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ABSTRACT

We report the new detection of "Be II in the ultraviolet spectra of V5669 Sgr during
its early decline phase (+24 and +28 d). We identified three blue-shifted absorption
systems in our spectra. The first two, referred to as low- and high-velocity components,
were noticeably identified among H I Balmer, Na I D, and Fe 1T whose lower energies
of transients are low (< 4 eV). The third absorption component was identified among
N II, He I, and C II lines whose lower energy levels are relatively high (9-21 eV). The
absorption lines of "Be II at 3130.583 A, and 3132.228 A were identified as the first and
second components in our observations. No evidence suggested the existence of Li I
at 6708 A in any velocity components. The estimated number density ratio of lithium
relative to hydrogen, which was finally produced by this object using the equivalent
widths of "Be and Ca II K, N("Li)/N(H)gna , is 4.0 & 0.7 x 1075, This value is an
order of magnitude lower than the average observed values for classical novae wherein
"Be has been detected, and is comparable to the most optimistic value of theoretical
predictions.

Keywords: nuclear reactions, nucleosynthesis, abundances—stars: individual: Nova
Sagitarii 2015 No.3: V5669 Sgr—mnovae, cataclysmic variables—Galaxy:
evolution—techniques: spectroscopic.

1. INTRODUCTION

The Li production in classical novae was first confirmed in V339 Del by Tajitsu et al. (2015). They
reported the detection of blue-shifted absorption lines of the resonance lines of "Be II at 3130.583
A and 3132.228 A in near-ultraviolet (UV) high-resolution spectra. "Be is an unstable isotope that
decays to form 7Li through the electron capture within a half-life of 53.22 days. Therefore, the
detection of "Be II lines in the nova spectra provides crucial evidence of "Li production by nova
explosion. Since the first confirmation of “Li production, "Be II and/or Li T 6708 A have been
directly detected in several classical novae through high-resolution spectroscopic observations. The
first detection of Li I at 6708 A was reported in V1369 Cen (Izzo et al. 2015). The second and third
detections of “Be IT were reported in V5669 Sgr (Molaro et al. 2016; Tajitsu et al. 2016) and V2944
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Oph (Tajitsu et al. 2016), respectively. These three classical novae showed slow declines in their
light curves, which suggests that they are CO novae. Furthermore, Izzo et al. (2018) reported "Be II
detection in a very fast nova V407 Lup. For another very fast nova, V838 Her, Selvelli et al. (2018)
reported the existence of absorption and emission features of "Be II in the historical UV spectra
obtained by the International Ultraviolet Explorer (Boggess et al. 1978). The very rapid decline
in their light curves (duration up to +2 mag after the maximum, to ~ 5 and 2 d for V407 Lup
and V838 Her, respectively) and characteristics of their spectra indicate that they are ONe novae.
Recently Molaro et al. (2020) reported further detections of "Be IT and /or Li T in Nova Mus 2018 and
ASASSN-18fv. These two classical novae are probably CO novae because their light curves indicate
that they are moderately fast or slow novae. Molaro et al. (2020) summarized that the abundance
(number) ratio of "Li to hydrogen enhanced by the above-observed novae, N(’Li)/N(H), is in the
range of 1.5-17 x 107° (average of 5.4 x 107°). No major difference exists in the N("Li)/N(H) ratio
among CO and ONe novae. This observational fact implies that "Li production widely occurs in
classical novae. Using recent observational results, Cescutti & Molaro (2019) demonstrated that Li
production in classical novae could mostly explain the Galactic Li evolution curve without remarkable
contributions from other source candidates (e.g., red giants and AGB stars).

In studies of “Li production in classical novae, theoretical predictions preceded observations.
Cameron & Fowler (1971) first established “Li production in red giants via the *He(c,v)"Be reaction,
and since then, a number of efforts have been undertaken on thermonuclear runaway (TNR) in clas-
sical novae. Arnould & Norgaard (1975) calculated the “Li production rate for several combinations
of fixed temperatures and densities to study the resulting nucelosynthesis. Starrfield et al. (1978)
used their hydrodynamic code to investigate nucleosynthesis during a TNR in a solar-abundance
envelope on a white dwarf (WD) and found that "Li can be overproduced. José & Hernanz (1998)
conducted realistic hydrodynamic calculations that took into account the temperature development
in the envelope during the accretion phase before the onset of the TNR and predicted the Li produc-
tion during the TNR, obtaining values of N("Li)/N(H) of < 4.7 x 107% and < 4.8 x 107¢ for ONe
novae and CO novae, respectively. Several studies on Li evolution in the galaxy that draw on the
results of such numerical simulations have concluded that classical novae may contribute up to 10%
of the Li produced in the recent universe (Hernanz et al. 1996; Prantzos 2012). Recently, using the
Modules for Experiments in Stellar Astrophysics (MESA) code (e.g., Paxton et al. 2011), Rukeya
et al. (2017) reported the prediction of “Li production similar to those of José¢ & Hernanz (1998).
Starrfield et al. (2020) obtained the largest "Li production obtained to date for a 1.35 M,CO WD
[N("Be)/N(H) = 7.0 x 1075], assuming that mixing between the core and solar-abundance material in
the envelope gas transferred from the companion star switches on immediately after the onset of the
TNR. However, such estimates of N("Be)/N (H) still amount to only several tenths of derived from
the observations. José et al. (2020) developed a more realistic model, which incorporates mixing and
convection extracted directly from their own 3D simulations back into a 1D model. Their results sug-
gest that the “Li production is much less than that obtained in the previous works (e.g., Rukeya et al.
2017 and Starrfield et al. 2020); however, the abundances they obtained for the intermediate-mass
elements agree with the observations. In addition to the large disagreement between the observa-
tions and the theoretical predictions, large variations exist among the theoretical predictions of the
amounts of "Li produced. This suggests that the results may depend strongly on differences in the
handling of mixing and convection and of the accretion phase before the TNR.
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The recent observational facts strongly suggest that classical novae are the major sources of Li in
the galaxy. However, some questions on this phenomenon still remain. The first question concerns
the discrepancy between the observed abundances and theoretical predictions as described above.
The appearance rate of Li production is another question. Recently, Molaro et al. (2020) reported
the detection of neither "Be II nor Li I in the post-outburst spectra of ASASSN-17hx and Nova Cir
2018. This is the first nondetection report of “Be II or Li I in classical novae after Tajitsu et al.
(2015), and it suggests that there could be a large scattering of "Li production among classical novae.
Solving these questions is essential for more precise understandings of the contributions of classical
novae to Galactic Li evolution. Therefore, further observations of “Be IT (and Li I) in classical novae

during their early decline phases are required. In this study, we report a new detection of "Be II in
V5669 Sgr (Nova Sgr 2015 No.3).

2. V5669 SGR (NOVA SAGITARII 2015 NO.3)

V5669 Sgr (Nova Sgr 2015 No.3) was discovered as a possible transient object, PNV J18033275-
2816054, by Koichi Itagaki on UT 27.429 September 2015 at 9.8 mag (unfiltered) using a 0.5 m
Schmidt Cassegrain telescope with an unfiltered CCD camera at his private observatory (Nakano et al.
2015). The earliest spectroscopic observation by Fujii (2015) with a low-resolution spectrograph (R ~
500) on a 40 cm telescope at the Fujii-Kurosaki Observatory (in Okayama, Japan) was performed
around 1.4 h after the discovery, and his spectra show H I Balmer, Fe IT and Na I emission lines with
P-Cygni profiles, suggesting that the expanding velocity was approximately 1100 kms~!. Williams
et al. (2015) also reported spectra taken by the FRODOSpec (Barnsley et al. 2012) on the 2.0 m
Liverpool Telescope (in Spain) around 10 h after the discovery, which showed remarkable lines of H I,
Fe 11, O T A7773, A8446, and He I A6678. The emission and absorption features of Ha indicate that
the expansion velocity was around 2000 kms™!. They concluded that the spectral type (Williams
1992) of the nova was classified into Fe II class.

Table 1. Information of V5669 Sgr.

Ttem Value

Discovery date UT 2015 September 27.4293
MJD 57292.4293
Coordinate (J2000.0) o = 18"03™325.75, § = —28°16'05" .4

tmax 2015 September 29.1 (MJD 57294.1)
Vinax 8.572 £ 0.001 mag

(B — V) max 0.793 + 0.001 mag

to 24 days

Ep_v* 0.44 £ 0.02 mag

My* —7.840.4 mag

d* 10.0 = 1.9 kpe

NoOTE—: The estimation of the interstellar extinction (Eg_y ),
the absolute magnitudes (My ), and the distance (d) are shown
in Appendix A.
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Table 2. Journal of Observations of V5669 Sgr by Subaru/HDS

Date MJD t Seup Exp. time Airmass
(day) (sec)
23 Oct 2015 57318.19 +24.09 Ub 3000 1.88
23 Oct 2015 57318.23 +24.13 Yb 1800 2.58
27 Oct 2015 57322.19 +28.09 Ub 2400 1.97
27 Oct 2015 57322.22 +28.12 Yb 1800 2.59

Figure 1 displays the optical light curves of V5669 Sgr!. The object was discovered during the
early rising phase about 1.6 d before the maximum. We set the first maximum date to MJD 57294.1
(= to) at V = 8.57 mag based on data in the Stony Brook/SMARTS Atlas. The basic parameters
of the nova are listed in Table 1. The estimations of the extinction, Eg_y, the absolute magnitude,
My, and the distance, d, are shown in Appendix A using the SMARTS data set and measurements
of diffuse interstellar bands detected in our high-resolution spectra.

V5669 Sgr is potentially a CO nova as it shows a moderately fast decline in its brightness with
to = 24d. Strong Fe II, Na I, or O I lines associated with the P-Cygni profile are dominant in the
initial spectra described above and also in our spectra (see Section 4). Note that He/N-type emission
features, which are often observed in early decline phases of ONe novae, are not prominent among
them.

After its explosion, V5669 Sgr was detected in the GAIA DR2 catalog as a source of G = 14.3
(GATIA DR2 4062508582302805760) 0.16 arcsec apart from the position of the nova. Its parallax and
distance are not available in the catalog. Moreover, no counterparts are present in the Pan-STARRS
catalog (Chambers et al. 2016). The nearest red star in the Pan-STARRS catalog was found at 0.9
arcsec apart from the nova (PSO J180332.784-281604.706, g = 19.02+0.04, r = 18.10240.003), whose
counterpart can be found in the GATA DR2 catalog (GATA DR2 4062508582302826240, G = 18.25).
Thus, we concluded that the progenitor is not detected in the Pan-STARRS and previous surveys.

3. OBSERVATIONS AND REDUCTIONS

We performed optical high dispersion spectroscopic observations for V5669 Sgr using the High
Dispersion Spectrograph (HDS; Noguchi et al. 2002) mounted on the 8.2 m Subaru telescope and
succeeded at two epochs (+24 and +28d) during its rapid decline phase. Table 2 shows a summary
of our HDS observations. Our spectra cover 30206865 A with two different grating settings of the
spectrograph: Setup-Ub, 3020-4631 A with a gap at 3748-3790 A, and Setup-Yb, 41086865 A with
a gap at 5434-5514 A. The spectral resolving power was ~ 45,000 with a 0.80” (0.4mm) slit width.
Data reduction was conducted using the Image Reduction and Analysis Facility (IRAF)? software
with the standard manner for HDS data®. The non-linearity of the CCD pixels was corrected using the

! Photometric data are taken from Nakano et al. (2015) the AAVSO Archives (Kafka, S., 2019, Observations from
the AAVSO International Database, https://www.aavso.org),and The Stony Brook/SMARTS Atlas of Southern Novae
(http://www.astro.sunysb.edu/fwalter/SMARTS/NovaAtlas/atlas.html Walter et al. 2012).

2 IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Association of
Universities for Research in Astronomy (AURA) under a cooperative agreement with the National Science Foundation.

3 https://www.naoj.org/Observing/Instruments/HDS /hdsql-e.html
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Table 3. List of Identified Emission Lines in Figure 2. Agps is
the observed wavelength around the center of each emission line on
+24d. Apegt is the laboratory wavelength. The multiplet numbers
are taken from Moore (1972). The left curly brackets denote the
observed blended lines in the column between A.est and Ajap-

)\obs (A) )\lab(A) Line )‘obs(A) )\lab (A) Line
3794.2  3797.909 HO 4864.6  4861.350 Hp
3835.3  3835.397 Hn 4926.0  4923.921 Fe Il (42)
3888.1  3889.064 H¢ 5022.0 5018.436 FelI (42)
3930.4  3933.68 Call K |5173.0 5169.028 Fe Il (42)
)
)

3972.5  3968.66 Call H |5278.2 5275.997 FelI (49

+3970.075  He | 5320.7 5316.609 Fe II (49
4102.5  4101.734 HS | 5749.1 5747.300 NI (9)
4125.1  4122.638  Fell (28) | 5894.3 5892.937 NalD
4177.6 4173450  Fell (27) | 6152.1  6149.246 FeII (74)
4239.5 4233.160  FelI (27) | 6303.0 6300.304 [0 ]

4350.6  4340.472 Hry 6361.3  6363.776 [O 1]
+4351.763 Fell (27) | 6567.9  6562.79 Ho
4473.4 447148 Hel

method described by Tajitsu et al. (2010). The wavelength calibration was performed using the Th-
Ar comparison spectra. The typical residual in the wavelength calibration was approximately 1073 A
(~ 0.1 kms™'). The observed spectra were converted to the heliocentric wavelength scale. Spectro-
photometric calibrations were performed with the spectra of o Sgr (V = 2.058, B2V %) obtained
nearly at the same airmass of the nova on the same nights. The telluric absorption correction was
not performed.

In principle, we refer to Kramida et al. (2019) for wavelengths, log(gf)s, and lower and upper
transition energies (Elo, and Ey,) of each ion herein. Multiplet numbers are taken from Moore
(1972). We refer to such parameters of Cr II (5) lines from Nilsson et al. (2006).

4. RESULTS

4.1. Owverview

Figure 2 shows the overall spectra of V5669 Sgr obtained on 424 and +28d. The identifications of
strong emission lines are listed in Table 3. The emission lines originating from the H I Balmer series,
Fe 11, and Ca II are easily identified in the spectra. These strong emission lines are accompanied by
P-Cygni-like profiles, and the mean FWHMs of these emission lines are approximately 2000 kms~!.
Each H T emission line has a saddle-shaped profile, as seen in the Ha emission line shown in the inset
in the panel of Figure 2. These spectral features indicate that the nova is an ordinary Fe Il-type
classical nova with a CO WD as reported in previous studies (Fujii 2015; Williams et al. 2015).

4 These values are taken from Simbad (Wenger et al. 2000).
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4.2. Blueshifted Absorption Line Systems (Low- and High-Velocity Components)

Figure 3 displays the enlarged views of the spectra taken on +24d (left) and +28d (right) in the
vicinities of Hvy, Ca II K, Fe I (42) A\5169.03, Na I Dy, and "Be II A3131.228. Two blue-shifted
absorption components accompany each of the first three lines in both epochs. Hereafter, we refer to
them as the low-velocity component (LVC) and high-velocity component (HVC). On +24d, the LVC
(Vraq = —840 to —1260 kms™!) and HVC (vpaq = —1800 to —2200 kms™!) are very distinct. Until
+28d, the HVC definitely accelerated to v,aq = —1850 to —2500 kms~!. The LVC had a somewhat
mild acceleration to v,aq = —840 to —1300 kms™'. Moreover, LVC and HVC of Na I D, and "Be II
can be identified in both epochs, although some contaminations arising from other metal lines are
expected. The strengths of most blue-shifted absorption lines became weaker from 424 to +28d.
The decrease in the equivalent width (W), AW = —0.8840.07 A for the LVC, and —2.7340.06 A for
the HVC, is observed clearly for Fe 1T A\5169.028 (Ej,y = 2.89 V). The similar blueshifted absorption
line systems are occasionally observed in previous novae, for example, V2659 Cyg (Arai et al. 2016).
As in V2659 Cyg, numerous absorption lines can be identified with LVC originating from singly
ionized Fe-peak elements (Ti II, Cr II, and Mn II). Most of them do not accompany their emission
lines. They are essentially the same as the “transient heavy element absorption (THEA)”, proposed
and discussed in Williams et al. (2008).

4.3. Another Blueshifted Absorption System (Third Velocity Component)

Figure 4 shows representative spectra in the vicinities of N II (3) A5666.63 and He I A5875.621, A\6678.151
on +24 and +28d. Absorption lines accompanied by these lines are identified as a single component.
On +24d, the velocity range of this component, v,,q = —1450 to —2070 kms™!, is similar to that of
HVC in this epoch. On +28d, however, the component accelerated up to —2100 to —2650 kms™!,
which is different from the velocities of both LVC and HVC in this epoch. The absorption lines
of this component have somewhat smooth, round-shaped profiles compared with those in LVC and
HVC displayed in Figure 3. This absorption system is not accompanied by any emission lines except
for N II (3) A5666.63 (Eioy = 18.47¢V) and He I A5875.621 blending with Na I D. Several N II lines
(e.g., Ab747.30) have absorption lines corresponding to this system. The Eju, of these lines is in the
range of 9.3-21 eV, which is significantly higher than that in the LVC and HVC systems reported in
Section 4.2. Considering these characteristics, we conclude that this blue-shifted absorption compo-
nent is the third component that is neither LVC nor HVC. Hereafter we name it the third velocity
component (TVC) for convenience. We note that the TVC in V5669 Sgr is similar to the absorption
components of N II and He I identified in V407 Lup (Izzo et al. 2018). In V407 Lup, the radial
velocity of this velocity component reached —3830 kms~! in contrast to the low velocities of Fe II
and HT lines (~ —2300 kms™).

4.4. "Be IT Abundance

As shown in Figure 3, we can identify absorption lines belonging to the LVC and HVC systems of
"Be I for the spectra on both +24 and +28d. Following the previous studies of "Be II (Tajitsu et al.
2015, 2016), the "Be abundance in the LVC and HVC can be estimated by the ratios of Ws between
"Be IT1 A\3131 and Ca IIK lines.

Prior to our abundance estimations, we evaluated contaminations from other metal lines to the
Ws of "Be IT A\3131. No remarkable contamination was expected for Ca ITK, because no strong
lines originated from Fe-peak ions around it. The complicated profiles of the LVC and HVC of "Be II
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Table 4. Candidates of Lines Contaminating "Be II.

Line  Rest wavelength(A) log(gf)* W(A)!  Contamination

Cr 11 (5) 3118.649 ~0.102 0.2/ HVC
Cr11(5) 3120.369 +0.108  0.38 HVC
Cr 11 (5) 3124.978 +0.286  0.55+0.02

Cr 11 (5) 3128.700 —0.528  0.09 LVC
Cr 11 (5) 3132.056 +0.437  0.82 LVC

NoTE— x: All log(gf) values of Cr II (5) lines are quoted from Nilsson
et al. (2006).
7: Measured equivalent widths is only for Cr 11A3124.978. W's for other
lines (italic letters) are calculated using their log(gf) values.
We regarded that Cr I1(5) A3128.700 contaminates “Be II with half of
its W [ = 0.5 x W (Cr IT A3128.700)].

indicated that "Be IT is contaminated with some absorption lines originating from Cr 11 (5), Fe 11 (82),
and TiII(67), as mentioned in the previous studies (Tajitsu et al. 2016; Molaro et al. 2016, 2020). In
our spectra of V5669 Sgr, the HVC of Fe-peak elements (Fe II, Ti II, Cr I and Mn II) are generally
very faint or unidentified except for strong Fe II lines (e.g., Fe IT A\5018.436 and A\5169.028). We
consider that the LVCs of Fe-peak elements are the dominant source of contamination for "Be II
lines. In the vicinity of "Be IT on +24 d, distinguishing each contaminating line is difficult due to the
heavy blending of “Be II A3131 and lines of Fe-peak elements. As we reported in Section 4.2, the LVC
and HVC of Fe-peak elements (Fe II, Ti II, Cr IT and Mn II) on +28 d are weaker than those on +24 d.
Therefore, hereafter, we estimate the "Be abundance using the spectrum on +28d. In the spectrum
on +28d, we can identify the unblended LVC of Cr I (5) A3124.978 [Ejpy = 2.45 €V, Epe; = 6.42 €V,
log(gf) = 0.286], whose W is 0.55+0.02 A, which is between the LVC and HVC of "Be II (Figure 3).
Other candidates of the contaminating lines originating from Fe-peak elements in this region are Fe II
(82) (Biow = 3.9 eV, By, = 7.8 eV) at 3135.36 A [log(gf) = —1.13], 3144.75A (—1.74) as shown in
Table 2 in Molaro et al. (2016), and Ti I1(67) (Eipw = 1.2 €V, Ey, = 5.2 V), 3106.25 A (—0.17),
3117.68 A (—0.50), 3119.83 A (—0.46) as shown in Table 2 in Tajitsu et al. (2016). Their log(gf)
values are smaller than those of Cr II(5) [log(gf) = —0.102 — +0.437]. Furthermore, we identify
no significant lines originated from Fe 1I(82) and Ti I1(67) on +28d even in the wavelength region
free from the LVC and HVC of "Be II. Therefore, we ignored contaminations from these multiplet
lines. We estimated Ws of nearby Cr II(5) lines using their log(gf) values and the measured W
of Cr I1(5) A3124.978. The estimated Ws of other Cr II(5) lines are summarized in Table 4 with
the absorption components of “Be 1T (LVC or HVC) that they may contaminate. The total Ws of
Cr I1(5) contaminating "Be II is 0.87 & 0.02 A for the LVC and 0.59 4 0.03 A for the HVC.

