHIEFE3RS Observer's NAVI  (BRM1B0/##HE RIEFEAY MLRXAH)
1 2020/4/24  #H Rl EPIOFE?N Py VA F—BE F—R070%NOERREDREEEKS EMR
2 2020/4/28 A FeooH ME MHLVEAVEE? Yyabz - vaF—BE REK - FALEELSRE
3 2020/5/14 3 R HETKFEEELD ) REAMLRXAE 574 7kE
4 2020/5/14 RAEBH SEHI HEOLWT REAMLRIE =s505EE
5 2020/5/17 3k BRICHTE KENEL EAETHRE REK - LKA
6 2020/5/20 =R BETHLFHEMIC REARXAT = 7 THRES
7 2020/5/21 3k scHE (RR) KEBLR VIVERE RE-MLRXE [2@4hEHR27) HIHE
8 2020/5/22  Web¥ A Erbar il b REEERPHLRIZAD YouTube 7 1 7S &L 2RIA X b &FIFAME |
9 2020/5/22  \Webt 1 b HMAHET Y 2L FEBEFEARFMILR AN YouTube 7 4 71 & BRA R > b & 4B |
10 2020/5/22  \Web¥ 1 HEFHE REEERPHLRIZAD YouTube 7 1 7S L DRIA X b &FIFAME |
11 2020/5/22  ‘Webt 1 b SankeiBiz FEEEARFHILFTZA A YouTube 7 4 712 & 2RXA <> b AZFE |
12 2020/5/22  \Web¥ A + AFPi&{Z (AFPBB News) FEPEER LRI E D YouTube 7 4 FIC & 2RXA Ry + & 7IFHE |
13 2020/5/22  \Webt 1 b ElosEEi] FEBEFEARF LR AN YouTube 7 4 TIC L BRA R > b & 4B |
14 2020/5/22  \Web¥ A ACHTR REEERPHLRIZAD YouTube 7 1 7S L DRIA X b &L |
15 2020/5/22  \Web% A + #m B REEEAPHUELAS YouTube T 1 7IC K BRXA ~ > b E4IBIE |
16 2020/5/22  \Web¥ A EHRRE REPEERPHILRIZAD YouTube 7 1 7S L 2RIA X b &FIFAME |
17 2020/5/22  Webt 1 b B L A LR FEBEFEARF LR AN YouTube 7 4 1T L BRA R > b & 4B |
18 2020/5/22  Web% 4 k ORICON NEWS REBEEARPHLRIZAD YouTube 7 1 7S L DRIA X b &FIFAME |
19 2020/5/22  Webt 4 b+ Infoseek REEEAFEHLFTZA A YouTube 7 1 712 & BRXA > b &FIFE |
20 2020/5/22 Web¥ A + BIGLOBE FHREEREMILRLAE D YouTube 7 A 712 & 2RIA R bz 4B |
21 2020/5/22  Web¥ 4 b excite REEEAFHILFTZA A YouTube 7 1 712 & 2RXA <> b AFFE |
22 2020/5/22  Web% A + @nifty FHBEEARZMILRLE D YouTube 7 A 712 & 2RIA R bz Bk |
23 2020/5/22  Web® A k eltha REEEARFHLFTZA A YouTube 7 1 712 & 2RXA > b AFFE |
24 2020/5/22  Web¥ A k Cnet FHREEERZMILRLE D YouTube 7 A 712 & HRIA R bz 4B |
25 2020/5/22  \Webt 1 b Zdnet FEBEE AR PRI A D YouTube 7 1 7S & 2RXA <> b 2 4FAME |
26 2020/5/22 AWeb*f% ~ japan.internet.com FEREE ALK LE A YouTube 7 [ 712k BRIA N> b &R |
27 2020/5/22  \Webt 1 b enEn FEBEFEARFMILRA N YouTube 7 4 71 & BRXA R > b+ & 4B |
28 2020/5/22  \Web¥ A EFEAR REPEERPHLRIZAD YouTube 7 1 7S L DRIA X b &FIFAME |
29 2020/5/22  Webt 1 b Mapion FEEEARFHILFTZA A YouTube 7 A 712 & 2RXA > b & ZFE |
30 2020/6/10 7RI REFHH Fr T4 VER BETELCRBEE REMEERR
31 2020/6/16 7 BRTCHTE BHAR BETRERT 210, RAYREK [V 78HER| BiE
32 2020/6/18 Web¥ 1 b JSa—FL—a¥ BEOHEK BEIBTRIXEZELD I | BILRXBICLDRIARY DT A T
P 33 2020/6/18 \Web 1 b Bl ke REEXERPHURIANBYERE T —ICKXFHEE T 1 7H(E |
(2020) 34 2020/6/18 Web¥ 1 b PEFMTY 2L REEERPHLRI AN EBHARE T — I ICRXFHEE 71 7RIS |
35 2020/6/18 Web# 1 b & HHE REEXERPHURLANBYERE T —ICKXFHEE T 1 7H(E |