The measured Ws of "Be II in the spectrum on +28d are 1.58+0.02 A for the LVC and 1.2240.02 A
for the HVC. After excluding the contamination from Cr II(5) lines, we obtained the intrinsic W's
of "Be I as 0.76 & 0.06 A for LVC and 0.63 £ 0.07 A for HVC. The measured Ws of Ca II K, which
have no contaminations, are 1.63 & 0.03 A for the LVC and 0.73 £ 0.03 A for the HVC. Using these
Ws of "Be 1T and Ca II K in Equation (1) in Tajitsu et al. (2016), the number density ratios of

_10_
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N("Be)/N(Ca), was calculated. We relied on the same three assumptions as in Tajitsu et al. (2015)
and other previous studies. Those are (1) the difference in the color of the background light at 3131 A
and 3930 A can be ignored, (2) all "Be and Ca in the nova ejecta are in their singly ionized states,
and (3) the N(Ca)/N(H) in the absorbing gas cloud is the solar value. Consequently, we obtained
the total number density ratio, N("Be)/N(Ca) = 1.01 +0.09, and 1.87 4 0.21 for the LVC and HVC,
respectively. If we assume that N(Ca)/N(H) in the absorbing gas is the same as that of the solar
photosphere (2.19 x 107%; Asplund et al. 2009), we obtain N("Be)/N(H) = 2.2 4+ 0.2 x 1075 and
4.14 0.5 x 107¢ for the LVC and HVC, respectively. This N("Be)/N(H) can be converted into the
mass ratio, X ("Be)/X(H) = 1.54+0.1 x 107° and 2.940.3 x 107° for the LVC and HVC, respectively.

In addition to the effects from line contaminations, which we have discussed above, our three as-
sumptions adopted in this N("Be)/N (H) estimation may cause uncertainties in the results. We expect
that the most significant uncertainty originates from the difference in the color of the background
light in the range of "Be II or Ca II; this is mainly caused by the overlap of the broad emission lines
with the background continuum. By polynomial function fitting, we found that the amplitudes of the
undulated continuum level are ~ 25% in the nearby region of "Be II (3080A- 3140A). This directly
corresponds to a £25% error in the measured W, i.e., the estimated N("Be)/N(H). Regarding the
second assumption, the ionization potential is a little different between "Be II (the first and second
ionization potentials; I; = 9.32, [, = 18.21 e¢V) and Ca Il ( [; = 6.11 eV and I, = 11.87 eV; Kramida
et al. 2019). Some singly ionized iron-peak elements (Ti to Fe) are found in the LVC absorption
system in V5669 Sgr (see Section 4.2). Their ionization potentials are between those of Be and Ca
(1[1,=6.8—7.9 eV, I, = 3.6—18.1 €V). This situation is quite similar to that in V339 Del (Tajitsu et al.
2015). Therefore, we expected that the large fractions of Be and Ca are in the singly ionized states,
as also in the case of V5669 Sgr on t = 28 d. Considering the third assumption, N(Ca)/N(H)s in
nova yields tend to be comparable to or even higher than the solar value up to ~ 10%-20% in some
theoretical simulations for CO novae (e.g., José et al. 2020) in which the gas with solar abundance is
assumed to accumulate on the surface of the WD. It is mainly caused by the consumption of hydrogen
during TNR. If we adopt this hydrogen reduction in TNR, the N("Be)/N(H) of V5669 Sgr can be
underestimated up to 10%-20%. Finally, the total error caused by our assumptions is —25%—+50%
for N("Be)/N(H) in Table 5.

All "Be eventually decays to "Li through the reaction of "Be(e™, 1,)"Li with a half-life, Ti2 ~ 93
days. Therefore the total number of "Be isotopes produced in the TNR, N("Be)ryr, must be equal
to the final "Li produced in the observed outburst, N("Li)gna. N("Li)gna can be estimated using
N("Be)rxg = N("Li)gar = 2772 x N("Be, tops), where tg,s = +28d. The final "Li abundance
produced by V5669 Sgr is expected to be N("Li)/N(H)gpar = 3.17 & 0.27 x 107° for the LVC and
5.88 4 0.66 x 107° for the HVC. Here, we use W (Ca II K)s for the LVC and HVC as the weight for
mass ratios between them, then get a weighted N("Li)/N (H)gua for the nova as 4.0 £0.7 x 1076, We
will use this averaged N("Li)/N(H)gna in our discussion hereafter, which corresponds to the mass
ratio of X ("Li)/X (H)gpa = 2.8 £ 0.5 x 107°.

Our results of "Be abundance estimation are summarized in Table 5. The N ("Li)/N (H)gya1 observed
in V5669 Sgr is smaller by a factor of 13.5 than the mean value in previous studies of other observed
novae (5.4 x 107%; Molaro et al. 2020). It is still 3-5 dex larger than the “Li meteoritic value
(N("Li)/N(H) = 1.86 x 107%), and significantly larger than the solar photospheric value (1.12x 107!1)
given in Asplund et al. (2009). It is rather comparable to the upper limit of numerical predictions

_11_
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Table 5. Equivalent Widths and Observed Abundances of "Be in V5669 Sgr.

N("Be N("Be N("Li X("Li
W(Bell) W(CallK) NI N X ana
(A) (A) (1079) (1079) (1079)

LVC 0.76£0.06 1.63+0.03 1.01+0.09 2.24+0.2 3.17+0.27 2.234+0.19
HVC 0.63+0.07 0.734+0.03 1.874+0.21 4.1+£0.5 588=£0.66 4.12+0.46

for CO novae by José & Hernanz (1998) (4.8 x 107%) and Starrfield et al. (2020) (7.0 x 107%). We
compare this result in V5669 Sgr with previous studies and discuss it in Section 5.

4.5. Absence of Li I

We also checked the resonance doublet of Li I at 6708 A although it has not been detected in most
novae. Figure 5 displays the spectra on +24 and +28d around 6683 A, where the LVC and HVC of
Li I A\6708 are possibly located. On +24d, a dip at 6683 A is observed. The position of this dip
may correspond to that of LVC of Li T AA6708 (v;.q ~ 1000 kms™!). It may also agree well with
the TVC of C II X\6723.32 [log(gf) = —1.156, Ein = 20.84€V, E,, = 22.68¢V]. The profile of the
dip is round-shaped, which conforms to the characteristics of the TVC (Section 4.3). Furthermore,
a deep and broad depression around 6750 A is considered to be a blending TVC arising from C II
(14) multiplet lines (Fi, = 20.70, By, = 22.53), at 6779.94 A [log(gf) = +0.03], 6780.59 A (—0.38),
6783.91 A (+0.30), 6787.21 A (—0.38), and 6791.47 A (—0.27). Since the Ej, of C II (14) and C II
A6723.32 are very close, the latter’s absorption strength can be estimated using that of the former by
referring to their log(gf) values. The measured W of the blending TVC of C II (14), 6.3 A, raises the
expectation that the W of C II A6723.32 should be ~ 0.1 A. The measured W of the dip at 6683 A,
~ 0.2140.03 A, is slightly larger than this value. The discrepancy between them can be explained by
the saturation effect of C II(14) multiplet lines as the log(gf) values of most multiplets in C II (14)
are much larger than that of C II A\6723.32.

On +28d, there are no noteworthy dips in the range of 6679-6689 A, where the LVC (Vraq = —840
to —1300kms™1) of Li I A\6708 should be located. The TVCs (vpaq = —2100 to —2650 kms™!) of
C1I \6723.32 and C II (14) multiplet should locate at ~ 6671 A and 6695 A, respectively. However,
both of them almost disappeared in this epoch.

In the case of two novae, V1369 Cen (Izzo et al. 2015) and ASASSN-18fv (Molaro et al. 2020),
in which the Li T A\6708 absorption line has been detected, the resonance absorption line of Ca I
A226.73 [log(gf) = 0.244] has been identified with Li I A6708 being in the very early stages of
their outbursts (at +7—+18d and 1d, respectively). Figure 6 shows the spectra of V5669 Sgr in the
vicinity of Li T AA6708 and Ca I A\4226.73. We found no counterparts of the LVC and HVC of Ca I
A4226.73 in both epochs. Based on these results, we conclude that the absorption of Li T AA6708
is absent in our spectra of V5669 Sgr in both epochs. We consider that the dip at ~ 6683 A in the
spectrum on +24d plausibly originates from C II A\6723.32 instead of Li I AA6708. The absence of
LiT AX6708 and Ca I A\4226.73 suggests that the excitation degree of ejecta observed as blue-shifted
absorption components in V5669 Sgr was high enough to ionize these atoms. This is consistent with
our assumption used for our “Be abundance estimation in Section 4.4.

_12_
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Table 6. List of "Be 1T and Li I Detected Novae.

Object to tobs Vinax Mwp WD Type N("Li)/N(H)gpa
(d)  (kms™) (M) (x107?)
V5669 Sgr®@ 24 28 2900 0.85-1.1 Cco 0.40
V339 Del®) 10 47 2700  1.04 £ 0.020 CcO ~ 2.6
V5668 Sgr(de) 60 58,82 2300 0.850) CcO ~ 15
V407 Lup® 5 8 3830 0.85-1.35 ONe 6.2
V2944 Oph(d - 80 2000 0.85() CcO 1.6
V838 Her(®) 2 1,3,4 3500 1.350) ONe 2.5
Nova Mus 2018 ~30 35 2240 0.6-1.1 co? 1.5
ASASSN-18fv()  ~ 45 80 880 0.6-1.1 CO? 2.2
V1369 Cen(eh 40 7 2500 0.99) Cco 0.015

NoOTE— Values of N(7Li)/N (H)gpal for all previous reported nova are quoted from Molaro et al. (2020), and
averaged values are displayed regarding those of V339 Del and V5668 Sgr.
References:
) This study.

b) Tajitsu et al. (2015).

¢) Izzo et al. (2015).

d) Tajitsu et al. (2016).

e) Molaro et al. (2016).

f) Izzo et al. (2018).

g) Selvelli et al. (2018).

h) Molaro et al. (2020).

i

(a
(
(
(
(
(
(
(
(i) Chochol et al. (2015).
(j) Hachisu & Kato (2019).
(k) Kato et al. (2009).

(

1) We exclude the Li abundance of V1369 Cen in our discussion because it may not reflect the
N("Li)/N(H)gpna synthesized in this nova event, as mentioned in Section 5

5. DISCUSSION

V5669 Sgr is the eighth classical nova whose "Be abundance has been measured. In addition to
V1369 Cen whose "Li abundance was directly measured, we summarized "Li abundances of nine
novae with their physical parameters in Table 6. Considering the decline speed of light curves and
WD masses in classical novae, we can roughly guess the WD mass of V5669 Sgr by comparing the ¢,
of "Be detected novae and their WD masses reported in previous studies. We consider that the WD
mass of V5669 Sgr (to = 24d) is larger than 0.85 M, because the WD mass of V5668 Sgr (t; = 40d)
is estimated as 0.85 M, (Hachisu & Kato 2019). We also consider that the upper limit WD of V5669
Sgr is 1.1 M), which is the highest mass of ordinary CO WD (Althaus et al. 2010). WD masses, ta,
and V. of other novae are quoted from literature, as shown in the caption of Table 6. WD masses
of 407 Lup, Nova Mus 2018 and ASASSN-18fv have not yet determined. However, we can roughly
estimate ranges of WD mass based on their light-curve characteristics, regardless of whether they
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are slow or fast novae. WD masses for three novae are also present in Table 6, 0.85-1.35 M, for
407 Lup, and 0.6-1.1 M, for Nova Mus 2018 and ASASSN-18fv. The measured N("Li)/N (H)gna1
produced by each nova event, which should be equal to N("Be)/N(H)rxr values, are in the range
of 0.45-15 x 107°. The maximum N ("Li)/N (H)gna is observed for V5668 Sgr, and the lowest one is
observed for V5669 Sgr. The N("Li)/N (H)fna of V1369 Cen, which is also the lowest on the list, is
measured by the comparison of Li T AA6708 with Na ID and K I A7699 absorption lines, as in Izzo
et al. (2015). The ionization state of ejecta in V1369 Cen when Li I is detected (¢ = 7d) should be
lower than that of “Be IT detected novae as described in Section 4.4. However, Li (the first ionization
potential, 5.39 eV) should be partially ionized in the nova ejecta because Fe (7.87 eV) and Cr (6.77
eV) have been observed in the same absorption component. Due to a lack of “Be II observations,
the measured Li abundance may not reflect the N("Li)/N(H)gna synthesized in this nova event.
Therefore, we exclude the Li abundance of V1369 Cen in the following discussion.

Here, we compare the observed N(7Li)/N (H)gna with those of the theoretical simulations. Because
WD masses are one of the key parameters in TNR simulations, resultant yields are often demonstrated
as their functions. In Figure 7, the N("Li)/N (H)gnas observed in the nine novae are plotted with
their estimated WD mass over the results from several theoretical simulations (José & Hernanz 1998;
José et al. 2020; Starrfield et al. 2020). Though the errors of estimated WD masses for the observed
novae in Table 6 may be quite huge, it is remarkable that all the observed N(7Li)/N(H)gnas are
higher than the results of the theoretical simulations in Figure 7. As we discussed, the error in our
N("Li)/N(H)gpa in V5669 Sgr is ~ +0.1 x 107°. The scattering of all the observed N("Li)/N (H)gpas
is considerably large (~ 15 x 107°) compared to such errors. This means that the "Li productivity
must vary in each nova. The N(7Li)/N(H)gua of V5669 Sgr is the lowest among the observed
novae and comparable to the upper limit of the theoretical estimations with the WD mass in the
range of 0.85-1.1 M, (José & Hernanz 1998; Starrfield et al. 2020). The discrepancy in the “Li yields
between the observations and theoretical simulations should still be discussed in future investigations.
Furthermore, the "Li productivity varies greatly among each existing theoretical simulation. These
imply that some additional physical mechanisms need to be considered in theoretical simulations.
Moreover, further observational studies are required to understand the variance of Li production in
classical novae. Molaro et al. (2020) reported about two novae without "Li production. Therefore,
pursuing the appearance rate of "Li production is quite important as well.

In this paper, we estimated the “Li abundance of V5669 Sgr, which is the lowest value among other
"Be detected novae. Moreover, the value agrees with theoretical predictions of the WD mass range
of 0.85-1.1 M, which is an order of magnitude less than those of previous observations. Our result
indicates that there is a scattering in "Li production among classical novae as shown in Molaro et al.
(2020) who reported a nondetection of "Be I lines and very low abundances of “Li in two novae.
Further observational studies for the "Li abundances in classical novae are required to resolve the
scattering of "Li production among them. This must be key to more precisely understanding the
Galactic Li evolution.

This study is based on data collected at the Subaru Telescope, which is operated by the National
Astronomical Observatory of Japan. We are honored and grateful for the opportunity of observing
the Universe from Maunakea, which has the cultural, historical and natural significance in Hawaii.
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APPENDIX

A. ESTIMATIONS OF Eg_y AND DISTANCE OF V5669 SGR

We estimated Ep_y of V5669 Sgr using the following three methods: (1) the intrinsic color index at
the maximum of classical novae given by van den Bergh & Younger (1987); (2) the relation between
W of the diffuse interstellar band (DIB) and the interstellar hydrogen column density as practiced
for V407 Lup (Izzo et al. 2018); and (3) the relation between Ep_y and Ws of the DIB A\6613.6
among classical novae (Munari 2014).

The intrinsic color index at the maximum of classical novae is known to be (B —V)yax = 0.23£0.06
(van den Bergh & Younger 1987). Then, we obtain the intrinsic extinction Ep_y from the observed
color index at the maximum, (B — V)us = 0.793 £ 0.001 (SMARTS Nova ATLAS), and hence,
Ep_v = 0.56 + 0.06.

Furthermore, we estimate Ep_y of V5669 Sgr using DIBs, adopting the same procedure used for
V407 Lup in Izzo et al. (2018). DIBs, and interstellar atomic absorption lines (IS) are also useful
for estimating interstellar extinction. DIBs (A5705.1, A5780.5, A5797.1, A6196.0, and \6613.6) and
IS (Na I Dy Do, Ca Il H K, Ti IT A3242, and Ti IT A3383) are detected in our data on +24 and
+28d, because major components of IS of Na I Dy Dy and Ca IT H K are heavily saturated, and DIB
ABT797 and A6196 are blended with other unidentified absorption lines in our spectra. We used two
DIBs at A6614 and A5780.5 to estimate the extinction of V5669Sgr. Measurable DIBs and IS are
listed in Table 7. The correlation coefficients between the hydrogen column density of interstellar
gas (Np) and these DIBs are given in Table 2 of Friedman et al. (2011). The averaged value of
N(H) = 2.06 £+ 0.26 x 10?' cm~2, affording Ep_y = 0.36 & 0.05, where we adopt the general value
for the interstellar hydrogen total column density of N(H)/Ep_y = 5.87 x 10*' cm™?*mag~" (Bohlin
et al. 1978). Both W of DIBs and IS Ti I of V5669 Sgr, which depend on the amount of IS should
be larger than those of the V407 Lup (Izzo et al. 2015). Since we can only measure two DIBs, we
use Ws of Ti II A3242 and A3383 listed in Table 7 for our Ep_y estimation. Both Ws of these
Ti II lines and two DIBs in V5669 Sgr are larger than those in V407 Lup (W = 101.0 £+ 5.8A and
W =152.14 6.2 A for TiII A3242 and Ti II A3383, respectively; Izzo et al. 2018).

Munari (2014) reported the empirical relation between Ep_y and Ws of DIB A6614 (Wye614),
Ep_yv = 4.40 x Wyge14. Adopting this relationship for measuring the measured W of DIB A6614 in
V5669 Sgr, we obtain Fg_y = 0.41 £0.01. The Ep_y estimated from DIBs A6614 agrees with their
standard deviations.
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Table 7. List of Measured DIB and IS lines.

DIB/IS W (424d) W (+428d) logN (H)
mA mA x10%'em 2
Till 3242 175.24+14 134.8+1.2
Till 3383 234.0+1.4 2275+14
DIB 5780.5 338.3+3.5 338.3+3.5 2.62+0.56
DIB 6613.6 91.7+2.5 9044+2.6 1.624+0.22

Finally, we obtained the average of extinction, Fp_y = 0.4440.03, from the above three values. The
absolute magnitudes of V5669 Sgr are estimated through the the maximum-magnitudes and rate-
of-decline (MMRD) relation (e.g. della Valle & Livio 1995; Downes & Duerbeck 2000; Ozdénmez
et al. 2018). Then, we obtained the distance to the nova using the above Ep_i,. We used the latest
MMRD formulation for Fe II novae, suggested in Ozdénmez et al. (2018) with t3, and obtained
My = —7.8 +0.4. Consequently, we identified the distance, d = 10.0 + 1.9 kpc using the averaged
Ep_y with the assumption of Ry = Ay /Ep_y = 3.1. These results are shown in Table 1.
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Figure 1. Light curves of V5669 Sgr. Photometric data were quoted from Nakano et al. (2015, CBET), the
AAVSO Archives, and the Stony Brook/SMARTS Atlas. Vertical lines denote the time of our observations
on +24 and +28d.
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ABSTRACT

Red giants show a large number of absorption lines in both optical and near-infrared wavelengths.
Still, the characteristics of the lines in different wave passbands are not necessarily the same. We
searched for lines of Mg I, SiI, Ca I, Ti I, Cr I, and NiI in the 2/, Y, and J bands (0.91-1.33 pm),
that are useful for precise abundance analyses, from two different compilations of lines, namely, the
third release of Vienna Atomic Line Database (VALD3) and the catalog published by Meléndez &
Barbuy in 1999 (MB99). We selected sufficiently strong lines that are not severely blended and ended
up with 191 lines (165 and 141 lines from VALD3 and MB99, respectively), in total, for the six
elements. Combining our line lists with high-resolution (A/AX = 28,000) and high signal-to-noise
(> 500) spectra taken with the WINERED spectrograph, we measured the abundances of the six
elements in addition to Fe I of two prototype red giants, i.e., Arcturus and p Leo. The resultant
abundances show reasonable agreements with literature values within ~0.2 dex, indicating that the
available oscillator strengths are acceptable, although the abundances based on the two line lists show
systematic differences by 0.1-0.2dex. Furthermore, to improve the precision, solid estimation of the
microturbulence (or the microturbulences if they are different for different elements) is necessary as
far as the classical hydrostatic atmosphere models are used for the analysis.

Keywords: Spectroscopy (1558); High resolution spectroscopy (2096); Spectral line identification
(2073); Spectral line lists (2082); Stellar spectral lines (1630); Late-type giant stars (908);
Near infrared astronomy (1093)

1. INTRODUCTION

A list of stellar absorption lines, containing their infor-
mation such as wavelengths and oscillator strengths, is
essential in the analysis of chemical abundances. Com-

Corresponding author: Kei Fukue, Noriyuki Matsunaga

k.fukue@cc.kyoto-su.ac.jp, matsunaga@astron.s.u-tokyo.ac.jp
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pared to established lists of lines in the optical, how-
ever, the identification and characterization of absorp-
tion lines in the near-infrared range remains incomplete
(see, e.g., Andreasen et al. 2016; Matsunaga et al. 2020).
The correct identification of lines is mandatory, and
estimating the abundances cannot be done accurately
without accurate calibration of the oscillator strengths,
loggf '

We focus on stellar absorption lines in the z’'Y .J bands,
0.91-1.33 um, in this paper. In Kondo et al. (2019, here-
after referred to as Paper I), we identified 107 Fe I lines
that are useful for measuring the iron abundances in
the spectra of two well-studied red giants (Arcturus and
p Leo). While the iron abundance is one of the most
representative parameters that indicates how stars are
chemically enriched, the abundances of other elements
provide us with crucial information on the evolution of
the Milky Way and nearby galaxies (Freeman & Bland-
Hawthorn 2002; Feltzing & Chiba 2013). Following Pa-
per I, the purpose of the current study is to extend the
identification of lines in the 2’'YJ bands to other ele-
ments, namely, Mg I, Si I, Ca I, Ti I, Cr I, and Ni I.
These elements show ~10 or more lines, as we see be-
low, which would enable precise chemical measurements
(Adibekyan et al. 2015).

In addition to the quality of the line list, the microtur-
bulence, &, is a critical ingredient for performing abun-
dance measurements. This parameter is not required as
long as one deals with weak lines within the linear region
of the curve of growth. However, in practice, stronger
lines are often included in the analysis to secure a suf-
ficient number of lines. The ¢ is required to reproduce
the saturated region of the curve of growth with classical
1D atmospheric models with the local thermodynamic
equilibrium (LTE) assumed (Gray 2005), while 3D hy-
drodynamical models do not require ¢ given as an exter-
nal parameter (Asplund 2000; Amarsi et al. 2016). The
3D models are also expected to include naturally the sys-
tematic effects caused by 3D/spherical structures in ex-
tended red giants (Dobrovolskas et al. 2013). Although
the use of 3D hydrodynamical models has been gradu-
ally explored (Jofré et al. 2019, and references therein),
it is currently more common to use 1D models for the
abundance analysis because it is easier to use and al-
lows direct comparisons with previous results based on
1D models. In a classical approach with 1D models,
a depth-independent ¢ is estimated by demanding that
the abundances estimated with individual lines show no
dependency on line strengths, e.g., equivalent widths

! Here and elsewhere in this paper, we consider only the logarithm

to base 10.

(EWs, denoted as W) or reduced EWs (W/X). This
method requires many lines of the same element cover-
ing a wide range of strengths, and Fe I lines are most
often used. In Paper I, we performed a bootstrap anal-
ysis to determine ¢ and its error by using more than 50
Fe I lines in the 2’Y.J bands. Among the six elements we
add in this paper, SiI and TiI show many lines enough
for doing the same analysis to determine &, and we com-
pare the results obtained with these two elements with
that obtained with Fe I.

2. SPECTRAL DATA AND LINE SELECTION
2.1. Observations and data

We investigate the same z'Y J-band spectra used in
Paper 1. The spectra of well-studied red giants (Arc-
turus and g Leo) were collected with the WINERED
cross-dispersed echelle spectrograph (Ikeda et al. 2016)
with the WIDE mode, giving the resolution of \/AX =
28,000. We carried out the observation on February 23,
2013, with the 1.3 m Araki Telescope at Koyama Astro-
nomical Observatory, Kyoto Sangyo University, Japan
(see more details in Table 1 of Paper I). The spectrum of
a telluric standard, HIP 76267 (A11IV), was used for the
correction of telluric absorption lines with the method
described in Sameshima et al. (2018). The wavelength
ranges of the three bands in which the telluric lines can
be well-corrected cover 0.91-0.93, 0.96-1.115, and 1.16—
1.33 pm. The continuum of the spectra was normalized
to the unity after the telluric correction. The signal-to-
noise ratios (S/N) at around 12,500 A are ~1,000 before
the telluric correction and are 850 and 720 in the final
spectra of Arcturus and p Leo, respectively. The stellar
redshifts were corrected so that the absorption lines can
be directly compared with those in synthetic spectra in
the wavelength scale of standard air at rest.

2.2. Line selection

We followed the procedure described in Paper I to
select the absorption lines that are relatively isolated
and useful for precise abundance measurements. The
details that support the following brief description are
given in Paper L.

We used two line lists, Vienna Atomic Line Database
(VALD3; Ryabchikova et al. 2015) and the list pub-
lished by Meléndez & Barbuy (1999, hereafter referred
to as MB99), as the starting points of the line selection.
VALDS3 has an extensive collection of atomic lines, e.g.,
including more than 10,000 Fe I lines, and molecular
lines covering the wavelength range of the 2'Y.J bands.
In our spectrum of Arcturus, Ikeda et al. (in prepara-
tion) identified atomic lines of various species, including
more than 300 lines of Fe I together with other elements
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Selected absorption lines seen in Arcturus (upper) and/or p Leo (lower). Their spectra are presented in the scale

of wavelength in the standard air. Tables 1 and 2 give details of the lines selected from VALD3 and MB99, respectively.

(see a summary in Taniguchi et al. 2018, Section 3.2).
MB99 used the solar spectrum for the line identification
and the calibration of the loggf values, and compiled
~1000 atomic lines in 1.00-1.34 um. The wavelength
and the excitation potential (EP in eV) of each line are
consistent between the two line lists, but the log g f val-
ues in the two lists tend to be significantly different.
While we considered all the lines of the six elements in
MB99 as candidates, the VALD3 lines detected by Ikeda
et al. were included, rather than all the VALD3 lines, in
the following analysis.

We performed the line selection for the six elements
(Mg I, Si I, Ca I, Ti I, Cr I, and Ni I) making use
of synthetic spectra except for the final confirmation
with the observed spectra. In the following analysis,
we used the stellar parameters adopted from Heiter et
al. (2015) as we did in Paper I; the effective temper-
ature (Tes), the surface gravity (logg), and the global
metallicity ([M/H]) are 4279 £+ 40 K, 1.60 + 0.18 dex,
and —0.51 4+ 0.06 dex for Arcturus, and 4520 + 43 K,
2.36 £ 0.22 dex, and +0.33 £ 0.06 dex for y Leo. The
spectral synthesis was done with SPTOOL developed
by Y. Takeda (private communication), which utilizes
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Figure 1. (Continued.)

the ATLAS9/WIDTH9 codes by R. L. Kurucz (Kurucz
1993). For each object, we considered two synthetic
spectra for which the atomic lines of VALD3 or MB99
are considered (i.e., we avoided mixing atomic lines of
the two lists in our spectral analysis). In both cases, we
included lines of CN, CO, Cs, CH, and OH molecules
using the list compiled by VALD3.

As the first step of the line selection, we excluded
lines in the following three ranges, as they are severely
affected by telluric lines: 9300-9600 A, 1115011600 A,
and longer than 13300 A. Then, we measured the depths
and central wavelengths of the lines in the synthetic

spectra for the two objects, Arcturus and pu Leo. If
the depth of a line (the distance from the normalized
continuum to the line minimum) was smaller than 0.03
in the synthetic spectra, the line was rejected. We also
rejected lines with no minimum in the synthetic spectra
for neither of the two objects within 5 km s~! around the
expected wavelength. Besides, when two or more lines
of the same element were detected within 30 km s—!,
we included only the strongest line if its X value was
larger than those of the other neighboring line(s) by
more than 0.5 dex; otherwise, we rejected all the lines in
the narrow wavelength range. The X index is defined as
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X =log gf —EP X Ooxc, where oy = 5040/(0.86 Tegr). It
is a convenient indicator of line strength (Magain 1984;
Gratton et al. 2006). These rejections, and also those in
the following steps, were made independently for each
combination of the line list (VALD3 or MB99) and the
object (Arcturus or p Leo).

The next step is to evaluate the blending of each tar-
get line with neighboring lines based on a few types of
theoretical EWs. We used two kinds of synthetic spectra
generated for each target line, i.e., the normal spectrum
with all the lines included, fsyn, and the one with the

target line removed, ijn. A normal EW around a target

line (A) is given by

AetA;/2

{1 = fom(A)}dA,
Ae—A;/2

W, = (1)
and we considered two different integration ranges,
A1 and A, that correspond to velocities of 30 and
60 km s—', respectively. In addition, we calculated the
EW of contaminating lines, VV:7 which was estimated
by Equation (1) but using fsfyn. Combining these EWs,
we consider two indices,

51=W1T/W1,
By = (W3 — W])/W,

(2)
®3)
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Figure 1. (Continued.)

as the indicators of blending. The former measures
the contamination to the main part of each target line,
and the latter measures the contamination mainly to
the continuum part around the line. We rejected lines
with 81 > 0.3 or B2 > 1 (see Figure 3 in Paper I for
some examples with different 5, and B values). Fi-
nally, we examined whether the lines selected with the
synthetic spectra exist in the observed spectra. We re-
jected Mg 1 11820.982 (EP = 5.933, loggf = —1.520)
selected from VALD3, though not listed in MB99, be-
cause we could not confirm its absorption in the observed
spectra.

From VALDS3, we selected 12 lines for Mg I, 50 for
Sil, 15 for Ca 1, 50 for TiI, 25 for Cr I, and 13 for NiI
(Table 1). From MB99, the numbers are slightly smaller
except for Ca I: 8 for Mg 1, 49 for Si 1, 22 for Ca 1, 34 for
Til, 21 for Cr 1, and 7 for NiI (Table 2). For Fe I, 97
and 75 lines, respectively, from VALD3 and MB99 are
adopted from Paper I and included in Tables 1 and 2.
Some lines were selected only for one of the two objects
owing to the large difference in metallicity; some lines
were too weak in the metal-poor object, Arcturus, while
some other lines were severely blended with neighboring
lines in the metal-rich object, u Leo. Figure 2 shows
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Table 1. Lines Selected from VALD3 and Abundances

Aair Atom EP loggf Arcturus p Leo flag

(A) (eV) (dex) (dex) (dex)
9117.1309 Fel 2.8581 —3.454  —0.37 +0.36  0/2
9118.8806 Fel 2.8316 —2.115 (s) (s) 0/0
9123.2029 TiIl 3.1129 —-0.619 —0.38 —1.84: 1/2
9146.1275 Fel 2.5881 —2.804 —0.61 —0.35 0/2
9210.0240 Fel 28450 —2.404 —0.65 (s) 0/1
9602.1301 Fel 5.0117 —1.744  (w) +0.11  0/1
9638.3043 Til 0.8484 —0.612 (s) (s) 0/0
9647.3700 Til 0.8181 —1.434 (s) (s) 0/0
9653.1147 Fel 4.7331 —-0.684  —0.61 +0.31 0/2
9657.2326 Fel 5.0856 —0.780  —0.65 —-0.20 0/2

NoTeE— This is the first 10 lines, and the entire list is available
as an online material. The wavelengths, Aair, are given on the
standard air scale. The abundances, [X/H]|, for Arcturus and
1 Leo are scaled with respect to the solar abundance in Grevesse
et al. (2007), but the flags, (w), (s), (b), or (*) are given if we did
not measure the abundances. The last column gives the flag of
outlier(s), and the colon symbol (:) accompanies the abundances
that were judged as outliers. See Section 3.1 about the flags.

EPs and loggf values of the selected lines. The lines
of different elements tend to have different EPs; for ex-
ample, SiI have high EPs (25 eV), TiI have low EPs
(<3 eV), while the EPs of Fe I lines range from ~2 to
~6 eV. The summary of the line selection for individual
elements are given in Appendix A.

3. ABUNDANCE ANALYSIS
3.1. Measurements of individual lines

We measured the abundance by fitting a small spec-
tral part, within £30km s~!, around each target line us-
ing the MPFIT tool (Takeda 1995) implemented in SP-
TOOL as we did in Paper I, but we made some changes.
This tool can search for the best match between syn-
thetic and observational spectra by iteratively varying
the abundance and some other parameters, including
the line broadening width. However, unlike in Paper I,
we fixed the line broadening width of each spectrum
to 13.3km s~ for Arcturus and 12.0km s~! for u Leo,
which we determined by measuring the widths of hun-
dreds of lines of various elements. These widths cor-
respond to the full-width at the half-maximum of each
absorption line and include the broadenings intrinsic to
the stellar line profile and the instrumental broaden-
ing. As a matter of fact, the instrumental broadening
of the WINERED with the WIDE mode is 12km s~ 1,
significantly larger than the macroturbulence of Arc-

log gf

1 T T T
/ K
MB99,” / X
0 B 4 //>K % 5 ]
/ A ]
// *//* : 3 %i
- // %%/A A4§ XS]
, 1
52 b f g f‘é‘?ﬁ i
4 / A
A
':OD -3 % /// Aﬁ'—//ii +
XK #++ / X
>K/ il— ;Ei-i_ // v
-4 / e / A
// :!:/+++ /
e / A
=S / / 1
/ /
/ /
_6 L L 4
0 1 2 3 4 5 6 7
EP (eV)
Figure 2.  Excitation potential (EP) and the oscillator

strength (log gf) of the selected lines for six elements in ad-
dition to Fe. The lines selected from VALD3 (Table 1) and
those from MB99 (Table 2) are presented in the upper and
lower panels, respectively. The dashed lines show the con-
tours of the X indicator, log gf — EP x (5040/(0.86 Tes)), for
which Tug of Arcturus (4286 K) is used. This indicator nicely
predicts which lines are relatively strong (stronger towards
the upper left corner) among each element, but the X scale
differs from one element to another because it does not take
the elemental abundances into account.
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Table 2. Lines Selected from MB99 and Abundances

Aair Atom EP loggf Arcturus p Leo flag

(A) (eV) (dex) (dex) (dex)

10003.09 Til 216 —1.32 —021 +0.19 0/2
10011.74 Ti1 215 —154 —0.03  (b) 0/1
10013.86  SiT 640 —173  (w)  —0.17 0/1
10019.79 Fel 548 —144  (w)  +0.30 0/1
10032.86 Fel 551 —136  (w)  +0.26 0/1
1003449 Ti1 146 —209 4012  +0.65 0/2
1004147 Fel 501 —1.84  (w)  +051 0/1
10059.90 Til 143 —240 40.02 +0.54 0/2
10065.05 Fel 4.84 —057 —0.25 +0.52 0/2
10066.55 Til 216 —1.85 —0.10 +0.47 0/2

NOTE— This is the first 10 lines, and the entire list is available
as an online material. The wavelengths, Aair, are given on
the standard air scale. The abundances, [X/H], for Arcturus
and p Leo are scaled with respect to the solar abundance in
Grevesse et al. (2007), but the flags, (w), (s), or (b) are given
if we did not measure the abundances. The last column gives
the flag of outlier(s), and the colon symbol (:) accompanies
the abundances that were judged as outliers. See Section 3.1
about the flags.

turus (5.59 km s~%; Sheminova 2015) and that of u Leo
(2.9km s71; Smith et al. 2013). The microturbulence,
¢, was fixed at each run of the MPFIT fitting, and we
combined the measurements with different £ to estimate
it (Section 3.2). Besides, for the spectral synthesis with
the MPFIT, we used the abundance patterns of iron and
the six elements adopted from Jofré et al. (2015) and of
CNO adopted from Smith et al. (2013) for each of our
targets (Table 3). When we change the global metal-
licity, [M/H], of an atmospheric model, we increase or
decrease [X/H] by the same amount and keep these pat-
terns. This is different from the analysis of Paper I in
which we used the solar abundance pattern taken from
Anders & Grevesse (1989) for both Arcturus and p Leo.
Using the abundance pattern of each object in Table 3,
instead of the solar pattern, leads to better reproduction
of contaminating lines in each target’s spectrum. When
we measure the abundance of a particular element X, in
contrast, we change its [X/H] but keep the abundances
of all the other elements.

MPFIT gives the abundances in the form of log e(X) =
log Nx/log N + 12, where Nx indicates the number
density of the element X. We transformed this form to
[X/H] = loge(X) — log e(X)e for which we adopted the
solar compositions reported by Grevesse et al. (2007)
that are given in Table 4. The compositions of Grevesse

Table 3. The reference abundances, loge(X), used in
the MPFIT analysis and as the zero points of [X/H]

Z X Sun Arcturus u Leo

(AG89) (GOT)

6 C 8.56  8.39 7.96 (S13) 8.52 (S13)

7 N 8.05 7.78 7.64 (S13) 8.71 (S13)

8 O 8.93  8.66 864 (S13) 9.05 (S13)
12 Mg 758  7.53 7.56 (J15) 8.18 (J15)
14 Si 755 751 7.24 (J15) 8.02 (J15)
20 Ca 6.36  6.31 6.00 (J15) 6.58 (J15)
22 T 499  4.90 4.56 (J15) 5.22 (J15)
24 Cr 567  5.64 5.00 (J15) 5.93 (J15)
26 Fe 767 745 6.93 (J15) 7.70 (J15)
28 Ni 6.25 6.23 5.68 (J15) 6.52 (J15)

References— AG89 = Anders & Grevesse (1989); GO7
= Grevesse et al. (2007); S13 = Smith et al. (2013);
J15 = Jofré et al. (2015)

et al. (2007) were also used in Smith et al. (2013) and
Jofré et al. (2015), with the results of which we compared
our measurements below.

We did not measure the abundances for the lines that
were expected to be too weak, depth smaller than 0.03,
and for those expected to be too much blended on the
basis of f1 and By. The former and latter cases are indi-
cated by the flags (w) and (b), respectively, in Tables 1
and 2. Besides, we decided not to measure the abun-
dance for the lines whose depth is more than 0.35 in the
synthetic spectra; the flag of (s) is given to these cases.
In Paper I, we used the threshold of X = —6 for Fe I
lines for avoiding very strong lines. Since the X indices
of different elements cannot be directly compared, we
consider the depth for this selection, and 0.35 in depth
roughly corresponds to X = —6 in the case of Fe I (Fig-
ure 3). Based on synthesized absorption lines of Si I
and Ti I, we also confirmed that the damping wing be-
comes important at the depth of 0.35 or more, which
is consistent with Fe I lines. We note that this thresh-
old in depth depends on the spectral resolution because
the resolution of the WINERED is not high enough to
resolve the intrinsic line profile. We include the strong
lines in our list for completeness and also because they
are expected to be weaker in metal-poor stars.

While MPFIT failed in Paper I to measure the abun-
dance of u Leo with nine Fe I lines mainly because of un-
expected blends of strong lines, we measured the abun-
dances with those Fe T lines successfully for Arcturus
and/or u Leo in the new analysis except Fe I 11119.795
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O s (VALD3) O s (MB99) lower) [X/H] than shallow lines at a lower (higher) £. It
-2 x ¥ " -2 is naively expected that [X/H] values with strong/weak
oK . . . .
AL e . N -4 W X0 lines agree at the true £&. We consider the linear relation,
< -6 F o L A T t‘.uj‘ ot [X/H] = aX + b, where X is the line strength indica-
& XX e 2o + .

i (& X Rl ¢ Ny e Pl + tor (Section 2.2), to represent the dependency of [X/H]
%&%& Gl A Y ” ara on line strength. The relation, in particular its slope,
-10 ¥ el ~10 ¥ Ml changes with varying £&. A common approach for esti-
-12 — -12 — mating ¢ is to find £ that gives a = 0 (see, e.g., Blackwell

0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 o . .
Depth Depth & Willis 1977; de Jager et al. 1984, for slightly different
0 0 approaches). With the method in Paper I, we generate
. W Leo (VALD3) . # Leo (MB99) bootstrapping samples of the lines, each of which has a
e o sequence of (¢, [X/H]) values, and determine & together
- ‘gff:( o - %M “ with [X/H] for each bootstrapping sample repeatedly.
-6 ‘,‘?‘Q&;Wﬁ& X R R xg;; Then, we evaluate the best estimates of the (&, [X/H])
-8 M e 1 F%e,i M -8 Wxs{x %ﬁi M of the star and their errors considering the distribution
10 %x*’*g% Gl 2 10 | Gl 2 on the &-[X/H] plane given by the bootstrapping sam-
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Figure 3. Relationship between the X indices and line
depths in the synthetic spectra. This plot includes all the
lines listed in Table 1 (for VALD3) and Table 2 (for MB99)
regardless of whether they were selected or not for each ob-
ject and whether their abundances were measured or not.
The depths here include the absorption by contaminating
lines if any. In our measurements, the ratio of equivalent
width (EW) to depth is approximately 500 mA in the linear
region (EW<50mA), but the depth of 0.35 corresponds to
EW=190 mA.

which is too strong in both objects. Some of the lines
are contaminated by a neighboring line (or lines) that
is not well reproduced in the synthetic spectra, but fix-
ing the broadening widths helps to find reasonable fits to
the target lines without being disturbed by the contami-
nated profile too much. On the other hand, we could not
measure [Si/H] of p Leo with SiI 10407.037 which looks
severely disturbed with the absorption at ~10406 A that
are present in the observed spectrum but not predicted
by the synthetic spectrum. The flag of (*) is given to
this case in Table 1.