36 2020/6/18 \Web¥ 1 SankeiBiz REBEXERPHLRI AN BHBRE T — T ICRXPHEE 71 TRIE !
37 2020/6/18 Web 1 b AFPi&{Z (AFPBB News) REEERPHURLANBYERE T — IR FHEE T 1 7H(E !
38 2020/6/18 \Web¥ 1 b dtimER REEERPHLRIANBHARE T — I ICRXFHEE 71 7RIS |
39 2020/6/18  Webt 1 AALATIR REEERPHURK AN S BRET —JICKXF#EE 74 TR !
40 2020/6/18 \Web¥ 1 b FRAR REEERPHLRI AN BHBRE T —FICRXFHEE 71 7RIS |
41 2020/6/18 ‘Web 1 b RFERK REEERPHURLANBYERE T —ICKXFHEE T 1 7H(E !
42 2020/6/18 |Web¥ 1 b SR LA LR REEXERPHLRI AN BHBRE T — I ICRXPHEE 71 7RIS |
43 2020/6/18 Web# A + ORICON NEWS FESEEARFHLRANBIARE T —ICKXFHEE T 1 TRIE !
44 2020/6/18 ‘Web¥ 1 Infoseek RPEERFMURIEHBPLBRE T — I ICRIXFHEL 7 1 TRIE !
45 2020/6/18 Web 1 b BIGLOBE FEEXERPMURIANBYERE T —ICKXFHEE T 1 TS !
46 2020/6/18 ‘Web¥ 1 excite REEERPHLRI AN BHBRE T — T ICRXPHEE 71 7RIS |
47 2020/6/18 Webt 1 b @nifty REEXERPHURIANBYERE T —ICKXFHEE T 1 TS |
48 2020/6/18 \Web¥ 1 eltha REEXERPHLRI AN BHIBRE T — T ICRXPHEE 71 7RIS |
49 2020/6/18 \Web# 1 b Cnet REEXERPURLANBYERE T — < ICKXFHEE T 1 TH(E !
50 2020/6/18 \Web¥ 1 Zdnet REBEXERPHLRIXANEBYIARE T — I ICRXPHEE 71 7RIS |
51 2020/6/18 |Web# 1 b japan.internet.com FEEEAPMURN AL BHBRE T —TICKXFHEE 7 A TR |
52 2020/6/18 \Web¥ 1 b EhEH REEERPHLRIANBHBRE T — I ICRXFHEE 71 7RIS |
53 2020/6/18 Web 1 b FAREATR REEXERPHURLANBYERE T —ICKXFHEE T 1 7H(E |
54 2020/7/9  #F RAEBH HETRLIME Oty FAhFisA RPEEXPRR
55 2020/7/31  ‘Web# 4 b Bkl KX BLUZ-oAUIC REK - MLRXE #EXy MERE
56 2020/7/31  Web% A b HEFEMT I 2L [REPEEARR] CYERICEETIRO)NOERE R | 2HURXEN LY ET — %I, RXA RV b2 T4 TR !
57 2020/7/31  Web# A SankeiBiz CEIBTERONIOERE I | 2MILRIANES T -7, RXARY b & T4 7RE!
58 2020/7/31 Web¥ A k AFPi#{Z (AFPBB News) CEIBTERDNNDEREE | 2LRXENEIET -2, RXARY b ETATERIE!
59 2020/7/31  Web# 4 b ElosEEii] CEIBTERD)IDERE E | 2HLRXANEIET—TIC, RXA RV bET A TRE!
60 2020/7/31  \Web¥ A b AR CEBTIRONDOEGEE | 2LRIENEIET—7Ic, RIXARY +ET4TR(E!
61 2020/7/31  \Web# 4 b HBER CEETIRONIOEFEEF | 2LRXAEAN LI E2T—<Ic, KXARY 274 TR(E!
62 2020/7/31  \Web¥ 1 b EHRE CEBTIRONOEGREE | 2LRIENEIET IS, RXARY +ET4TRIE!
63 2020/7/31  \Web# 4 IR A LR [REEERP] ESERICHHTIRONOEFEEF ! 2HLRXAENEI 2T —<Ic, KXARY 2574 TR(E!
64 2020/7/31  \Web¥ 4 ORICON NEWS [REPEEAF] CHERICEBTIRONOESREF | ?HLRIAEN LI ET IS, RRAXY b 74 TRIE !
65 2020/7/31  \Web# 4 b Infoseek [REEEAF] CYERICHEIHT 2RO)IOEFLEIF | LRI ANESET —7IC, RXA XY b & 74 TRAE !
66 2020/7/31 Web¥ A + BIGLOBE [m#pEEARR] o1 SEIBTERDNIDEREF | 2LRXENEIET -2, RXARY M ETATEIE!
67 2020/7/31 \Webt 4 b excite [REEEAT] ESERICHHTIRONIOEEFEEF ! 2HLERIAENEIET —<IS, KXARY T4 TR(E!
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SR2ERE
(2020)