3.2. Microturbulence and its effects

In Paper I, we applied a bootstrap approach to Fe I
lines to determine the depth-independent microturbu-
lence (£) and the iron abundance at the same time. In
this method, we measure the Fe I abundances with in-
dividual lines for a grid of £ values. Generally speaking,
the estimate of [X/H] tends to decrease with increas-
ing ¢ except for shallow lines whose EWs do not de-
pend on . The deeper, more saturated lines have the
stronger dependency on £. Deep lines give higher (or

Since we made some changes in measuring the abun-
dances of individual lines (Section 3.1), we performed
the bootstrap analysis on Fe I lines again. The resul-
tant £ and [Fe/H], listed in Table 4, are consistent with
the previous values in Paper I within uncertainties, but
the errors get slightly smaller. In addition, we made the
same analysis for Si I and Til. Among the elements we
investigate, beside Fe I, the numbers of only Si I and
Ti T lines are large enough for the bootstrap analysis for
determining & together with the abundance. As shown
in Table 4 and Figure 4, the & obtained for Si and Ti
lines tend to be higher than those for Fe lines.

We performed the same bootstrap analysis for subsets
of the Fe I, Si I, and Ti I lines to which we could ap-
ply the non-LTE correction. Bergemann et al. (2012,
2013) carried out non-LTE line formation calculations
in the atmospheres of red supergiants for Fe, Ti, and Si,
and discussed the consequences of non-LTE effects for
the J-band analysis. It was found that non-LTE effects
are small for J-band Fe I lines, but significant for Ti I
and Si I lines. We calculated the non-LTE corrections
on the lines of Fe I, Si I, and Ti I using their website?.
Their online tool gives the non-LTE corrections for the
abundances obtained with individual lines for a given
set of stellar parameters. We added the corrections to
[X/H] with individual VALD3 lines, and performed the
same bootstrapping analysis, but with smaller numbers
of lines, to calculate & and [X/H]. Not all the lines we se-
lected are included in their tool, but dozens of the lines
could be included in this analysis. Table 4 and Fig-
ure 4 present the resultant £ and [X/H]. In the case of
Arcturus, & gets slightly higher, but the non-LTE cor-

2 http://nlte.mpia.de/gui-siuAC_secE.php
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Table 4. Microturbulences and Abundances Obtained with Fe,
Si, and Ti Lines

we examined the results with the non-LTE corrections
only for the VALD3 line sets.
As the contours in Figure 4 suggest, the abundance

Atom  List  NLTE N £ (X/H] " we obtain depends on the microturbulence. If we fix &
(km s™1) (dex) to the one obtained with Fe I lines, [Si/H] and [Ti/H]
Arcturus get higher than the ones obtained with the bootstrap
i } analysis (Section 3.3). If we knew the true abundances
Fel  MB99 o 53 12570, 70'453'82- o872 we v?/,oul(g be able to) determine the £ that leads to auc—7
Fel ~VALD = — 66 128135, —065Ig5g —0.949 curate abundances. However, we cannot draw such a
Fel VALD NLTE 47 1.427920 —0.69705%7 —0.948 [usi ousl ' ! £ 1S
. 1010 009 conclusion because previously reported values of [Si/H]
Sit MB99 34 1837319 —0.30%0%2 —0.663 and [Ti/H] have | P 5
. 020 Fol0e ve large scatters. Figure 5 compares our
StL - VALD ~ — 31 16893 040005 —0.739 estimates with previous results for Arcturus (Thevenin
Sil  VALD NLTE 21 149%332 —041%009 —0.835 . ) P T
) ’ 18:31 ’ 18:81 ’ 1998; Luck & Heiter 2005; Fulbright et al. 2007; Worley
Tir - MB99 o 25 1585051 —0.11%00, —0.788 et al. 2009; Chou et al. 2010; Ramirez & Allende Prieto
Til VALD — 34 157703 —0.347051 —0.937

] o oo 2011; Britavskiy et al. 2012; Smith et al. 2013; Jofré et
Til VALD NLTE 32 1455,3; —0.22%55 —0.907 al. 2015) and p Leo (McWilliam 1990; Thevenin 1998;
p Leo Smith & Ruck 2000; Luck & Heiter 2007; Smith et al.

Fel ~ MB99 - 67 1.34%515 029700 —0.879 2013; Jofré et al. 2015). Here, we only refer to the re-
Fel VALD  — 8 1057077  0.16755;  —0.909 ports in which the solar-abundance reference is appar-
Fel VALD NLTE 55 1.04%322  0.147319  —0.903 ent, and all the [X/H] are scaled with respect to the
Sir  MB99  — 38 2257030 0221007 —0.820 solar compositions in Grevesse et al. (2007). Regardless
Sir  VALD — 33 1.6770%5 0217597  —0.834 of which line lists are used and which of the ¢ in Ta-
Si1t  VALD NLTE 19 1.52%53% 0217507 —0.871 ble 4 are used, our estimates are within the scatters of
Til MB99  — 29 2117030 0261005 —0.834 literature values.

Tit VALD — 35 1817033 0.10750% —0.921 Takeda (1992) investigated the microturbulence of

Arcturus and found that different groups of lines tend to
give different ¢ showing the correlation with the depth
of line forming layers (also see Gray 1981, for an earlier
report on the depth-dependent & of Arcturus). They
found that the derived & values depend on the properties
of the line sets, e.g., the EPs and the ionization stage of
the lines included; £ tends to be smaller with the lines
formed in the inner atmosphere used in the analysis.
Roughly speaking, the depth of a line forming region is
well correlated with the line strength as expected, while
the EP and some other parameters have additional ef-

Tit VALD NLTE 30 171453, 0.16700%  —0.902

NoTE— The third column (NLTE) indicates whether the non-LTE
correction was applied or not. The fourth column (N) indicates
the number of lines used for estimating the microturbulence, &,
and the abundance, [X/H]. The [X/H] are scaled with respect to
the solar abundance in Grevesse et al. (2007). The last column (r)
indicates the correlation coefficient (see the definition in Paper I)
between ¢ and [X/H].

rections for Fe I lines are mostly within 0.05dex and
have little impact on the £. In fact, the difference of
0.14km s~! with and without the non-LTE corrections
can be explained by the difference in the lines used for
the calculation; using the 47 lines to which we could ap-
ply the corrections leads to & ~ 1.42km s~ ! even if we do
not apply the corrections. The non-LTE corrections are
as large as 0.15 dex (or —0.15 dex) for some Siland Til
lines. In addition, there are weak correlations between
the line strengths and the non-LTE correlations, lead-
ing to slightly lower £, though the impacts on (&, [X/H])
are not really significant (Figure 4). The same analysis
can be done with the MB99 lines. However, the pri-
mary purpose of this part is to see the relative impact
of the non-LTE corrections on the microturbulence, and

fects (Gurtovenko & Sheminova 2015). As seen in Fig-
ure 3, the distributions of depths of the Fe I, Si I, and
Ti I lines used for the analysis are similarly broad and
uniform between the shallowest (0.03) and the deepest
(0.35). At least, not all the Si I and TiI lines are formed
in layers higher than Fe I lines. There appears to be no
simple reason to expect that both Si I and Ti I give &
higher than Fe 1. Moreover, while determining & accu-
rately requires large numbers of lines (Mucciarelli 2011),
the numbers of lines available for each group tend to be
limited. The problem with the limited numbers of lines
is particularly severe with infrared spectra; in our case,
we can use less than 100 lines even for Fe I, which re-
sults in the significant statistical errors in €. The limited
line number prevents us from more detailed discussions
such as using a subset of lines, e.g., those with high or
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Figure 4. Solutions of the bootstrap method for measuring the abundance, [X/H], and the microturbulence, £, for the three
elements (Fe, Si, and Ti). Each of the four panels shows the results for a combination of the line list (VALD3 or MB99) and
the object (Arcturus or p Leo). The best estimates of (¢, [X/H]) for individual atoms (listed in Table 4) are indicated by filled
triangles, and the contours indicate the ranges around the best estimate encircling 68.26 % (inner) or 95.44 % (outer) of the
bootstrap samples. The best estimates and contours are presented in different colors for different elements: Fe in black, Si in
red, and Ti in blue. For the analysis with VALD, the results with the non-LTE corrections included (also listed in Table 4) are
indicated by ‘x’ markers. Open circles for Si and Ti indicate the best estimates with £ fixed to that obtained for Fe (listed in

Table 5).

low EPs only, for the £ estimation (see the simulation
described in Appendix B concerning the number of lines
required for the bootstrap analysis). Moreover, we did
not apply the method for determining ¢ with the line of
the other elements (i.e., Mg I, Ca I, and Ni I) because
each of these elements give less than ~10 lines.
Considering the above situation, we fix £ to the one
determined for Fe I and use it for other elements, which
is a standard procedure of the classical analysis involved
with the depth-independent £. Moreover, the abun-
dances measured with the same approach should be used

together in discussions about the features on [Fe/H]-
[X/Fe] diagrams, and it is more common to fix £ to the
one estimated with Fe I lines. The depth dependency
of £ is an important and interesting issue. Still, the
primary purpose of this paper is the line identification,
neither determining the depth-dependent & nor precise
calibration of the oscillator strengths of individual lines.

3.3. Abundances of the siz elements and iron

In the following analysis, we used the & that we ob-
tained with Fe I lines without the non-LTE effect cor-
rected to measure the abundances of the six elements
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0.6 Table 5 lists the number, N, of the lines with which
B 04l + ] we measured [X/H] together with the standard devia-
) % +}$g s tion (SD) and the interquartile range (IQR) of the N
'E 02 r " \$\ ] values for each combination of line list and object. Fig-
300 SR Ao .- \ﬁ\ T O ure 6 shows box plots of derived abundances. We took
- oft ] the median of the N values as the best estimate of the
-0.2 =~ ‘ ‘ ‘ ‘ ‘ ‘ abundance. To estimate its error, we took a bootstrap
08 -06 04 -02 0 02 04 06 approach; we generated 10000 bootstrapping samples of
[Fe/H] (dex) the N values and calculated the SD of the 10000 median
values from individual bootstrapping samples. This SD,
0.6 T T Anmed, is considered as the statistical error of the final
% 04l \% *§ 1 [X/H]. We obtained these estimates for seven elements,
<) z L.t including Fe I (Table 5). It is worthwhile to note that
<> 02F % t#\ ] both SDs and IQRs are large for many combinations
E ool N Q\ 1y ] of line list and object, IQR 2 0.15 dex for Arcturus and
— ’ *ﬁ IQR 2 0.25dex for 1 Leo. Moreover, the ratio of IQR to
—0.2 ‘ ‘ : ‘ : SD is expected to be 1.35 for the Gaussian distribution,
-08 -06 -04 -02 0 02 04 06 but the ratios in Table 5 are not normal for some com-
[Fe/H] (dex) binations. These suggest that the loggf values in the
current lists are not sufficiently precise, and the errors
Figure 5.  Comparison of the abundances of Arcturus for some lines are particularly large, leading to outliers.

and p Leo derived by using different methods and line lists
on the [X/Fe]-[Fe/H] diagrams. The results based on the
VALD3 lines are illustrated in blue, and those based on the
MB99 lines in red. The two objects have distinctly differ-
ent metallicities (Arcturus being metal poor), and the same
markers are used for both of them within each panel. Filled
triangles indicate the results with the microturbulences es-
timated for individual elements with all the available lines
used, while the VALDS3 lines for which the non-LTE effects
were taken into account were used for the results indicated
by ‘x> marker (Table 4). The microturbulences were fixed
to those obtained with Fe I lines to give the results indicated
by open circles (Table 5). Small ‘4’ markers indicate the lit-
erature results for the two objects (references given in text).
The gray small dots indicate the abundances of red giants
with the APOGEE and Kepler data obtained by Hawkins
et al. (2016). Two error bars are given to each point for
representing A¢or in [Fe/H] (sloped) and A¢ot in [X/H] (ver-
tical). The total error, Aot (Equation 4), is explained in
Section 3.3.

(Mg1,SiI, Cal, Til, CrI, and NiI) as well as Fe I. For
each combination of the object (Arcturus and g Leo)
and the line list (VALD3 or MB99), we made the MP-
FIT measurements with the ¢ obtained for Fe I (Ta-
ble 4). Tables 1 and 2 list thus obtained abundances
with individual lines selected for each combination. The
flags of (w) or (b) are given to the lines that were not
selected because they are weak or blended (according to
B1 and f3). The abundances of the lines with the (s)
flag were not measured because they are selected but
deeper than 0.35 in depth, while the flag of (*) is given
to SiI 10407.037 in the case of pu Leo (see Section 3.1).

We will come back to this point in Section 3.4.

We also estimated how much the uncertainties in the
stellar parameters (Teg, log g, [M/H], and &) affect the
estimates of the abundances. We adopt the error in
each parameter from Heiter et al. (2015) as the offset,
op, given in Table 6. To evaluate the effects of chang-
ing these parameters, we added positive and negative
offsets to each parameter of the atmosphere models one
by one. For each offset, we ran MPFIT and measured
how much the abundance of each line is altered by the
offset. We then took the median of the relative changes
as the impact of each parameter on the abundance, A,
where p is one of the stellar parameters. If the sizes of
the positive and negative offsets are different from each
other, we consider the root-mean-squares for o, and/or
Ap; e.g., o¢ tends to be asymmetric, and o¢ and Ag
in Table 6 are the root-mean-squares. Figure 7 shows
the A, corresponding to the positive o, offsets of each
parameter for Arcturus with VALD3 used for the mea-
surements. The size of A, varies with the element, and
the sign of A, also differs from one element to another
in the case of Ar,. The trends of A, seen in Figure 7
are similar in the other combinations of line list and ob-
ject. The trends for individual elements are described
in Appendix A.

The trend of Ajye4 is noteworthy. This dependency
on log g is very small for Ca I, Ti I, and Cr I, in par-
ticular, while it is non-zero for other elements. For the
three elements, the first ionization stage dominates in
the entire range of line-formation layers relevant to this
study, and the line absorption coefficient (I,,) is expected



Table 5. Abundances Obtained Based on the Two Line
Lists

Atom List N SD IQR [(X/H]
(dex) (dex) (dex)
Arcturus

Mgl VALD3 10 0.235 0.264 —0.176£0.074
Mgl MB99 6 0.100 0.056 —0.173 £ 0.042
Sil  VALD3 31 0.220 0.298 —0.280 + 0.056
Sil MB99 34 0.179 0.295 —0.157 £ 0.047
Cal VALD3 11 0.177 0.149 —0.370+£0.040
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Cal MB99 7 0.378 0.120 —0.218£0.116
Ti1 VALD3 34 0.120 0.107 —0.265+0.022
Til MB99 28 0.309 0.206 —0.047 £ 0.041
Cr1  VALD3 18 0.262 0.161 —0.608 £ 0.032
CrI  MB99 14 0.094 0.104 —0.443 4+0.030
Fel ~VALD3 66 0.196 0.174 —0.626+0.018
Fel MB99 53 0.100 0.120 —0.456 £+0.018
Nil  VALD3 9 0.151 0.232 —0.581+0.070
Nil MB99 3 0.125 0.143 —0.363£0.119
w Leo

Mgl VALD3 9 0426 0.256 0.307£0.122
Mgl MB99 7 0.384 0.105 0.166 £0.115
Sil  VALD3 34 0.293 0.384 0.301 £0.042
Sil MB99 36 0.313 0.284 0.403 £ 0.044
Cal VALD3 13 0.278 0.216 0.277 £0.054
Cal MB99 20 0.239 0.213 0.341 £0.034
Til VALD3 36 0.433 0.341 0.330£0.058
Til MB99 31 0.243 0.332  0.454 £+ 0.047
CrI VALD3 25 0.234 0.316 0.248 +0.052
Crl MB99 21 0.203 0.236 0.361 £ 0.054
Fel VALD3 84 0.309 0.353 0.205+0.033
Fel MB99 68 0.167 0.247  0.295 £+ 0.027
Nil VALD3 11 0.405 0.602 0.383 £0.182
Nil MB99 7 0391 0.774 0.067 £ 0.279

NoTE— For each combination of line list and object, N
lines were used for the abundance measurements with
the microturbulence, ¢, fixed. The abundances from N
individual lines, showing the standard deviation (SD)
and the interquartile range (IQR) in the table, were com-
bined to obtain the final abundance, [X/H], and its error.

to be proportional to the electron pressure. The contin-
uum absorption coefficient (k,) is also proportional to
the electron pressure around T of our targets because
it is dominated by the negative hydrogen (H™). Then,
the line depths (=~ [, /k,) are expected to be insensitive
to the electron pressure and to the surface gravity as
suggested by the small Ao 4 (Gray 2005; see, also, Jian

Figure 6. Box plots of abundances derived with individual
lines for each combination of object and line list. The lower,
middle, and upper lines of a box indicate the quartiles (the
25 percentile, the median, and the 75 percentile). The upper
and lower extremes of the whiskers indicate the thresholds
of the outlier detection, and black filled circles indicate the
outliers (discussed in the text). Crosses and squares indicate
the abundance ratios reported by Smith et al. (2013) and
Jofré et al. (Jofré et al. 2014 for Fe and Jofré et al. 2015 for
the other elements), respectively.

et al. 2020). In case of other elements, in contrast, weak
lines are formed in more ionized layers (the ionization
fraction ~60 to almost 100 %), while the ionization frac-
tion drops significantly, down to a few percent in some
cases, in the forming layers of strong lines. This results
in the non-zero dependency on log g. This explains the
Alog g presented in Figure 7 well.

Combining the A, values with the statistical error
(Aped) estimated with the bootstrap analysis, we cal-
culated the total error, Ao, by

At0t2 - Achf2 + Alogg2 + A[M/H]2 + A§2 + Amcd2(4)

where we ignored the covariant terms as we did in Pa-
per 1. The stellar parameters used for Figure 2 of Paper [
show no clear correlation between any two of them (T,
log g, [M/H], and ). The results are given in Table 6.

3.4. Comparison with previous results

Figure 8 compares our two estimates of [X/H] based
on the VALD3 and MB99 for each element with those
reported by Smith et al. (2013) and Jofré et al. (2014;
2015). The former study used H-band spectra, whereas
the latter used optical spectra. The total errors, Ao
in Table 6, are used for the error bars for our results.
The errors we use for the results in Smith et al. (2013)
and Jofré et al. also combine statistical errors and sys-
tematic errors. The definition of the statistical errors
given in their works is, however, different from that of
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Table 6. Effects of Stellar Parameters and Abundance Errors

A, op MgI Sil Cal Ti1 Crl Fel Nil
Arcturus with VALD3
Ar g +35K +0.001 F0.029 +0.015 +0.060 +0.038 +0.003 =F0.011
Alog g +0.06 dex +0.001 +£0.014 F0.000 +0.002 +£0.001 +£0.011 =+0.015
Aqny/n] +0.08 dex +0.021 £0.022 F0.003 F0.003 F0.001 +£0.014 =+0.019
A +0.08km s™'  F0.005 F0.020 F0.009 F0.022 F0.017 F0.030 F0.019
Amed — 0.074 0.056 0.040 0.022 0.032 0.018 0.070
Aot — 0.077 0.071 0.044 0.068 0.052 0.039 0.077
Arcturus with MB99
A7 +35K +0.000 F0.030 +£0.015 +£0.062 =£0.037 =£0.008 =0.010
Alogg 40.06 dex +0.003 =+0.015 =F0.001 +£0.003 =£0.001 40.011 40.017
Aqny/m) +0.08 dex +0.019 40.023 F0.003 F0.003 F0.001 4+0.014 =+0.018
A +0.13km s~'  F0.012 F0.016 TF0.005 TF0.015 F0.011 F0.019 F0.031
Aned — 0.042 0.047 0.116 0.041 0.030 0.018 0.119
Atot — 0.048 0.064 0.117 0.076 0.049 0.032 0.126
w Leo with VALDS
AV +60 K F0.008 F0.059 +£0.025 =£0.082 +£0.051 F0.009 F0.026
Alog g +0.09 dex +0.001 +£0.021 F0.005 +0.003 +0.004 +0.016 =+0.022
ANSY9ITY +0.15dex +0.033 £0.043 F0.006 +0.001 +0.008 +£0.032 +0.043
A +0.12km s™'  F0.008 F0.026 F0.023 F0.048 F0.061 F0.053 F0.050
Aned — 0.122 0.042 0.054 0.058 0.052 0.033 0.182
Aot — 0.127 0.090 0.064 0.111 0.095 0.073 0.197
w Leo with MB99

AT +60 K F0.007 F0.060 +0.025 =+0.085 =£0.051 F0.008 =F0.022
Alog g +0.09 dex +0.002 +£0.025 F0.003 =£0.004 =£0.004 +£0.020 =+0.026
Aqny/m) 40.15dex 4+0.041 =+0.039 =+£0.001 +£0.000 =£0.008 =40.031 40.041
Ag +0.18km s~'  F0.020 F0.021 F0.006 TF0.029 TF0.031 F0.036 F0.004
Amed — 0.115 0.044 0.034 0.047 0.054 0.027 0.279
Aot — 0.124 0.090 0.043 0.101 0.081 0.059 0.284

NoOTE— In the first four lines for each combination of the object and the line list, o, indicates the error, in the parameter p,
that was used for estimating A, i.e., the effect of p on the abundance [X/H]. In the last two lines, A,eq indicates the error
in Table 5, and Ayt is the total error estimated with Equation 4.

ours. Their statistical errors are the SDs of abundances
from individual lines. Their SDs tend to be significantly
smaller than the SDs in Table 5. This can be ascribed
to the difference in the line selection and the quality of
log g f values; we have not selected the lines on the basis
of the accuracy of log gf. The astrophysical calibration
of the log g f values remains to be done, desirably, for red
giants with each of the abundance-analysis tools. As for
the systematic errors, all of these works estimated the
effects of stellar parameters and, for all the points in
Figure 8, we combined A,, in our notation, of the four
parameters (Tog, log g, [M/H], and &) by the square root
of sum of squares without the covariant terms taken into
account.