2020/7/31

Web# 4

@nifty

[R#pEEAR] £4

BHETIRONIOEFEEF ! 2#LRIAN LY ET—<Ic,

RXARY b ET 4 TE

69 2020/7/31 Web¥ A eltha [REMEEAF] CH/ERICBBTIRONNOEFE | 2HURIANEIET—TIC, RXARY b aF74 TR

70 2020/7/31  \Web¥ A + Cnet [REEEAF] CIEHICEBTIRONNOERE E | 2LRIENEIET -, RXARY & A TEIE!
71 2020/7/31 Web¥ A + Zdnet [REMEEARF] CHERICBBTIRONNOEFE | 2HURIANEIET—TIS, RXA R b a7 4 TR !
72 2020/7/31  Web¥ A + japan.internet.com [F#EEA¥] t5 ICBBT H2RO)NDERE E | 2HLRIENEIE T~ RXARY +ETA T

73 2020/7/31 Web¥ A + EnED [RIMEEKRF] CH/ERICBBTIRONNOEFE | 2HURIAENCIET—TIS. RXA R b a7 4 TRE!
T4 2020/7/31 Web# A b BT BIFTEIRD)IDEEREE | 2LRIANEIET—IT, RXARY b ET A TEE !
75 2020/7/31 WebH A k Mapion ICEBTERDIOEREF | ?2LRXEDEIET— IS, KAV b & T4 T

76 2020/7/31  Web¥ A + Mapion [REEEART] CIEHRICEBTIRONNOERE E | 2LRIENEIET -, RXARY b ET A TEIE !
77 2020/8/3 R X BLEE-AIFIC REK - BLEXE BERY MEE