Quantitative analysis on the accuracy of loggf, or
their re-calibration, is outside the scope of this paper.
Still, we can identify the lines that seem to have log g f
with larger errors than other lines, and give caution flags
to them. SiI, TiI, CrI, and Fe I have more than 20 lines
selected, and we identified outliers among their lines by
considering the IQR rule. Let 25, ¢50, and g75 denote
the quartiles of the [X/H]; gso corresponds to the me-
dian, and the IQR is given by g75 — g25. We here use the
1.5xIQR rule for the outlier detection, i.e., the derived
abundance of a line is judged as an outlier if it is smaller
than go5 — 1.5IQR or larger than g75 + 1.5 IQR. In con-
trast, the numbers of lines are small for Mg I, Ca I, and
Ni I, and we use g59 + 0.5 dex as the thresholds of out-
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Figure 7. The effects of changing stellar parameters on the
abundance of Arcturus measured with the VALD3 lines. The
effects were measured by changing each parameter at a time,
and Apy shown in this plot (also see Table 6) indicates how
much [X/H] changes with the positive offset in the parameter
p, +35 K in Teg (red circles), +0.06 dex in log g (green trian-
gles), +0.08 dex in [M/H] (blue squares), and +0.14km s™!
in £ (orange crosses).
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Figure 8. The final abundances of Arcturus and p Leo

based on VALD3 (blue) and MB99 (red). Their statistical
errors in Table 5 and the total errors in Table 6 are drawn in
the bright colors and pale colors. Black crosses and squares
indicate the values reported by Smith et al. (2013) and Jofré
et al. (Jofré et al. 2014 for Fe; Jofré et al. 2015 for the other
elements), respectively. The definitions of the error bars are
given in the text.

liers. For each line in a given line list, the flag is given
as follows. We combine the number of objects for which
the abundance was measured (Nop;) and the number of
measurements found to be outliers (Noyut) and give the
flag, Nout/Nob;. If the line was not used for the abun-
dance measurement, with the flags such as (w) and (s),
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Figure 9. Abundances of Arcturus (metal-poor) and ;. Leo
(metal-rich) derived with different line lists (VALD3 pre-
sented in blue and MB99 in red). The microturbulences
were fixed to those obtained with Fe I lines for deriving
the abundances of all the elements, including Fe. Black
crosses and squares indicate the values reported by Smith
et al. (2013) and Jofré et al. (Jofré et al. 2014 for Fe; Jofré
et al. 2015 for the other elements), respectively. For each
point of ([Fe/H], [X/H]), two error bars are given to represent
the effect of Ago([Fe/H]) (sloped) and that of Aot ([X/H])
(vertical). The gray small dots indicate the abundances of
red giants with the APOGEE and Kepler data obtained by
Hawkins et al. (2016).
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for an object, it is not included in Ngp,; and the outlier
detection was not performed. Thus-determined flags are
given in Table 1 and 2. The flag of ‘2/2’ suggests that
the abundances derived for both objects are judged as
outliers, indicating that the loggf of such a line has a
large error. For example, Ca I 12816.05 was judged as an
outlier in all cases, the log gf of this line in both VALD3
and MB99 are considered to be rather inaccurate. We
gave non-zero flags (i.e., Noyt # 0) to 21 lines in VALD3
and 11 lines in MB99. We added the colon mark (:) to
the abundances judged as outliers in Table 1 and 2.
Concerning the systematics of the abundance scales
based on the two line lists, the [X/H] based on MB99
are systematically higher than the counterparts with
VALD3 by 0.1-0.2 dex for both objects except Mg I and
Ni I for which the numbers of available lines are small.
Roughly speaking, the best estimates in Figure 8 agree
with each other allowing for scatters of ~0.2dex. Fig-
ure 9 compares our estimates with the abundance trends
on the [X/Fe|-[Fe/H] diagrams reported by Hawkins et
al. (2016), who measured the abundances of disk stars.
VALD3 and MB99 place Arcturus and p Leo at slightly
different positions, but the results are still consistent
with the trends of disk stars as expected (e.g., Smith et
al. 2013). While the difference of the metallicity scales is
not negligible, 2> 0.1 dex different in [Fe/H], we cannot
select one of them based on the comparison in Figure 9.

4. CONCLUDING REMARKS

We identified absorption lines of six elements (Mg I,
Sil, Cal, Til, Crl, and NiI) that appear in the z'Y J-
band spectra of red giants and are relatively isolated.
From the large compilations of VALD3 and MB99, ~10
(for Ni I and Mg I) to over 30 (for SiI and TiI) lines
were selected for each element. Some detailed discus-
sions on the selected lines for each element are given in
Appendix A. These lines combined with >50 Fe I lines
reported in Paper I are useful for the abundance analy-
sis of red giants with 2'Y J-band spectra, which will be
particularly important for obtaining the precise metal-
licities of stars obscured by severe interstellar extinction
that hampers optical spectroscopy.

With the abundance analysis making use of classical
1D LTE atmospheric models (ATLASY in our case), the
microturbulence, ¢, is a crucial parameter required for

obtaining accurate results. We measured ¢ that gives
[X/H] independent of line strength for each of Si I and
Ti 1. They are slightly higher than those determined
for Fe I, and the differences in & are large enough to
give significant impacts on the abundances, 0.1-0.2 dex.
Therefore, unless it turns out that a common & can be
used for every element, finding a good & for each ele-
ment will be an essential step in order to improve the
accuracy of the abundance measurements in the future.
Another vital error source is the systematics of the oscil-
lator strengths given in the two line lists. VALD3 and
MB99 tend to give slightly different abundances, 0.1-
0.2 dex higher if the MB99 is used. The scatters of the
abundances in previous studies prevent us from judging
which of VALD3 and MB99 gives more accurate results.
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APPENDIX

A. LINES SELECTED FOR INDIVIDUAL
ELEMENTS
1. Mg I (Magnesium, Z = 12)— 12 and 8 Mg I lines
from VALD3 and MB99, respectively, are included

in our line lists. Mg I 11820.982 in VALD3 was
listed up with the synthetic spectra but not in-
cluded because its absorption was not confirmed
in the observed spectra. All the 8 lines from MB99
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are also included in the VALD3 list. The EPs of 11
lines are high, > 5.9eV, but Mg I 11828 has a low
EP, ~4.35¢eV though it is too strong to be used for
our abundance measurements. The abundances
estimated with individual lines tend to show a
large scatter, but the median values are consistent
with the literature values within the errors. Er-
rors in the stellar parameters have relatively small
impacts on the measurements of [Mg/H].

. SiI(Silicon, Z = 14)— 56 Si I lines are included in
our lists in total, 50 lines from VALD3 and 49 lines
from MB99 (43 lines being selected from both).
All these lines have relatively high EPs, 2 5eV.
Their depths cover a wide range from shallow to
deep, and several lines are too strong to be used for
the abundance measurements. The abundances
with individual lines show large scatters, but the
resultant abundances and the errors are compara-
ble with those in the literature. [Si/H| obtained
with VALD3 are slightly lower, by ~0.1 dex, than
those obtained with MB99.

. Ca I (Calcium, Z = 20)— 15 lines are selected
from VALD3, while 17 lines are selected from
MB99. There are 10 lines in common, of which
Ca 1 10343 in both lists is too strong to be used
for the abundance measurements. More than half
of the MB99 lines are too weak in Arcturus but
are measurable in g Leo. Ca I 12816 has highly
inaccurate log g f values, by more than 0.5 dex, in
the two lists, but other lines lead to reasonable
estimates of [Ca/H]. The abundances estimated
with VALD3 are lower than those with MB99 by
0.1-0.15 dex.

. Ti I (Titanium, Z = 22)— In total, 54 Ti I lines
(50 lines from VALD3 and 34 from MB99) are in-
cluded in our lists in total. Most of them have
EPs lower than 2eV except a few with EP ~ 4¢eV.
The strengths range from weak to very strong over
the limit, 0.35 in depth, beyond which we did not
perform the abundance measurements. The de-
pendency of derived [Ti/H] on Teg and also on &
is strong. The abundances estimated with VALD3
are lower than those with MB99 by 0.1-0.2 dex.

. Cr I (Chromium, Z = 24)— 25 and 21 Cr I lines
are selected from VALD3 and MB99, respectively,
with 19 lines in common and 27 lines in total.
There are not very strong lines, i.e., no Cr I line
is deeper than 0.35 in either Arcturus or p Leo,
while several lines are too weak in Arcturus. The
dependency of derived [Cr/H] on T, is relatively

VALD MB99
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Figure 10. The simulation results on the bootstrap anal-
ysis with different numbers, N, of lines available. The pa-
rameters are described in the text. Here presented is the
case of Arcturus (ean = 0.14km s™1 for VALD3, 0.09km s~ *
for MB99), and the left three panels plots the results with
VALD3 and the right panels those with MB99.

strong. The abundances estimated with VALD3
are lower than those with MB99 by 0.1-0.15 dex.

6. NiI (Nickel, Z = 28)— 15 Ni I lines (13 and 7 from
VALD3 and MB99, respectively) are included in
our line lists. No line is stronger than the limit of
0.35 in depth, but a few lines are too weak in Arc-
turus. The line sets used for the combinations of
line list and object tend to be different. The abun-
dances from individual lines show large scatters,
especially for o Leo, leading to the large errors in
the final [Ni/H], 0.1-0.3 dex, combined with the
small line numbers.

B. SIMULATIONS OF BOOTSTRAP

We performed a simulation for investigating how many
lines are required to derive the microturbulence, £, and
abundance, [X/H], simultaneously with the bootstrap
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method. For this purpose, we used Fe I lines in Ta-
ble 1 and 2, but excluded those with flags such as (s)
and (w) in either of Arcturus or pu Leo. We found 60
VALD3 lines and 50 MB99 lines to use, and we repeat
the following analysis for the four combinations of object
(Arcturus or u Leo) and line list (VALD3 or MB99). Let
the set A indicate this starting line set (the number of
lines being Naj = 60 for VALD3 and 50 for MB99). We
first ran the bootstrap analysis for this set A, and com-
pare this result, £y & eay, with the results with fewer
lines as follows. As simulation sets of fewer lines, we
repeated the random selection of IV lines among those
in the set A without duplication 1000 times for each N
(N takes 10, 15, 20, - -, 40). Each set of N lines gives
an estimate of £(j) together with the 1o error range,
[€(j) —e— : &(j) + ey], where j varies from 1 to 1000.

(6?7 + e§+)/2.
We thus obtained 1000 e(j) values and calculated their

The error in £(j) is given by e(j) =

mean as the measure of the typical error (denoted as ey )
obtained with NN lines. In addition, the standard devi-
ation of the 1000 £(j), denoted as oy, indicates how
much the selection of N lines could affect the resultant
microturbulence. Figure 10 shows these results for Arc-
turus. Both ey and oy increase with decreasing N,
as expected; the determination of ¢ (and [X/H]) suf-
fers from larger uncertainties if fewer lines are available.
When the number of lines gets as small as 15-20, the
statistical uncertainty (e ) becomes 1.5-2 times as large
as eay. In addition, the effect of the line selection (o)
becomes as large as the statistical uncertainty, which
means that the £ we get is significantly affected by the
systematic error caused by which lines are actually avail-
able and also by the precision of oscillator strengths of
the particular line set. We therefore suggest that the
bootstrap method of determining £ and [X/H] together
requires ~20 lines at least, but this limit depends on the
precision of loggf.
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Table 1 (continued)

Aair Atom EP loggf Arcturus p Leo flag

Table 1. Lines Selected from VALD3 and Abundances

(A) (eV) (dex) (dex) (dex)

Aair Atom  EP  loggf Arcturus pLeo flag  9889.0351 Fel 5.0331 —0.446 —0.45 0.30  0/2
(A) (eV) (dex) (dex) (dex) 9927.3506  Til  1.8792 —1.290 —0.30 041 0/2
9117.1309 Fel 2.8581 —3.454  —0.37 0.36  0/2 093T.0808  Fel —4.5931  —2.442 (w) 012 0/1
0118.8806  Fel 2.8316 2115 ) ) 0/0 9944.2065 Fel 5.0117 —1.338  —0.39 0.10 0/2
9123.2029 TiT 3.1129 —0.619 —0.38 —1.84: 1/2 9969.1321 St 6.0787  —1.996 (w) 004 0/1
9146.1275 Fel 2.5881 —2.804 —0.61 —0.35 0/2 9980.4629  Fel 50331 —1.379  —0.52 053 0/2
02100240 Fol 928450 9400 065 © o1 9983.1880 Mgl 5.9315 —2.153  —0.07 0.31  0/2
06021301 Fel 50117 —1.744 (W) 011 o)1 9997.9591 Til 1.8732 —1.560 —0.17 023  0/2
0638.3043  Ti1 08484 _0.612 ©) ©  0/0 10003.088 Til 21603 —1.210 —0.26 0.37  0/2
06473700 Ti1 08181 1434 ©) ©  0/0 10005.664 TiT 1.0666 —3.650 (w) 032  0/1
06531147 Fel 47331 0684 061 031 02 10011.744 Til 21535 —1.390 —0.18 047  0/2
9657.2326  Fel 50856 —0.780 —0.65 —0.20 0/2 10034.491 1L 14601 —=1.770  —0.22 047 0/2
9667.2850 Crl 25438 —2.510 —0.05  0.81: 1/2 10041472 Fel 50117 —1.772 (w) 048 0/1
0670.5390  Crl  2.5143 1790 017 053 1/2 10059.904 Til 1.4298 —2.080 —0.30 0.33  0/2
06755433 Ti1  0.8360 —0.804 ©) ) 00 10061.245 Nil 5.4943 —0.401 (w) —0.11 0/1
06888720 Til 08129 —1.610 ©) ) 00 10065.045 Fel 4.8349 —0.289  —0.62 026  0/2
0705.6640  Til  0.8259 —1.009 ©) ©  0/0 10066.512 Til 2.1603 —1.850  —0.09 0.50  0/2
0718.0596  Ti1 15025 1181 021 042 02 10068.329 SiI  6.0986 —1.318 —0.34 0.04 0/2
0798.4060  Til 08181 —1.206 ©) ©  0/0 10080.350 CrI  3.5558 —1.272 (b) 021 0/1
9730.3160 Crl1 3.5505 —0.770  —0.58 0.65 0/2 10081.393  Fel = 24242 —4.537  —0.41 031 0/2
97345630 Crl 25438 —1.950 —0.06  0.70: 1/2 10083.180  Cr1 35561 —1.720 (w) —014 071
97385725 Fel 4.9913 0.150  —0.54 0.00 0/2 10114.014 - Fel 27586 —3.692  —0.62 (b) 071
0743.6050 Til 08129 —1.306 ©) ©  0/0 10124.930  Sil  6.1248 —2.035 (w) 0.50 0/1
9753.0906 Fel 4.7955 —0.782 —0.60 —0.30 0/2 10145.561  Fel 47955 —0.177  —0.60 (b) 071
07703011 Til 08484 1581 ©) ) 0/0 10155.162 Fel 21759 —4.226  —0.63 0.18  0/2
07733530 Cri 35561 1550 (W) 004 o)1 10167.468 Fel 21979 —4.117  —0.55 0.35 0/2
0787 6874 Ti1 0.8250 1444 ©) b 00 10189.146  Til 1.4601 —3.100 (w) 0.48 0/1
0701 6083 TFeol 9.0004 4993 (W) 030 o)1 10193.224 Nil 4.0893 —0.656  —0.58 043  0/2
08003075 Fel 50856 —0453 096 —016 0/2 10195.105 Fel 2.7275 —3.580  —0.57 0.38 0/2
08115041 Fel 50117 1362 037 034 02 10216.313  Fel 4.7331 —0.063 —0.55 0.40  0/2
0820.2408  Fel 94242 5073 (W) 003 01 10218.408 Fel 3.0713 —2.760 —0.57 0.58  0/2
9828.1320 Mgl 59328 —1.890 —0.81  0.71: 1/2 10227.994  Fel 61189 —0.354 (w) 043 0/1
08321307 Til 18871 1130 091 b o 10265.217  Fel 22227 —4.537  —0.61 0.07  0/2
03617337 Fel 50638 0142 070 b o1 10273.684 Cal 4.5347 —0.636 —0.33  —0.44: 1/2
08681857 TFel 50856 _0.979 040 067 02 10288.944 SiT  4.9201 —1.511  —0.54 026  0/2
08705830 Ti1 18732 2400 092 012 02 10299.290 MgI 6.1182 —2.076 —0.13  —0.73: 1/2

Table 1 continued
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Table 1 (continued) Table 1 (continued)

Aair Atom EP loggf Arcturus p Leo flag Aair Atom EP loggf Arcturus p Leo flag

(A) (eV) (dex) (dex) (dex) (A) (eV) (dex) (dex) (dex)
10302.611 Nil 4.2661 —0.881  —0.64 0.38 0/2 10672.140 CrI 3.0133 —1.354  —0.67 0.35 0/2
10307.454 Fel 4.5931 —2.067 —0.94 —-0.20 0/2 10674.070 Fel 6.1692 —0.466 (w) 042 0/1
10312.531 Mgl 6.1182 —1.730 0.00 049 0/2 10677.047 TiI 0.8360 —2.522  —0.38 0.19 0/2
10313.197  SiI  6.3991 —-0.886  —0.52 032 0/2 10689.716  SiI  5.9537 —0.120 —0.03 0.64 0/2
10330.228 Nil 4.1054 —0.982 —0.53 0.69 0/2 10694.251 Sil  5.9639 0.048 —0.10 0.71 0/2
10340.885 Fel 2.1979 —-3.577  —0.50 0.31 0/2 10717.806 Fel 5.5392 —0.436 —1.55: —0.89: 2/2
10343.819 Cal 2.9325 —0.300 (s) (s) 0/0 10725.185  Fel 3.6398 —2.763  —0.73 0.19 0/2
10347.965 Fel 5.3933 —0.551  —0.74 0.39 0/2 10726.391 Til 0.8129 —2.064 —0.20 051 0/2
10353.804 Fel 5.3933 —0.819  —0.69 0.16 0/2 10727.406  SiI  5.9840  0.217 —0.07 0.63 0/2
10360.578 Fel 5.5188 —1.403 (w) —-0.51 0/1 10732.864 TiI 0.8259 —2.515  —0.27 047 0/2
10371.263  SiI  4.9296 —0.705  —0.33 024 0/2 10749.378  Sil  4.9296 —0.205 (s) (s) 0/0
10388.744 Fel 5.4457 —1.468 (w) 0.38 0/1 10753.004 Fel 3.9597 —1.845 —0.77 0.18 0/2
10395.794 Fel 2.1759 —3.393  —0.57 0.13 0/2 10762.255 Nil 4.1536 —2.165 (w) 0.97: 1/1
10396.802 Til 0.8484 —1.539 (s) (s) 0/0 10770.134  Sil  6.6192 —1.253 (w) 0.46 0/1
10407.037 SiI  6.6161 —0.597 —0.5: *) 1/1 10771.228 Fel 5.5869 —1.285 (w) -0.24 0/1
10414913 SiI  6.6192 —1.137 (w) -0.26 0/1 10774.866 TiI 0.8181 —2.666  —0.30 0.34 0/2
10416.620 CrI 3.0128 —2.508 (w) 0.16 0/1 10780.694 Fel 3.2367 —3.289 —0.84 —0.08 0/2
10435.355 Fel 4.7331 —1.945 (w) 0.39 0/1 10783.050 FelI 3.1110 —2.567 -0.71 0.09 0/2
10469.652 Fel 3.8835 —1.184 —0.62 0.48 0/2 10784.562  Sil  5.9639 —0.839 —0.18 0.40 0/2
10486.250 CrI 3.0106 —0.949  —0.62 042 0/2 10786.849  Sil  4.9296 —0.303 (s) (s) 0/0
10496.113 Til 0.8360 —1.651 (s) (s) 0/0 10796.106  Sil  6.1807 —1.266  —0.41 0.30 0/2
10510.010 CrI 3.0133 -1.535 —0.71 0.08 0/2 10801.360 CrI 3.0111 -1.562  —0.80 026 0/2
10517.511  SiI  6.7271 —1.038 (w) 0.04 0/1 10816.910 CrI 3.0128 —-1.894 —0.54 0.38 0/2
10530.514 NiI 4.1054 -1.189  —0.49 055 0/2 10818.274 Fel 3.9597 —1.948  —0.67 0.48 0/2
10532.234 Fel 3.9286 —1.480 —0.64 0.19 0/2 10821.660 Cr1  3.0133 —1.520 —-0.71 0.06 0/2
10535.709 Fel 6.2057 —0.108 (w) 0.33 0/1 10827.088  Sil  4.9538  0.302 (s) (s) 0/0
10550.100 CrI 3.0111 —2.629 (w) 041 0/1 10838.970 Cal 4.8775 0.238 —0.41 028 0/2
10555.649  Fel 5.4457 —1.108 (w) —0.09 0/1 10843.858 Sil  5.8625 —0.112 0.11 0.80 0/2
10565.952  Til 2.2363 —1.777 —0.6: 0.07 1/2 10847.633  Til 0.8259 —3.922  —0.65: —0.48: 2/2
10577.139 Fel 3.3014 —-3.136  —0.57 0.53 0/2 10861.582 Cal 4.8767 —0.343 (w) 023 0/1
10582.160  SiI  6.2227 —1.169  —0.24 0.30 0/2 10863.518 Fel 4.7331 —-0.895 —0.67 024 0/2
10585.141  Si1  4.9538  0.012 (s) (s)  0/0  10869.536 SiI 5.0823 0.371 (s) (s)  0/0
10603.425  Sil  4.9296 —0.305 (s) (s) 0/0 10881.758 Fel 2.8450 —3.604  —0.44 0.59 0/2
10607.718 Til 0.8484 —2.697 —0.41 020 0/2 10882.809 Sil  5.9840 —0.815 (b) 0.31 0/1
10611.686 Fel 6.1692 0.021 —0.56 0.56 0/2 10884.262 Fel 3.9286 —1.925 —0.70 0.10 0/2
10616.721 Fel 3.2671 —3.127  —0.72 0.09 0/2 10885.333  Sil  6.1807  0.221 —0.37 0.40 0/2
10627.648 Sil  5.8625 —0.866 0.44: 1.32:  2/2 10891.307 Nil 4.1672 —1.246 —0.47 (b) 0/1
10647.640 CrI 3.0106 —-1.582  —0.70 0.19 0/2 10896.299 Fel 3.0713 —-2.694  —0.83 0.01 0/2
10660.973  Sil  4.9201 —0.266 (s) (s) 0/0 10905.710 Cr1  3.4379 —0.561 —0.52 0.31 0/2
10667.520 CrI 3.0128 —1.481  —0.79 0.11 0/2 10953.320 Mgl 5.9315 —0.863 0.03 048 0/2
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Table 1 (continued) Table 1 (continued)

Aair Atom EP loggf Arcturus p Leo flag Aair Atom EP loggf Arcturus p Leo flag

(A) (eV) (dex) (dex) (dex) (A) (eV) (dex) (dex) (dex)
10979.308  Sil  4.9538 —0.524  —0.07 (s) 0/1 12190.098 Fel 3.6352 —2.330 —0.79 022 0/2
10982.058 SiI  6.1910 0.104 —0.42 0.17 0/2 12213.336  Fel 4.6382 —1.845 —0.55 0.34 0/2
11026.788  Fel 3.9433 —2.805 —0.42 0.21 0/2 12216.579 Nil  5.2825 —0.513 —0.46 0.41 0/2
11053.512  Fel 3.9841 —3.311 (w) 0.23 0/1 12227112  Fel 4.6070 —1.368 —0.80 —0.01 0/2
11119.795 TFel 2.8450 —2.202 (s) (s)  0/0  12255.699 Til 3.9215 0.161 (w) —0.04 0/1
11130.028 SiI  6.2060 —0.194  —0.19 0.07 0/2 12270.692 Sil  4.9538 —0.396 (s) (s) 0/0
11135.958 Fel 5.3139 —1.718 (w) 0.96: 1/1 12283.298 Fel 6.1692 —0.537 (w) 027 0/1
11607.572 Fel 2.1979 —2.009 (s) (s) 0/0 12340.481 Fel 2.2786 —5.098 —0.24 055 1/2
11638.260 Fel 2.1759 —2.214 (s) (s) 0/0 12342916 Fel 4.6382 —1.463 —0.71 0.36 0/2
11640.941 SiI  6.2739 —-0.432  —0.20 026 0/2 12390.154  Si1  5.0823 —1.767  —0.42 0.37 0/2
11681.594 Fel 3.5465 —3.615 (w) 0.26 0/1 12395.832  Sil  4.9538 —1.644 —0.44 0.28 0/2
11689.972 Fel  2.2227 —2.068 (s) (b) 0/0 12417937 Mgl 5.9315 —1.664 —0.21 0.26 0/2
11715486 Fel 5.6424 —1.362 (w) 0.57 0/1 12423.029 Mgl 5.9320 —1.188  —0.25 (b) 0/1
11725.562 Fel 5.6989 —1.096 (w) -0.23 0/1 12433.452 Mgl 5.9328 —0.967 —0.43 (b) 0/1
11759.570 Cal 4.5313 —0.878 (w) 0.13 0/1 12457.132 Mgl 6.4314 —2.260 (w) 087 1/1
11767.481 Cal 4.5322 —-0.536  —0.48 028 0/2 12532.840 CrI 2.7088 —-1.879  —0.62 028 0/2
11780.542 Til 1.4432 —-2.170 —0.31 —0.02 0/2 12556.996 Fel 2.2786 —3.626 —0.82 —-0.19 0/2
11783.265 Fel 2.8316 —1.574 (s) (s) 0/0 12583.924  SiI  6.6161 —0.462 —0.40 0.12 0/2
11793.043 Cal 45347 —0258 —0.22 055 0/2  12580.204 Sil 6.6161 —1.507  (w) (b)  0/0
11797.186  Til  1.4298 —2.280 —0.31 0.17 0/2 12600.277  Til  1.4432 —2.320 —0.32 0.10 0/2
11828.171 Mgl 4.3458 —0.333 (s) (s) 0/0 12615.928 Fel 4.6382 —1.517 —0.83 021 0/2
11854.238 Fel 5.6826 —1.306 (w) -0.23 0/1 12627.674 Sil  6.6192 —0.805  —0.47 0.09 0/2
11863.920 SiI  5.9840 —1.457  —0.28 0.30 0/2 12638.703 Fel 4.5585 —0.783  —0.72 022 0/2
11892.877 Til  1.4298 —1.730 —0.13 (b) 0/1 12648.741 Fel 4.6070 —1.140 —-0.63 0.08 0/2
11900.055 SiT  5.9639 —1.864 —0.03 0.57 0/2 12671.096 Til  1.4298 —2.360 —0.26 0.49 0/2
11927.838 Nil 4.2661 —2.105 (w) —-0.33 1/1 12738.383  Til 2.1747 —-1.280  —0.26 0.27 0/2
11955.955 Cal 4.1308 —0.849  —0.37 029 0/2 12743.264 Nil 5.2843 —0.452  —0.80 —-0.37 1/2
11973.046 Fel 2.1759 —1.483 (s) (s) 0/0 12744905 Til 2.4875 —1.280  —0.32 0.01 0/2
11984.198  SiI  4.9296  0.239 (s) (s) 0/0 12789.450 Fel 5.0095 —1.514  —0.72 0.03 0/2
11991.568  Sil  4.9201 —0.109 (s) (s) 0/0 12807.152  Fel 3.6398 —2.452 —0.61 0.26 0/2
12000970 CrI 3.4348 —2.068 (w) 0.06 0/1 12811.478 Til 2.1603 —-1.390 —0.23 0.37 0/2
12031.504  SiT  4.9538  0.477 (s) (s)  0/0  12816.045 Cal 3.9104 —0.765  0.17 0.82 2/2
12039.822 Mgl 5.7532 —1.530 —0.14 021 0/2 12821.672 Til 1.4601 -1.190 —0.05 082 1/2
12053.082  Fel 4.5585 —1.543  —0.63 0.05 0/2 12823.867 Cal 3.9104 —0.997 —0.42 (b) 0/1
12103.534  Sil  4.9296 —0.350 (s) (s) 0/0 12824.859 Fel 3.0176 —3.835  —0.22 (b) 1/1
12105.841 Cal 4.5541 -0.305  —0.48 0.06 0/2 12827.059 Cal 3.9104 —-1.478  —0.33 0.31 0/2
12110.659 SiI  6.6161 —0.136 —0.53 0.38 0/2 12831.445 Til  1.4298 —1.490 —0.09 0.84 0/2
12119.494 Fel 4.5931 —1.635 —0.69 0.18 0/2 12840.574 Fel 4.9556 —1.329 —0.81 (b) 0/1
12175.733  Sil  6.6192 —0.855 —0.28 0.41 0/2 12847.034 Ti1 14432 —1.330 —0.19 0.47 0/2
12178339  Sil  6.2694 —1.100 —0.15 0.56 0/2 12870.041 Mgl 6.5879 —1.530  —0.33 0.26 0/2
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Table 1 (continued)

Aair Atom EP loggf Arcturus p Leo flag

(A) (eV) (dex) (dex) (dex)
12879.766 ~ Fel  2.2786 —3.458 —0.63 0.17 0/2
12885200 Cal 4.4300 —1.164  (w) 007  0/1
12896.118 Fel 4.9130 —1.424 —0.74 —0.01 0/2

12910.090 Cr1 2.7079 —1.779 —0.58 023 0/2
12919.899 Til  2.1535 —1.560 —0.37 0.33 0/2

12921.810 CrI 2.7088 —2.743 (w) 0.18 0/1
12927477  Til  2.1535 —2.440 (w) —-0.27 0/1
12932.313 Nil  2.7403 —2.523 —-0.93 -0.02 0/2
12937.020 CrI 27099 —1.896 —0.66 0.07 0/2
12950.896  Til  3.4406 —0.569 (w) 044 0/1

12987.567 Til  2.5057 —1.550 —0.30 020 0/2
13006.684 Fel 29904 —3.744 —0.24 093 2/2
13011.897  Til  1.4432 —2.270 —0.30 042 0/2

13014.841 Fel 5.4457 —1.693  (w) 0.46 0/1
13033.554 Cal 4.4410 —0.064 —0.48 023 0/2
13039.647 Fel 5.6547 —0.731 —0.96 —0.47 0/2

13048.181  NiT 4.5379 —1.008 —0.65  0.34 0/2
13077.265 Til 14601 —2.220 —0.24 (b)  0/1
13086.027 SiT 6.0827 —1412 —0.62 (b)  0/1

13098.876 Fel 50095 —1.290 —0.83 —0.06 0/2
13102.057 SiI 6.0827 —0.309 —0.35 —0.07 0/2
13107.972  Fel 5.6693 —1.449  (w) —0.37  0/1
13134.942 Cal 44506 0.085  —0.37 044  0/2
13145.071 Fel 4.1426 —3.296  (w) 0.30  0/1

13147.920 Fel 5.3933 —0.814 —0.49 025 0/2
13152.743  Sil  4.9201 —2.504 —0.26 0.08 0/2
13176.888  SiI  5.8625 —0.200 —0.07 0.75 0/2
13201.150 CrI  2.7088 —1.834 —0.59 025 0/2

13212418 Nil 2.7403 —3.901 (W) (b)  0/0
13217.020 CrI 27099 —2.302 —0.59  0.65 0/2
13222523 Fel 5.6547 —1.278  (w) 0.03  0/1

13255.812  Til 2.2312 —2.119 —0.27 0.13  0/2

NoOTE— Here presented is the entire table which is also available as an
online material on the journal website.
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Table 2 (continued)

Aair Atom EP loggf Arcturus p Leo flag

Table 2. Lines Selected from MB99 and Abundances

(A) (eV) (dex) (dex) (dex)

Aair Atom EP loggf Arcturus p Leo flag 10371.27 Si1  4.93 —0.80 —0.06 0.40 0/2
(&) (eV)  (dex) (dex) (dex) 10395.80 Fel 218 —3.42 —0.61 —0.03 0/2
10003.09 Ti1 216 -1.32 —022 019 0/2 1039681 1L 085 —1.79 (s) 071 0/1
10011.74 Ti1 215 —154  —0.03 (b)  0/1 1040172 el 3.02 —4.56 (w) 025 0/1
10013.86 SiI 640 —173 (W) 017 01 10406.96 Si1  6.62 —0.77 —0.38  —0.14 0/2
10019.79 Fel 548 —1.44 (w) 0.30  0/1 10414.85  Sil - 6.62 —1.38 (w) 025 0/1
10032.86 Fel 551 —1.36  (w) 026 0/1 1041665  Cr1 301 -240  (w) ~ —010 0/1
10034.49 Til 146 -209  0.12 065 0/2 1043536 Fel 473 —211 (W) 045 0/1
1004147  Fel 501 184 (W) 051 o)1 10452.75 Fel 3.88 -230 —0.67 027 0/2
10059.90 Til 143 —240  0.02 0.54  0/2 1046966 Fel 388 -137 —043 042 072
10065.05 Fel 4.84 —0.57 —0.25 052 0/2 1048127 Cal 474 —0.83 (w) 035 0/1
10066.55 Til 216 —1.85 —0.10 047 0/2 1048622 Crl 301 -116  —0.40 046 072
10068.37 Si1 610 —1.40 —0.24 —0.12 0/2 10496.09 il 0.84  —1.91 (s) 049 0/1
10080.30 CrI 3.56 —145  (w) 0.30  0/1 10500.99 ~Crl 301 -178  —047 026 0/2
10081.39 Fel 242 —453 —043 0.8 0/2 1051614 Cal 474 —052 (W) 025 0/1
1009855 SiT 640 176 (W) 044 0/1 10530.52 Nil 411 -130 —0.36 058 1/2
1011402 Fel 9276 376 _0.52 o/ 10532.24 Fel 393 —176 —0.35 027 0/2
10145.57 Fel 4.80 —0.41 024 051 0/2 10550.06  Cr1 - 3.01  —2.66 (w) 047 0/1
10155.16 Fel 2.18 —4.36 —0.49  0.17 0/2 1095565 Fel 545 —1.59 (w) 016 0/1
10167.47 Fel 220 —4.26 —0.39 034 0/2 10565.97 il 224 =2.10 (w) 087 0/1
10189.13  Til 146 —327  (w) 0.61  0/1 1057714 Fel 830 -328 042 055 072
1019323 NiT 409 —081 —037 050 02 10582.17  Si1 622 —1.16 —027 024 0/2
10195.11  Fel 273 —3.63 —0.51 027 0/2 1058514 Sil - 4.95  —0.06 (b) (s)  0/0
10197.01  Cr1  2.99 —2.44 (w) —0.04 0/1 1060344 Sil - 4.93 037 0.21 (s) 071
10216.32 Fel 4.73 —0.29  —0.2: 0.62 1/2 1060773 T1L 085 =316 0.07 056 0/2
1021841 Fel 307 -293 —038 055 0/2 1061168 Fel 617 —009  —0.44  0.63 072
10230.78 Fel 587 —070  (w) 040  0/1 10616.72  Fel 327 -334 052 0.9 0/2
10249.15 Cal 4.53 —0.96 (w) 0.40  0/1 10627.65  Sil 586 =050 0.09 086 0/2
1025477 Cal 453 098 (W) 046 0)1 10647.65 Cr1 3.0l —178 —0.54 024 0/2
10265.22 Fel 222 —4.67 —047 013  0/2 1066097 SiT 492 —0.32 (s) () 0/0
10273.69 Cal 4.53 —0.76 (w) 0.16  0/1 10661.63  Tit 082 =207 —0.12 (b) 071
10288.94 SiT 492 —-171  —031 041 0/2 1066752 Crl 301 -169  —051 039 072
10299.24 Mgl 6.12 —2.06  (b) —-0.83: 1/1 1067214 Cr1 301 -157  —0.46 041 072
10301.41  Si1 610 —1.83 (w) 0.44  0/1 10677.05  Til 084 =290 0.02 045 0/2
1030745 Fel 450 945 (W) 017 o)1 10689.72  SiT 595 —0.09  0.06 0.73  0/2
1031252 Mgl 612 —L71  —017 025 02 10694.26  Si1 596 0.10  —0.09  0.62 0/2
1034089 Fel 220 365 040  0.16 02 10725.19 Fel 3.64 —298 —0.54 033 0/2
10343.83 Cal 2.93 —0.40 ©) ©  0/0 10726.39 Til 0.81 -231  0.02 049  0/2
10347.96 Fel 539 —0.82 —047 057 0/2 10727.42 - Sit 5.98 029 —0.19 042 0/2
10353.81 Fel 539 —1.09 (w) 0.33  0/1 1073287 Til 083 —282 001 054 0/2

Table 2 continued
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NEAR-INFRARED LINES OF SIX ELEMENTS IN ADDITION TO IRON 25
Table 2 (continued) Table 2 (continued)
Aair Atom EP loggf Arcturus p Leo flag Aair Atom EP loggf Arcturus p Leo flag
(A) (eV) (dex) (dex) (dex) (A) (eV) (dex) (dex) (dex)
10749.39  SiT 493 -0.21 (s) (s) 0/0 11130.03 Si1  6.21 —0.31 —0.06 0.14 0/2
10753.01 Fel 3.96 —2.14 —0.48 0.29 0/2 11135.96 Fel 531 —1.10 —0.31 0.25 0/2
10754.76  Fel 2.83 —4.39 —0.51 0.22 0/2 11607.57 Fel 2.20 —2.46 (s) (s) 0/0
10774.87 Ti1  0.82 —2.98 0.01 0.45 0/2 11638.26 Fel 2.18 —2.59 (s) (s) 0/0
10780.70 Fel 3.24 —3.59 —0.55 0.20 0/2 11640.96 Sil 6.27 —0.48 —0.17 0.24 0/2
10783.05 Fel 3.11 —2.80 —0.51 —0.01 0/2 11681.60 Fel 3.55 —3.41 —0.64 0.13  0/2
10784.56  Sil  5.96 —0.72  —0.33 0.18 0/2 11700.27 Si1  6.27 —0.67 0.04 1.45:  1/2
10786.87 Sil  4.93 —0.38 (s) (s) 0/0 1171549 Fel 5.64 —1.20 (w) 035 0/1
1079145 Cal 4.74 —0.68 (w) 047 0/1 11780.55 Til 1.44 —2.42 —0.06 0.19 0/2
10792.51 Ti1 0.85 —3.80 —0.95: —-0.17  1/2 11783.26 Fel 283 —1.86 (s) (s) 0/0
10796.11 Sil 6.18 —1.49 —0.20 0.47 0/2 11797.18 Til 143 —2.33 —0.24 0.22 0/2
10801.36 CrI 3.01 —177 —059 038 0/2 11828.19 Mgl 4.35 —0.50 (s) (s)  0/0
10809.08 Cal 4.68 —1.08 (w) (b) 0/0 11863.92 SiI 598 —1.50 —0.24 0.30 0/2
10816.90 CrI 3.01 —2.01 —0.40 0.50 0/2 11892.89 Ti1 143 -1.73 —0.12 029 0/2
10818.28 Fel 3.96 —2.23 —0.39 0.56  0/2 11900.03 SiI 596 —1.79  —0.11 048 0/2
10821.68 CrI 3.01 —1.73 (b) 0.26 0/1 11927.84 Nil 4.27 —2.26 (w) —0.23 0/1
10827.10  SiT 495 0.23 (s) (s) 0/0 11955.95 Cal 4.13 —-0.91 —0.31 0.30 0/2
10833.38 Cal 488 —043  (w) 0.30  0/1 11973.04 Fel 218 -2.28 (s) (s)  0/0
10838.98 Cal 4.88 003 —021 030 0/2 11984.23  Si1 493  0.12 (s) (s)  0/0
10843.86 SiI  5.86 —0.05 0.14 0.73 0/2 11991.58 Si1  4.92 —0.22 (s) (s) 0/0
10846.79 Cal 4.74 —0.64 (w) 048 0/1 1200097 CrI 3.44 —1.93 (w) —0.09 0/1
10849.46 Fel 554 —0.73  —0.46 037  0/2 12031.53 Sil  4.95 0.24 (s) (s) 0/0
10853.00 Fel 3.87 —3.27 (w) 053 0/1 12039.84 Mgl 5.75 —1.55 —0.13 0.16 0/2
10861.59 Cal 4.88 —0.49 (w) 0.34 0/1 12053.08 Fel 4.56 —1.75  —0.40 0.20 0/2
10863.52 Fel 4.73 —1.06 —0.44 0.35 0/2 12103.54  Sil 493 —0.49 0.28 (s) 0/1
10869.54 SiI  5.08 0.36 (s) (s) 0/0 12105.84 Cal 4.55 —0.54 —0.22 034 0/2
10879.88 Cal 4.88 —0.51 (w) 0.08 0/1 12119.50 Fel 4.59 —1.88 —0.46 0.34 0/2
10881.76 Fel 2.85 —3.50 —0.48 0.36  0/2 12133.99 Si1 598 -—1.89 —0.24 0.36  0/2
10882.81 SiI 598 —0.62 —0.33 0.11 0/2 12175.75  Si1  6.62 —-0.97 —0.17 049 0/2
10884.26 Fel 3.93 —2.18 —0.51 0.11 0/2 12178.40 Sil 6.27 —1.14 —0.10 0.61 0/2
10885.35 SiT  6.18 —0.10 —0.14 0.58 0/2 12190.10 Fel 3.63 —2.75  —0.39 045 0/2
10896.30 Fel 3.07 —2.93 —0.51 0.27 0/2 12196.70 Sil 5.08 —3.27 (w) —-0.19 0/1
10905.72 CrI 3.44 -0.70 —0.30 048 0/2 12213.34  Fel 4.64 —2.09 —0.30 0.53 0/2
10953.32 Mgl 5.93 —0.90 0.08 043 0/2 12227.12  Fel 4.61 —-1.60 —0.55 0.17  0/2
10979.31  SiT  4.95 —0.60 0.29 (s) 0/1 12255.70  Ti1 3.92 —-0.07 (w) 020 0/1
10982.08 SiT  6.19 —-0.27  —0.08 055 0/2 12270.71  SiT 495 —0.54 0.16 (s) 0/1
1101553 Cr1  3.45 —0.58 —0.22: 0.53 1/2 12283.28 Fel 6.17 —-0.61 (w) 0.28 0/1
11026.78 Fel 3.94 —2.77 —0.47 0.10 0/2 1234049 Fel 228 —4.79 —0.56 0.15 0/2
11053.52 Fel 3.98 —3.09 (w) —0.07 0/1 1234292 Fel 4.64 —1.68 —0.47 0.48 0/2
11119.80 Fel 2.85 —2.54 —0.46 (b) 0/1 12388.37 Til 216 —1.81 —0.93: 0.11 1/2
Table 2 continued Table 2 continued
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Table 2 (continued) Table 2 (continued)