78 2020/9/1 &3S GoGo-#%: 9-108% HEXNEE ~ABROEFEZEE~

79 2020/9/5  HtES ATl RX#4F10B5 FHEEART MURXEI0FEREY vRY U LEE

80 2020/10/5  ##&E A¥l XX#4 F11A5 FEEERPHMLRIARRIBAERE Y YRV VL BEXNBRE~ABRORREEZES ~

81 2020/10/5 £ ATl EFE11A5 REPEERPHRLRIE 10EERSY YRV T L BEXNBRE~KBROKLFEEED ~

82 2020/10/16 3 BT RPEEAPMLRLABRIOBELEY VRS T L BE X NBE~KBROBFEEES~

83 2020/12/2 k8 B T2 100EEROFEK - Y/ FBHEE A - REAI AR

84 2020/12/9 Web A + BEHEA > T A [RBEEAY] B2 IBEORIRERR | HLRTEHE (52X NBE~ABROERERED~] 71 TRE
85 2020/12/9 WebH A k SankeiBiz [FfEREAY] BELABRORNRERR | HILRTAMRIAER: 88 < NER~KBRORBERE~] %71 TRIE
86 2020/12/9 ‘Web# 4 b AFPiB{= (AFPBB News) [FREEAY] BELIBREORIRERR | HLRTEMHR YL [BEX)NBE~ABROBRERS~] £5 4 TRIE
87 2020/12/9 Web¥ 1 b dtimEHE [RBEEAT] BELABREORNGERE | FLEZAMRIBAEES Sy L [BE x NEE~ABRORRERS~] %71 7RI
88 2020/12/9 WebH A AR [RBEEAY] B2LABL2ORNRERS | BLRCERRIBERS (B2 x NBE~ABROERERD~] &7 1 TRIE
89 2020/12/9 Web¥ A k FRAR [FfEEAT] BRLABEORNRERR | HLRIANRISAELS 52 < NER~KBRORBERE~] %71 TRIE
90 2020/12/9 WebH A RFERK [RBEFAY] B2 ABL2ORNRERS | BLRCARRIAFRE (B2 X NBE~ABROERERD~] &7 1 TRIE
91 2020/12/9 Web¥ A SRR A LR [(FfEREAY] BELABREORMRERR | HILRIAMRITAERL: 52 < NER~KBRORFERE~] %71 TRIE
91 2020/12/9 ‘Web¥ 4 k ORICON NEWS [RBEEAY] B2LABL2ORNRERS | BLRCANRISAFRES (B2 NBE~ABROERERD~] &7 1 TRIE
92 2020/12/9 WebH A k Infoseek [FfEEAY] BELABEORNRERR | HILRXABRIAELSS > 52 < NER~KBRORFERD~] %71 TRIE
93 2020/12/9 ‘Web¥ A k BIGLOBE [RBEEAS] BELABEOBIRERDR | HLRXAME0AFREEY v KUY L B2 X NBEE~KBROERLRE~] 271 TRE
94 2020/12/9 Web¥ A k excite [FEEAY] B2 ABEORNBERN | BLURLABRARERE v HU Y L [BR NBE~KBROREERE~] £7 4 TRE
95 2020/12/9 ‘Webt 4 k eltha [ As] (B2 x NBE~ABROERERD~] &7 1 TRIE
9% 2020/12/9 ‘WebH A k Cnet [@EEAT] 52 x NER~KBRORBERE~] %71 TRIE
97 2020/12/9 Web 4 k Zdnet [(RBERAS] BELABEOBIRERR | MLRXAMEUAFREEY v HY Y L B2 X NBE~KBROEALRE~] 271 TRE
98 2020/12/9 WebH A k Av&—%v raL [FEEAY] B2 ABEORMBERS | FURTARRBAFRES 52 < NER~KBRORBERD~] %71 TRIE
99 2020/12/9 Web A + FAREATR [FREEAY] BELIBEORIRERR | LR AMRBAETS (B2 NBE~ABROERERED~] 71 TRE
100 2020/12/9 WebH A k Mapion [FEEAY] B2 ABEORNBERS | BLURTABRIAEREY v H UYL [BRNBE~KBROREERS~] 271 JRE
101 2020/12/18 37k e e 100 ERTOFHOKOFERBDHEE