Aair Atom EP loggf Arcturus p Leo flag Aair Atom EP loggf Arcturus p Leo flag

(A) (eV) (dex) (dex) (dex) (A) (eV) (dex) (dex) (dex)
12390.17  Sil 5.08 —1.93 —0.24 0.46 0/2 13011.90 Til 1.44 —-2.50 —0.10 0.55 0/2
12395.84  Sil 4.95 —1.82 —0.23 0.41 0/2 13014.85 Fel 545 —1.68 (w) 0.30 0/1
1241792 Mgl 593 -1.69 —0.18 026 0/2 13033.56 Cal 4.44 —-0.31 —0.23 0.36  0/2
12423.02 Mgl 593 -1.23 —0.18 0.17  0/2 13039.66 Fel 5.66 —1.32 (w) 0.09 0/1
12433.45 Mgl 593 —1.00 —0.23 0.15 0/2 13077.27  Til 1.46 —2.34 —-0.10 (b) 0/1
1244942 Nil  6.10 —0.01 (w) —0.03 0/1 13086.44 Cal 444 —-0.90 —0.36 025 0/2
12460.70 Til 4.24 0.78 —0.72: 0.11  1/2 13098.92 Fel 5.01 -1.73 —0.38 0.37  0/2
1253285 CrI 2.71 —2.07 —0.43 0.36  0/2 13102.07 SiI  6.08 —0.72 0.06 0.30 0/2
12557.01 Fel 228 —4.07 —0.36 0.06 0/2 1313494 Cal 445 —-0.14 —0.16 0.46 0/2
12583.95 SiI  6.62 —0.62 —0.23 0.30 0/2 1314793 Fel 539 -0.93 —0.34 0.34 0/2
12589.21 Sil 6.62 —1.56 (w) 0.35 0/1 13152.74  SiI 4.92 —2.58 —0.22 0.04 0/2
12600.27  Til 1.44 —2.48 —-0.19 0.16 0/2 13167.78 Cal 4.45 —1.23 (w) 0.19 0/1
1261593 Fel 4.64 —1.77 —0.56 040 0/2 13176.91 Si1  5.86 —0.30 0.09 0.80 0/2
12627.70 SiI  6.62 —1.07 —0.22 0.33 0/2 13201.16 CrI 2.71 -—2.08 —0.34 0.37 0/2
12638.72 Fel 4.56 —1.00 —0.39 049 0/2 1321245 Ni1 274 -3.04 —-0.10 0.8: 1/2
12648.74 Fel 4.61 —1.32 —0.39 020 0/2 13217.02 CrlI 271 —2.52 —0.38 0.73 0/2
12671.10 Til 143 —-2.19 —0.40 0.31 0/2 13264.17 Ni1 528 —1.03 (w) —0.27 0/1
12738.39 Ti1 271 —0.90 0.10 0.51 0/2 13291.78 Fel 548 —1.58 (w) 0.25 0/1
12743.26  NiT 528 —0.91 (W) 0.07  0/1 NoTE— Here presented is the entire table which is also available as
1274491 Ti1 249 —1.54 —0.04 032 0/2 an online material on the journal website.
12789.47 Fel 5.01 —1.92 (w) 0.39 0/1

12807.16 Fel 3.64 —2.76 —0.29 045 0/2
12811.48 Ti1 216 —1.60 —0.01 050 0/2

12816.05 Cal 391 —127 082 119 2/2
12821.67 Til 146 —1.67  0.44: 102 1/2
12824.87 Fel 3.02 —3.68 —047 005 0/2
12827.02 Cal 391 —170  (w) 052 0/1
1283141 Til1 143 —185  0.29 097 0/2
12840.58 Fel 495 —176  —0.23 (b)  0/1
12847.05 Ti1 144 —171  0.21 0.65 0/2

12879.78  Fel 228 —3.61 —0.44 0.13 0/2
12896.12 Fel 491 —1.80 —0.37 0.30 0/2
12910.10 Cr1 271 —-1.99 —0.46 0.27 0/2
12919.90 Ti1 215 —1.74 —0.19 045 0/2

12021.81 CrI 271 -273  (w) 0.20 0/1
12937.03 CrI 271 —-209 —048 015 0/2
1294654 Fel 325 —423  (w) —0.01 0/1
12950.90 Til 344 —054  (w) 0.40 0/1
1300142 Cal 444 —124  (w) ~0.08 0/1

13006.70  FeI 299 —3.49 —0.53 042 0/2

Table 2 continued
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ABSTRACT

Metal-deficient stars are important tracers for understanding the early formation of the Galaxy.
Recent large-scale surveys with both photometric and spectroscopic data have reported an increasing
number of metal-deficient stars whose kinematic features are consistent with those of the disk stellar
populations. We report the discovery of an RR Lyrae variable (hereafter RRL) that is located within the
thick disk and has an orbit consistent with the thick-disk kinematics. Our target RRL (HD 331986) is
located at around 1 kpc from the Sun and, with V' ~ 11.3 , is among the ~130 brightest RRLs known so
far. However, this object was scarcely studied because it is in the midplane of the Galaxy, the Galactic
latitude around —1deg. Its near-infrared spectrum (0.91-1.32 um) shows no absorption line except
hydrogen lines of the Paschen series, suggesting [Fe/H] < —2.5. It is the most metal-deficient RRL,
at least, among the RRLs whose orbits are consistent with the disk kinematics, although we cannot
determine to which of the disk and the halo it belongs. This unique RRL would provide us with
essential clues for studying the early formation of stars in the inner Galaxy with further investigations,
including high-resolution optical spectroscopy.

2201.05402v1 [astro-ph.SR] 14 Jan 2022
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1. INTRODUCTION

It is possible to investigate stellar populations in the
Galaxy with various detailed observations thanks to rel-
atively low distances to individual stars. For example,
the positions and motions of billions of stars provided
by the Gaia satellite (see Gaia Collaboration et al. 2021,
for the latest data release, EDR3) have revolutionized
our understanding of the Galactic structure and evolu-
tion. In particular, streams and substructures that are
clearly detected with the Gaia data allow us to build
up a scenario of accretions and mergers in the early his-
tory of the Galaxy (Helmi 2020). Another vital mate-
rial for characterizing the Galactic stellar populations is
being brought by detailed elemental abundances based
on high-resolution spectroscopy (Jofré et al. 2019; Mat-
teucci 2021, and references therein). Metal-deficient
stars are especially important for studying the early
Galactic evolution (Frebel & Norris 2015), and tremen-
dous efforts have been devoted to identifying metal-
deficient stars (see, e.g., Starkenburg et al. 2017; Da
Costa et al. 2019, for recent large-scale surveys). An
exciting discovery through these surveys is the presence
of metal-deficient stars in the Galactic disk (Sestito et
al. 2020).

The presence and the characteristics of metal-deficient
stars in the disk provide us with crucial clues to the for-
mation of the Galactic disk and its history. A strong
merger at an early stage, for example, would have dis-
rupted the disk, and metal-deficient stars that were
present at the time of the merger could lose their disk-
like kinematics except those in the inner Galaxy where
the gravitational potential was deep enough to trap the
stars. Recent studies equipped with the Gaia data sug-
gest that such a merger occurred ~10 Gyr ago, triggered
the growth of the thick disk (Gallart et al. 2019; Helmi
et al. 2018; Helmi 2020), and is imprinted in the kine-
matics of halo stars as a feature called Gaia Enceladus or
Gaia Sausage. The metal-deficient stars with disk-like
orbits such as the stars with [Fe/H] < —2.5 discussed
in Sestito et al. (2020) can be considered relics of the
proto-disk that was present before the merger. Further
identification of such stars over a wide range of metal-
licity, together with the characterization of halo stars
in the same spatial volume, is crucial to establish (or
reject) such a formation scenario of the thick disk.

This study focuses on RR Lyrae stars (RRLs) to in-
vestigate the old and metal-deficient populations located
in the Galactic disk. RRLs are pulsating stars in the

Cepheid instability strip and at the horizontal branch
phase evolved from low-mass stars (S 1 Mg). They are
exclusively old (> 10 Gyr) and thus trace old stellar pop-
ulations in galaxies. General views on the characteristics
of RRLs are found in a review by Beaton et al. (2018)
and references therein. The majority of RRLs belong to
old stellar spheroids, i.e., the halo and the bulge, while
the disk population of RRLs has been also found (Lay-
den 1995; Prudil et al. 2020; Zinn et al. 2020). Other
than the differences in spatial distribution and kinemat-
ics, an essential difference between the halo and disk
groups of RRLs is the metallicity distribution. Disk
RRLs are predominantly metal-rich, [Fe/H] 2> —1, while
halo RRLs are less metal enriched. In this study, we re-
port the discovery of an RRL with [Fe/H] < —2.5 that
has a disk-like orbit.

The rest of this paper is organized as follows. First,
we discuss the photometric properties of our target in
Section 2. We first identified this object as a bright but
unexplored RRL through our variability survey, KWFC
Intensive Survey of the Galactic Plane (KISOGP), de-
scribed in Section 2.1. Combined with other photo-
metric data (Section 2.2) and the Gaia-based distance,
we give an estimate of its metallicity by making use
of the period-luminosity—metallicity relation of RRLs
(Section 2.3). Then, in Section 3, we present the anal-
ysis of the near-infrared spectrum obtained with the
WINERED spectrograph. We detected hydrogen lines
of the Paschen series, which enable us to measure the
radial velocity (Section 3.2), but detected no metallicity
lines, which gives only upper limits of abundance (Sec-
tion 3.3). In Section 4, we discuss the kinematics and
the low metallicity of the target RRL in the context of
the Galactic structure and evolution. Finally, Section 5
concludes the paper.

2. PHOTOMETRIC DATA
2.1. KISOGP

KISOGP is the large-scale survey of variable stars
in the northern Galactic plane using Kiso Wide Field
Camera (KWFC) attached to the 105-cm Schmidt tele-
scope at Kiso Observatory, Japan. KWFC is a mosaic
CCD camera with eight CCD chips having a total of
8k x 8k pixels covering a field-of-view of 2.2 degrees
square (0.946” pix~!) on the sky. See more details of
the KWFC in Sako et al. (2012).

To discover and characterize variable stars in the
Galactic plane, we started the KISOGP in 2012
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Figure 1. Finding chart of our target RRL (HD 331986),
indicated by the red circle with the radius of 10”, on a
KISOGP I-band image (3 arc-minute square, north up and
east left).

and made I.-band time-series observations for the 80
KWFC fields-of-view covering ~330 deg® between 60
and 210deg in Galactic longitude (Matsunaga 2017).
The analysis for publishing the catalog of variables de-
tected in the KISOGP is in progress, but a study on
eclipsing binary systems has been published by Ren et
al. (2021).

During our early attempt to identify periodic vari-
ables, we discovered a bright but scarcely-investigated
RRL and made a spectroscopic observation in 2015
(Section 3.1). The properties of this RRL variable,
HD 331986 (finding chart presented in Figure 1), are
summarized in Table 1. The KISOGP I-band light curve
of this object is presented in Figure 2 together with light
curves in other wavelengths (see Section 2.2).

We fitted the discrete Fourier series to the photometric
points,

3 o
m(t) = Ay + ;Aj sin {g(t —to)+ ;| (1)
where ¢ indicates the heliocentric Julian date (HJD) of
each photometric measurement and tq is the reference
epoch, 2456000.519, which we determined to put the
maximum of the I.-band light curve at phase zero. We
obtained the period, P = 0.371197 days, that gives the
maximum power in the periodogram constructed with
the three-term Fourier model as given in Equation 1 for
the KISOGP light curve (see the methodology, e.g., in
VanderPlas 2018). Using the fitted light curve, we cal-
culated the intensity mean and the peak-to-valley am-
plitude (Table 2). We confirm that this star is a first-
overtone mode RRL (RRc type) based on its period,
amplitude, and light curve shape.

arXive:2201.05402v1 K5 DERE;
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Table 1. Properties of the target RR Lyr star
Item(s) Value(s) Ref.
KISOGP ID KISOJ201241.60+321242.4 1
Aliases HD 331986, NSV S 8487853 2
Gaia EDR3 Source ID 2054159819759156992 3
Eq. coordinate (deg) o =303.17334, § = 32.21177 2
Gal. coordinate (deg) 1 =70.40915, b = —1.05159 2
Valiability type RRc 1,2
Period (days) 0.371197 1
2MASS magnitudes J =9.954, H =9.663 4
Ky =9.577
Astrometric distance (kpc) 1.042 £0.015 5
Proper mosion (mas yr~')  pacosd = 11.76, us = —5.09 3
prcosb =223, up =—-12.62 3

References—(1) This work, (2) Simbad, (3) Gaia EDR3, (4) Skrut-
skie et al. (2006), (5) Bailer-Jones et al. (2021)
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Figure 2. Light curves of our target RRL (HD 331986).
The upper panel presents optical data, i.e., KISOGP (I.)
and Gaia DR2 (RP, G, and BP), while the lower panel
presents the infrared data from NEOWISE (Wi and Wa).
The dashed curves indicate the fitted discrete Fourier series
(Equation 1). The gray strip indicates the duration of the
WINERED spectroscopic observation (Section 3.1).
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Table 2. Mean magnitudes and peak-to-valley amplitudes

Band 1. RP G BP Wi Wy

Mean 10.556 10.648 11.165 11.525 9.519 9.529
Amp 0365 0.430 0.556 0.661 0.109 0.109

2.2. Other photometric data sets

Our target star was first identified as a candidate of
RRL by Kinemuchi et al. (2006) based on the Northern
Sky Variability Survey (NSVS). Hoffman et al. (2009)
also reported this star as an RRL based on the au-
tomated classification with the NSVS data. It has
also been included as an RRL in the Gaia Data Re-
lease 2 (Clementini et al. 2019) and the variability cat-
alog based on the Wide-field Infrared Survey Fxplorer
(WISE) (Chen et al. 2018). However, no detailed follow-
up study has been done, and its kinematic and chemical
features remained to be revealed.

As seen in Figure 1, there is a similarly bright star
at ~10”, Gaia EDR3 ID 2054159819759157504 with
G = 11.56. This star is at 0.35kpc (Bailer-Jones et
al. 2021) and has a higher proper motion ~20masyr—1.
It does not affect the KISOGP photometry of the tar-
get RRL, but severe contamination occurs in the NSVS
images with the pixel size of 14.”4 (Kinemuchi et al.
2006). The same applies to the data from the All-Sky
Automated Survey for Supernovae (ASAS-SN) with 8.”0
pixels (Jayasinghe et al. 2018). There is no optical data
set, other than the Gaia DR2, that was published before
and gives a high-quality light curve of this object in V'
or other bands.

We consider the data of 2MASS (Skrutskie et al. 2006)
and NEOWISE (Mainzer et al. 2011, 2014) for the in-
frared range. While the 2MASS gives the JH K mag-
nitudes at a single epoch (1999 June 22), NEOWISE
gives time-series data collected between 2014 May and
2020 October in the two mid-IR bands, W; (3.4 pm)
and Wy (4.6 um). The available time-series data are
presented in Figure 2, but the 2MASS magnitudes are
not included because we cannot determine the precise
pulsation phase for this data set ~30 years ago. We
fitted the three-term Fourier series (Equation 1) to the
photometric points in each band and estimated the in-
tensity mean and amplitude (Table 2). The NEOWISE
data include many outliers, and we made 2-o clipping
for fitting the Fourier series. Although we did not find
good V-band photometry free from the blending effect
as mentioned above, the mean magnitudes in the Gaia
bands give the mean V-band mean magnitude of 11.32

and the maximum magnitude of 11.01 according to the
formula in Evans et al. (2018). Maintz (2005) compiled
a catalog of well-identified RRLs brighter than V' = 12.5
at the maximum phase, and there are 132 RRLs brighter
than our target RRL.

2.3. Period—luminosity—metallicity relation

RRLs are established distance indicators although
their correlation between period and absolute magni-
tudes are significantly affected by metallicity (Beaton
et al. 2018). We consider the period-luminosity—
metallicity (PLZ) relations obtained by Neeley et al.
(2019) to see if the photometric data are consistent with
the geometric distance and to give a constraint on the
metallicity of our target. Following a theoretical study
on the PLZ relation in Neeley et al. (2017), Neeley et
al. (2019) used the Gaia DR2 trigonometric distances of
55 RRLs with [Fe/H] between —2.56 and —0.07 to ob-
tain the empirical PLZ relations from optical to mid-IR
photometric bands. The PLZ relation in each band is in
the form of

M)y = a+ b(log Pr + 0.30) + ¢([Fe/H] +1.36), (2)

where Pgp is the “fundamentalized” period given by
log Pr = log P+0.127 for an RRc star (log Pr = —0.303
for our target). The mid-IR bands used in Neeley et
al. (2019) are those of the Spitzer Space Telescope, but
we use their PLR relations for the WISE data. The
Spitzer [3.6] and [4.5] bands correspond to the WISE
W1 and W5 bands, respectively. The theoretical result
by Neeley et al. (2017) suggests that the relations in the
Spitzer bands and those in the WISE bands identical,
within 0.003 mag, with each other at each wavelength.
In addition to Wy, Wy, and I. in Table 2, we consider
the single-epoch 2MASS magnitudes in JHK in the
following analysis.

Combining an observed magnitude (m,) and the PLZ
relation (Equation 2), we can calculate the distance
modulus as a function of [Fe/H],

pa = po + Ay = my — My, (3)

where py and pg are called apparent and true distance
moduli, respectively, and A, indicates the interstellar
extinction at each wavelength. In the upper panel of Fig-
ure 3, the apparent distance moduli with different [Fe/H]
are compared with each other and also with the dis-
tance modulus corresponding to the astrometry-based
distance in Bailer-Jones et al. (2021). We adopt the
extinction law obtained by Wang & Chen (2019), i.e.,
Ar /Ay = 0.559, A;/Ay = 0.243, Ay/Ay = 0.131,
AKS/AV = 0078, AW1/AV = 0039, and AWQ/AV =
0.026.
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We can predict a model of uy for a given set of Ay
and [Fe/H], like the one indicated by the orange curve in
Figure 3, and we searched for the best set with the least-
square method. We used the error of 0.10 mag for the
2MASS JH K and 0.03 mag for the other bands consid-
ering that the 2MASS data are single-epoch magnitudes.
We then obtained Ay = 1.01 and [Fe/H] = —2.55 by
searching for the best set of these parameters that makes
the six-band photometry in Figure 3 consistent with the
true distance modulus based on the astrometry-based
distance. This result indicates that our target RRL is
very metal poor ([Fe/H] < —2, according to the termi-
nology in Beers & Christlieb 2005), which is consistent
with the spectroscopic analysis we present in Section 3.
The higher [Fe/H] would require the lower distance as il-
lustrated in Figure 3. This estimate is subject to the sys-
tematic uncertainty and the intrinsic scatter of the PLZ
relations given by Neeley et al. (2019) in addition to the
uncertainty in the Gaia-based distance by Bailer-Jones
et al. (2021). It is not straightforward to estimate the
error in our estimate considering various uncertainties
discussed in Neeley et al. (2019). We roughly estimate
that the distance modulus based on the PLZ has the
error of 0.1 mag, which dominates the error ~0.03 mag
from the Gaia-based distance, and the error of 0.1 mag
corresponds to the error of ~0.5 in [Fe/H].

The light curve shape can be used to infer the metal-
licity of RRab-type variables(see Mullen et al. 2021, and
references therein) but not for RRe-type ones. Neverthe-
less, the period and amplitudes indicate that this RRc
star is metal-deficient compared to typical RRLs. Al-
though there is a star-to-star scatter, Fig. 7 of Sneden
et al. (2018) clearly suggests that RRc stars with longer
period tend to have lower metallicity. Among the sam-
ple they considered, the relatively long period, 0.371197
days, of the target RRL was not found among metal-
rich RRe stars ([Fe/H] > —1). Furthermore, Fabrizio et
al. (2021) illustrated that metal-deficient RRLs tend to
have larger amplitudes at a given period (see their Fig-
ure 7). Although we have no good V-band light curve,
the amplitudes in the Gaia bands suggest a large V-
band amplitude, 0.55-0.65 mag, which is found among
metal-deficient RRLs ([Fe/H] < —1.5).