102 2020/12/18 Webt A + FCHEA Y TA [RBEEAY] KX TRS KO - 100EEFNOFEICHT 5 KOFEROWIEICHY - KEHMEThe Astrophysical Journal (> 5 4 VIR 1<H%
103 2020/12/18 Web# A b SankeiBiz [RBEEAT] RXFTESRORE - 10UEEMOFEC S 2 ROFERORIECHY - KEFHHEThe Astrophysical Journal (4> 5 4 Vi) 1218#
104 2020/12/18 ‘WebH A + AFP:&E{S (AFPBB News) [EBEEAS] KOE TR RORRF -- 102BENOFHEICHT 2 HOFEROHE K -- KELHTHEThe Astrophysical Journal (F> 5 4 VIR) I<H8E
105 2020/12/18 Web# A b deiEsE [RHEEEAS] RXPTRDROLE — 103EEMOFTEIC B 3 ROFEROEEIY) - KELUHEEThe Astrophysical Journal (425 4 VHD) 1488,
106 2020/12/18 Web¥ A + AL TR [EMEEAS] KOE RS RORRT -- 10MEENOFHEICH1T 2 HOFEROHE IS -- KELHTHEEThe Astrophysical Journal (F> 5 4 VHR) I<H8E
107 2020/12/18 Web# A b MBEH [RHEEEAS] RXPTRDROLE — 105EEMOFTEIC B 3 ROFERDEEIRY) - REPUHEEThe Astrophysical Journal (4> 5 4 VHD) 1488,
108 2020/12/18 Web¥ A b CHRE [RBEEAY] KXFTHRDRORR - 106EENOFEHIH 1 5 HROFEROMEIHI) - KEFHMEThe Astrophysical Journal (> 7 4 VIR) (18
109 2020/12/18 Web# A b ShHB R A LR [RBEEAT] RXFTEDRORE - 10TEEMOFEC S 2 ROFEROREICHY - KEFHHEThe Astrophysical Journal (4> 5 4 Vi) 1518#
110 2020/12/18 Web¥ A + ORICON NEWS [SMEEAS] KXF TR KO -- 108EEHOFHICHT 5 ROFER OHE A -- KEFH The Astrophysical Journal (> 54 YHR) 1-#B#
111 2020/12/18 Web¥ A R Infoseek [RBEEAT] RXFTEDRORE - 109EEMOFEC S 2 ROFERORIECHY - KEFHHEThe Astrophysical Journal (4> 5 4 Vi) 1518#
112 2020/12/18 Web¥ A + BIGLOBE RBEERY] KX TR S HKOER -- 110EEHOFEICH T 2 ROFEROHIEICHK -- KEFHTMEEThe Astrophysical Journal (> 5 4 Vi) ICH#E
113 2020/12/18 Web# 4 b excite [RBEEAT] RXFTESRORE - 1LHEEMOFEC S 2 ROFERORECHY - KEFHHEThe Astrophysical Journal (4> 5 4 Vi) 1218%
114 2020/12/18 AWeb*)‘»( ~ eltha RBEERY] KXF TR HKOER -- 112BEHOFHEICH T 2 ROFEROHIEICHK -- KEFHMEEThe Astrophysical Journal (> 5 4 Vi) ICHBE
115 2020/12/18 Web¥ 4 b Cnet [RBEEAT] RXFTESRORE - 1EEMOFEC S 2 ROFEROREICHY - KEFHHEThe Astrophysical Journal (4> 5 4 Vi) 1518#
116 2020/12/18 Web A + Zdnet [ AS] Ry TR BOEH - 1MEENOFHICH T 2 ROFEROMEICHY -- KEFUTHEThe Astrophysical Journal (F> 54 Vi) I<iBE
117 2020/12/18  Web¥ A b ER T EE LA =VN [FHEEAS] RXPTRDRORE — 1SEEMOFEC B 3 ROFEROREEIY) - REPUHEEThe Astrophysical Journal (425 4 VHD) 1488,
118 2020/12/18 Web# A + enEH DR As] Ry TR BOEH - 1I6EENOFHICH I 2 ROFEROWECHY -- KEFUTHEEThe Astrophysical Journal (F> 54 Vi) I<iBE
119 2020/12/18 Web# 4 b FARRATR [RHEEAS] RXPTRDKORE — NTEEMOFEC B 3 ROFEROREEIRY) - REPUHEEThe Astrophysical Journal (425 4 VHD) 1488,
120 2020/12/18 Web# A Mapion [R@BEEAF] KXFTRSKRORE -- 1ISEEHOTEI 51T 2 HOFEROHE A -- KEFH The Astrophysical Journal (> 4 ¥ HR) (8%
121 2021/1/12  ‘Web¥ 4 k Bt il e [REEEAS] Xthk REDSKBREE LMD | MILXTAWEBKHBLS [RERES | | B

122 2021/1/12  Web¥ A k HEHET Y 5L [REEEAP] RFEBaNOABRREL | #ILRXAWEBRIFHRLE S [MERES | | ik

123 2021/1/12  ‘Web¥ A k SankeiBiz [RBEXAY] Kbz RLHPOABREEE | BILKEXAWEBRFHES [REXES || B

124 2021/1/12  Web¥ A AFPi@fE (AFPBB News) [REEEAF] Kbz Ruh O KBRBELRER | HILRXAWEBRFRES [BEREKS | | B

125 2021/1/12  Web¥ 4 k Je3E R [REEEAF] Kibx R OABREESL | LRI AWEBRIFRE R [REAKS | | B

126 2021/1/12  Web¥ A AIALHTIR [REPEEAP] RFERANOABRREL | #ILRXAWEBRIFHLE S [MERES | | ik

127 2021/1/12  Web¥ 4 k HBAR [REEEAF] KiF2RENLKEREEE | LR BWEBRFBRLR [REAES | | FkE

128 2021/1/12  Web¥ A b RFEREK [REPEEAP] RFERANOABRREL | #ILRXAWEBRIFHRLE S [MERES | | ik

129 2021/1/12  Web¥ 4 k HEBR A LR [REEEAF] KibxRAanOABREESL | #ILRXAWEBRIFRE R [REAKS | | B

130 2021/1/12  Web¥ A k ORICON NEWS [REBEEAS] RiEEREHSKBRBELRR | BILRXAWEBRFRES [BEAES | | B

131 2021/1/12  ‘Web¥ A k Infoseek [RBEEAS] Xth REASKISREE LMD | MILXTAWEBKHBLS [RERES | | B

132 2021/1/12  \Web# A + BIGLOBE [REMEEAF] Kbz REHOABRBEE | #ILRXAWEBRIFHL S [MERES | | ik

133 2021/1/12  Web¥ 4 k excite [REEEASE] Xth REASKBREE LMD | MILKTAWEBKHHLS [RERES | | B

134 2021/1/12  Web¥ A k @nifty [REBEEAY] XthE RBASKBRREL | BRI AWEBRFRE S [REXES || B

135 2021/1/12  ‘Web¥ A k eltha [REEEAF] Kbz RanbXBREEL | LRI AWEBRIFRE R [REAES | | B

136 2021/1/12  WebH A k Cnet [REPEZEAY] Kbz Ban > KBRBELMRH | HLEXIAWEBREBELES [REXES || BE

137 2021/1/12  ‘Web¥ 4 k Zdnet [RBEXAY] REZ RGP OABREEE | LRI AWEBRIFRE R [REAES | | B

138 2021/1/12  Web¥ A b Av&—Fv AL [REPEEAF] RFE RN OABRREL | #ILRXAWEBRIFHRL S [MERES | | ik

139 2021/1/12  Web¥ 4 k EnED [REEEAS] Xth REDSKBREE LM | MILXTAWEBKHBES [RERES | | B

140 2021/1/12  Web¥ A b BRHTRD [REEEAP] RFERaNOABRREL | #MILRXAWEBRIFHLE S [MERES | | ik

141 2021/1/12  Web¥ A k Mapion [RHEEAF] Kbz BANSKBRBEL M | HILEIAWEBRFHES [REXES || BE

142 2021/2/2  #h BT 40 ERI 229 TR

143 2021/2/12  Web¥ A Bt ke g [RBEXAY] KBRLFEORAICOLH 2 HHMERENEBRERR

144 2021/2/12  Web¥ A PEFMTY 2L [RIMEEAF] KBRREORRICOLH 2 HHRLERENZBRERR

145 2021/2/12  \Web¥ A + SankeiBiz [RBMEEAF] X5 DREBPICOLH B HHLERENEERERER

146 2021/2/12  Web¥ A AFPi@{E (AFPBB News) [REEEXF] K5 ORBICOLH D HHAERERNERRERR

147 2021/2/12  \Web¥% A + JtiEERTE [FEEAF] X5 DREPICOHN DHHLERENER/FEEHR

148 2021/2/12  Web¥ A AR [FAEEAR] KSREROFRBIC AN IHHRLEEEHERRERR

149 2021/2/12  Web¥ A + HRER [FRMEEXAF] KBREROMPICOLH DR NEREN2REERR

150 2021/2/12  Web¥ A RFAREK [RIMEEAF] KBRLEORRIC LA 2HHRMERENZBRERR

151 2021/2/12  \Web¥ A + B L A LR [REEEART] KSREFEORPICORNIBHAERENEREELER

152 2021/2/12  ‘Web¥ A k ORICON NEWS [REEEAY] X DRBPIZOLH B HHLIERERERREER

153 2021/2/12  \Web¥% A + Infoseek [REEEARF] K5EFR DREPICOHN BHHLERENER/FEEHR

154 2021/2/12  Web¥ A BIGLOBE [REBEEAF] KBRLREORRICOLH 2 HHRMERENZBRERR

155 2021/2/12  \Web¥ A + excite [REEERT] KBREROMBICOUH 2 HHLERENMEFRERER
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156 2021/2/12  Web¥ A + nifty [REEEAF] KERELROBBPICOLA R AERAENERFELHR
157 2021/2/12  Web¥ A eltha [REBEEAF] KBRLREORRICOLH 2 HHRNERENZBRERR
158 2021/2/12  Web¥ A + Cnet [REEEAT] KBREROBAIIOAH DHHLERENEREEER
159 2021/2/12  \Web¥ A Zdnet [REBEEAF] KBRLFEORRICOLH 2 HHRLERENZBRERR
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