3. SPECTROSCOPIC DATA
3.1. The WINERED spectrum

We observed the target RRL on 2015 August 15, 14:55
to 16:20 (UT) with WINERED attached to the 1.3m
Araki telescope at Koyama Observatory, Kyoto Sangyo
University in Japan. WINERED is a near-infrared high-
resolution spectrograph covering 0.90 to 1.35 um (2, Y,
and J bands) with the resolution of R = A\/A\X = 28000
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Figure 3. The apparent distance moduli pux (upper panel)
and the true distance moduli po (lower panel) obtained with
different photometric bands. The horizontal gray line and
strip indicate the astrometry-based distance modulus and its
error obtained by Bailer-Jones et al. (2021). The interstellar
extinction corresponding to Ay = 1.01 is used to draw the
orange curve in the upper panel and to convert puy to po at
each band.

with the WIDE mode (Ikeda et al. 2016, 2021). We
carried out eight 600s exposures, giving the total inte-
gration time of 4800s, with the ABBA nodding pattern
having the target within the slit in all the exposures.
The eight exposures within ~1.4 hours cover the phases
between 0.47 and 0.63 along the pulsation cycle (Fig-
ure 2).

The raw spectral data were first reduced by the
pipeline developed by the WINERED team (Hamano
et al. in preparation). The pipeline outputs one-
dimensional spectra for individual exposures and com-
bined spectra along with supplementary information.
Avoiding the spectral parts with too much telluric ab-
sorption, we consider the following echelle orders in the
subsequent analysis: 43th to 48th (11560-13190 A in the
J band), 51st to 57th (976011150 A in the Y band), and
61st (91209280 A in the 2’ band).

Having the spectra from eight exposures allows us to
reject spurious noises before making the combined spec-
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tra and to estimate the signal-to-noise ratio (S/N) as
follows. We compared the eight one-dimensional spec-
tra after the continuum normalization produced by the
pipeline and calculated the mean (u) and the standard
deviation (o) of the fluxes at each wavelength. We then
rejected the signals from individual exposures (f;) if
|fi — p| > 20 and calculated the mean and its standard
error using the accepted signals. Thus, we obtained the
combined spectrum, which is less affected by outliers,
and the realistic estimates of errors in individual pixels.
We estimated the S/N of each echelle order by consid-
ering the median of the pixel-by-pixel errors in the nor-
malized flux. The S/N in the final spectrum per pixel
ranges from 45 to 70 except the 61st order with S/N~ 30
in which the telluric absorption is rather severe.

We then performed the telluric correction using the
synthetic telluric absorption calculated with Telfit tool
(Gullikson et al. 2014). We actually observed an AOV
star, 29 Vul, as a telluric standard star with the total in-
tegration time of 600s (two 300s exposures). However,
hydrogen lines are the main features we study, and using
the spectrum of a telluric standard star which shows its
own hydrogen lines would disturb the profiles of the hy-
drogen lines of our target. After the telluric correction,
we made the continuum normalization again.

The reduced spectrum is featureless except strong hy-
drogen lines and spurious noises that are mainly caused
by residuals of telluric lines and OH airglow lines (Oliva
et al. 2015). We use the hydrogen lines to measure the
radial velocity (Section 3.2), and we estimate the upper
limits of chemical abundance with the help of theoretical
synthetic spectra (Section 3.3).

3.2. Hydrogen lines

There are four hydrogen lines situated within the
wavelength range of our interest, and we detected all
of them (Figure 4). Pa ¢ at 9545.973 is located in the
59th order of our spectrum, but it is too much contam-
inated by the telluric absorption in between the z’ and
J bands. We measured the central wavelength (Aobs)
and FWHM by fitting a Gaussian function to 20 pixels,
corresponding to +£50km s~ ', around each of the four
hydrogen line. Table 3 lists Aops and the air wavelength
at rest, Aaip, together with the radial velocity and the
FWHM. The velocity error in the fitting of a Gaussian
is smaller than 1km s~ .

In order to calculate the barycentric motion of the ob-
ject, however, we need to consider the pulsational effect
in addition to the heliocentric correction (i.e., the cor-
rection taking into account the motion of the observing
facility around the Sun). The amplitude of radial veloc-
ity (Agry) is, at least approximately, proportional to the
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Figure 4. Four hydrogen lines, from Pa ¢ (top) to Pa S
(bottom), located within the WINERED spectrum. Vertical
line corresponds to the air wavelength, Aops, of each line at
rest. The wavelength scale of the observed spectrum (Obs)
is after the mean radial velocity, —85.5km s~!, subtracted.
Four synthetic spectra with log g = 2.6 and [Fe/H] = —2 but
with different Teg are adjusted to the observed spectrum
considering the differences between the mean velocity and v;
in Table 3.

Table 3. Four hydrogen lines detected (Paschen series)

Line Aair Aobs V; FWHM

(A) &) (kms) (kms)
Pa ¢ 9229.017  9226.247 —90.0 78.6
Pad 10049.373 10046.462 —86.9 60.8
Pa vy 10938.093 10934.966 —85.8 62.1
Pa s 12818.077 12814.689 —-79.3 51.2
Mean —85.5
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V-band amplitude (Ay) (Sneden et al. 2017; Magurno
et al. 2019). Recently, Braga et al. (2021) thoroughly in-
vestigated the amplitudes and shapes of velocity curves
obtained with different absorption lines in the optical
range and provided templates of velocity curve. The ra-
tio Ary/Ay depends on the line being measured. In
particular, H, gives a large ratio, Ary /Ay ~ 107, com-
pared to other Balmer lines and metallic lines, which
give the ratios ~55 with some scatter for RRc stars.
Unfortunately, the ratios for the Paschen lines have
not been studied well. Therefore, we make a simple
correction by ignoring the difference between the ve-
locity curves of the four Paschen lines and assuming
Agry/Ay = 55. This ratio is also consistent with the
ratios reported by Sneden et al. (2017) and Magurno et
al. (2019). The amplitudes in the Gaia bands indicate
that the V-band semi-amplitude ~ 0.3 mag, leading to
the semi-amplitude of velocity ~16.5km s~ *. The radial
velocity of an RRc star gets most redshifted at around
the minimum phase with respect to the mean velocity
(e.g., Benkd et al. 2021). Thus, we apply the correction
of —16.5km s~ in addition to the heliocentric correc-
tion (—2.4km s~ '), resulting in the heliocentric velocity
Vielio = —104.4km s~ and the velocity with respect to
the local standard of rest (LSR) Vigg = —86.7km s~ *.
Because of the lack of the velocity template and because
only a single-epoch velocity measurement is available,
the correction of the pulsational effect introduces the
dominant error in our estimate of the barycentric radial
velocity (or so-called gamma velocity, V). Considering
the scatter of Ary /Ay observed in different RRe stars
and the line-to-line difference presented in Braga et al.
(2021, see their Fig 15), we conservatively estimate its

error to be 10km s~ !,

3.3. Metallic lines

We detected no metallic lines, and we cannot make
any solid estimate of the chemical abundance of the tar-
get RRL. Instead, we estimate the upper limits of the
equivalent widths (EWs) and the corresponding limits
of abundance for the strongest absorption lines expected
in the WINERED range.

3.3.1. Spectral synthesis and stellar parameters

In the subsequent analysis, we used the MOOG tool
for spectral synthesis (Sneden et al. 2012) together with
the ATLAS9 atmosphere models extended by Mészaros
et al. (2012). They provided the models with differ-
ent [o/Fe] and [C/Fe] for a wide range of metallicity,
and we assumed [a/Fe] and [C/Fe] are both enhanced
by +0.3 dex. Together with an atmospheric model, the
spectral synthesis requires a list of absorption lines.
We considered Vienna Atomic Line Database (VALD;

Ryabchikova et al. 2015) and the list of Meléndez &
Barbuy (1999; hereinafter referred to as MB99), and
synthesized two spectra for a given atmospheric model
by using the two line lists separately.

We need stellar parameters such as the effective tem-
perature to decide which atmosphere models we use.
The WINERED observation was carried out over ~1.4
hours, within which 10-min exposures were repeated
eight times). This corresponds to a significant fraction
of the pulsation cycle, 0.473 < ¢ < 0.630 (Figure 2).
Nevertheless, the variation of stellar parameters is ex-
pected to be small because the exposures were made at
around the minimum phase (e.g., Govea et al. 2014).
Therefore, we decided to ignore the variation of stellar
parameters during the eight exposures.

It is, however, not easy to obtain a precise estimate of
the stellar parameters of our target. In Section 2.3, we
used the PLZ relations to estimate the interstellar red-
dening. This means that we assumed that the intrinsic
color of our target is consistent with the prediction of the
PLZ relations for which only mean magnitudes are used.
On the other hand, the lack of metallic lines prevents
us from estimating the stellar parameters with various
methods used in common spectral analyses. Therefore,
we consider the Tegx and logg expected for RRe-type
variables allowing relatively large errors.

Govea et al. (2014) found that T.g of RRc are concen-
trated in between 7000-7500 K. This is consistent with
Terr of a larger sample of RRc stars in Crestani et al.
(2021b) considering the uncertainties. At around the
minimum phase, the effective temperature is expected
be at the low extreme. We consider three temperatures,
i.e., 6750, 7000, and 7250 K, where we need to evaluate
the effect of Teg on the upper limits of abundance. Con-
cerning other stellar parameters necessary for the spec-
tral synthesis, we use the surface gravity logg = 2.6,
the microturbulence vy = 2.5km sfl, and the addi-
tional Gaussian broadening vproaq = 25.0 km s~ !includ-
ing the macroturbulence and instrumental factors. Fig-
ure 4 compares the observed spectrum with synthetic
spectra with logg = 2.6 and [Fe/H] = —2 but with
four different 7.5 between 6000 and 7500 K. The relative
strengths of the four Paschen lines support the adopted
temperature range. The constraint is, however, not very
strong because it is hard to reproduce the broad profile
of hydrogen lines accurately with high-resolution echelle
spectra like the WINERED one.

3.3.2. Upper limits of equivalent width

We first listed up the supposedly strongest absorption
features in the synthetic spectrum with T.g = 7000 K,
log g = 2.6, and [Fe/H] = —1 created with the line list
of VALD or MB99. Then, we identified the absorption
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Table 4.
the metallic lines selected from VALD

Upper limits of equivalent width (W) and [X/H] for

ID  Species Aair EP  loggf W [X/Hluwp
(A) (eV) (mA)
Vo1 SI 9212.8630 6.524 0.470 52 —1.72
V02 MgIl  9218.2500 8.655 0.270 8  —1.08
Vo3 Sil 10585.141  4.954 0.012 28 —1.99
Vo4 C1I 10683.080 7.483 0.079 86  —2.10
Vo5 C1I 10685.340 7.480 —0.272 103 —1.57
Vo6 C1I 10691.245 7.488 0.344 72 =251
Vo7 C1 10707.320 7.483 —0.411 48  —2.05
Vo8 C1I 10729.529 7.488 —0.420 38 —2.18
V09 Sil 10827.088 4.954 0.302 4 -2.03
V10 Sil 10868.789  6.191 0.206 39 =211

Sil 10869.536  5.082 0.371
Vil MgIl 10914.244 8.864 0.020
Sr 11 10914.887 1.805 —0.638

39 @

V12 C1 11658.820 8.771 —0.278 144 —-1.03
CI 11659.680 8.647 0.028

V13 C1 11748.220 8.640 0.375 61 —1.78
V14 C1I 11753.320  8.647 0.691 46  —2.35
V15 C1I 11754.760 8.643 0.542 42 —2.32
V16 Mgl  11828.171 4.346 —0.333 57 —1.89
V17  Call  11838.997 6.468 0.312 90 —1.66
V18 Sil 11984.198  4.930 0.239 70 —1.69
V19 Sil 12031.504 4.954 0.477 351 b

V20 Mgl  12083.278 5.753 0.450 52 —-2.03

Mgl  12083.649 5.753 0.410

Table 5. Same as Table 4 but for MB99

ID  Species Aair EP loggf Wup
(A) (eV) (mA)

(X/Hlup

MO1 C1I 10123.87 8.54 —0.09 51 —1.44
MO2 Sil 10585.14 4.95 —0.06 28  —1.92
MO3 C1 10683.09  7.48 0.03 86  —2.05
MO04 CI 10685.36  7.48 —0.30 103 —1.54
MO5 C1 10691.26  7.49 0.28 72 =245
MO06 CI 10707.34 7.48 —0.41 48  —-2.05
MO7 C1I 10729.54 7.49 —0.46 38 —2.14
MO8 Sil 10749.39 493 —-0.21 46 —1.49
MO09 Sil 10827.10  4.95 0.23 44 -1.95
M10 Sil 10869.54  5.08 0.36 39 —=2.09
M11 MgIl 10914.24 8.86 0.00 39 —a

St 10914.8%8 1.80 —0.59
M2  CI 1165885 877 —0.36 144 0
C1 1165970 8.65 —0.07

M13 C1 11748.24  8.64 0.40 61 —1.81
M14 CI 11753.32  8.65 0.69 46 —2.33
M15 C1 11754.79  8.64 0.51 42 =2.29
M16 Mgl 11828.19 4.35 —0.50 57  —1.72
M17 Call  11838.99 6.47 0.24 90  —1.59
M18 Call 11949.76 6.47 —0.04 43 —1.92
M19 Sil 11984.23  4.93 0.12 70 —1.57
M20 Sil 12031.53 4.95 0.24 351 b

%No constraint was obtained for this feature with multiple ele-

ments’ contribution.

bNo constraint stronger than [X/H]< —1 was given.

lines that form the selected features (Tables 4 and 5).
Multiple lines can contribute to each feature. Among
the selected features, the one at 11659.5 A is formed by
two C I lines, and the one at 12083.5A by two Mg I
lines according to VALD. In addition, Mg IT 10914.244
and Sr IT 10914.887 could have formed the feature at
~10914.5 A together. We excluded this mixed feature
from the subsequent analysis to avoid the blending effect
on the upper limits of abundance.

For each selected feature, we evaluated the upper limits of
the EW as follows. First, we calculated the weighted mean
and its error of the pixel counts within +150km s~* around
each line but with the pixels within +£25km s~ of the fea-
tures in Tables 4 and 5 excluded from the calculation. The
weighted mean is considered as the local continuum level,
fe (with the error, ec), in the wavelength range around the
feature. If the continuum normalization for each order were

%No constraint was obtained for this feature with multiple el-
ements’ contribution.

bNo constraint stronger than [X/H]< —1 was given.

perfect in the spectral reduction (Section 3.1), f. should be
1, and it is actually consistent with 1 within the error in most
cases. Then, we obtained the EW (W) and its error (Ew)
by

n

W:Z(l—%) AN (4)

S oRar)? + f— ST RN (5)
i=1 € =1

where the sum was taken over the n pixels (1 < i <n, with
the flux f; and the noise o; at each pixel) within 425 km g7t
around the line center and A\; indicates the width of each
pixel in the unit of mA. We estimated the upper limit of EW
by

(6)

W _ JW+3Ew (f W>0)
P 3Ew (if W < 0)

for each feature (Tables 4 and 5).

_60_



arXive:2201.05402v1 K5 DERE;

A VERY METAL-POOR RR LYRAE WITH A DISK ORBIT 9

O VA ? 7
T-151
2 [
5 I TTT ?T
200 7 ?ﬁ’? v C
5 [ f T o Mg
D& 25 L TT T o Si
F @ S
[ ©® Ca
3.0 ) ) L L )
10 20 30 50 100 200 300
Upper limit of equivalent width (mA)
-1.0

E MB9
T-1sf
| TT?TT 1
E 2.0 T W?T T
s [ v C
g-z.si— TT \ o I;’_Ig
L o 1
[ © Ca
30F L ,
10 20 30 50 100 200 300

Upper limit of equivalent width (mA)

Figure 5. Upper limits of [X/H] given by individual lines
in Table 4 (VALD) and those in Table 5 (MB99).

3.3.3. Upper limits of elemental abundance

We estimated the upper limits of chemical abundance
based on the upper limits of EW. This was done with the
help of synthetic spectra. For each feature in Tables 4 and 5,
except the mixed feature of Mg IT and SrII at 10914.6 A, we
calculated the EWs in the synthetic spectra with different
abundances of each species over —3 < [Fe/H] < —1. This
enables us to draw the curve of growth and estimate the
upper limit which corresponds to Wy,. We estimated the
abundance upper limits with the models at three different
temperatures (6750, 7000, and 7250K), and took the high-
est upper limit of the three as the final estimate, [X/H]up
in Tables 4 and 5, based on the given feature. The max-
imum metallicity of the synthetic spectra we considered is
—1ldex. If Wyp is larger than the maximum EW that we
found with the synthetic spectra, we give no constraint on
the abundance for a given line.

Figure 5 plots the upper limits of abundance. For most of
the lines included in both VALD (Table 4) and MB99 (Ta-
ble 5), the log g f in the two lists agree with each other within
0.1 dex, and the difference in the line list is not important for
the upper limits in Figure 5. Neutral carbon lines give the
strongest constraints in terms of [X/H], i.e., [C/H]S —2.5.
A couple of lines of other elements (Mg, Si, and Ca) indicate
[X/H] £ —2. We have no direct constraint on [Fe/H] because
no iron line in the WINERED wavelength range is expected
to be so strong as the lines in Tables 4 and 5. There have
been several reports of carbon-enhanced stars among metal-
deficient RRLs (e.g., Preston et al. 2006; Kinman et al. 2012;
Kennedy et al. 2014). In contrast, Andrievsky et al. (2020)
found [C/Fe]< 0 for a few RRLs with —1.7 < [Fe/H] < —1.2

based on the non-local-thermodynamic-equilibrium (NLTE)
analysis. We simply give the upper limit of —2.5dex. and
use it in the subsequent discussion. According to the ter-
minology defined by Beers & Christlieb (2005), the target
RRL is a very metal-poor star ([Fe/H] < —2) if it is not an
extremely metal-poor star ([Fe/H] < —3).

4. DISCUSSION

Combining the radial velocity estimated with the four
Paschen lines (Section 3.2) with the Gaia’s distance and
proper motions, the six-dimensional information (i.e., the
position and space velocity) is available for our target. We
computed the target’s orbital and kinematic properties by
taking into account the observational uncertainties. We
used the AGAMA package (Vasiliev 2019) with the Galac-
tic constants adopted from Zinn et al. (2020): the distance
to the Galactic center Ry = 8.2kpc, the velocity of the lo-
cal standard of rest (LSR) vrsr = 232km s~', and the so-
lar velocity with respect to the LSR being (U, Vo, We) =
(—11.1,12.24,7.25) km s~ (Schénrich et al. 2010). We used
the Galactic potential called MWPotential2014 available in
the galpy library (Bovy 2015), which is composed of three
axisymmetric potentials for the spherical power-law bulge
with an exponential cut-off, a Navarro-Frenk-White halo po-
tential, and a Miyamoto-Nagai disk.

We randomly drew 10000 samples from the error distri-
bution of the position and velocity and integrated the orbit
forward in time for a long enough period of time (100 Gyr).
The average and standard deviation of the orbital parameters
from individual Monte-Carlo samples are given in Table6.
The eccentricity is defined by € = (Tmax —"min )/ (Pmax +7min)-
The positive azimuthal velocity (vg) and angular momentum
(Lz) correspond to the prograde rotation. With the max-
imum height zmax = 1.18 kpc from the Galactic plane, the
orbit of the target RRL is accommodated within the stretch
of the thick disk whose vertical scale length is about 0.9 kpc
(Bland-Hawthorn & Gerhard 2016).

In Figures 6 and 7, we compare the properties of our tar-
get RRL with 463 RRLs compiled by Zinn et al. (2020), but
we re-calculated their parameters except [Fe/H] and V-band
magnitudes. We combined the radial velocities adopted from
Zinn et al. (2020) with the astrometric data from the Gaia
EDR3 and the EDR3-based distances from Bailer-Jones et
al. (2021) to calculate the current positions (X, Y, and Z),
the velocities (vgr, vg, and vz ), the apocenter distance (rmax),
the maximum height (zmax), the angular momenta (Lz), and
the total orbital energies (Fiot, the sum of kinetic and poten-
tial energies). The total orbital energies show a systematic
offset, ~ 7 x 10* km? s™2, between our calculation and that
of Zinn et al. (2020) because of the difference in the Galactic
potential. The distributions in the other parameters do not
show such systematic offsets but the parameters of individ-
ual objects are expected to be improved by using the Gaia
EDRS3.

Figure 6 includes 360 RRLs with V' < 13, while our RRL is
located at V' = 11.32, obtained in Section 2.2 using the Gaia
photometry. We highlight eight bright and metal-deficient
([Fe/H] < —2.3) objects selected within Figure 6 and list
their names in the caption. Three of them (V338 Pup, X Ari,
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Table 6. Kinematic properties of the target RR Lyr star

Parameter

Value

Input parameters

Do—geometric distance

Vhelio—radial velocity

b COS 0—proper motion along «

js—proper motion along &

1.042 £ 0.015 (kpc)
—1044+10 (kms™')
11.76 £0.01 (mas yr—')
—5.09 £ 0.02 (mas yr— ')

Output parameters

rmin—0pericenter distance
rmax—apocenter distance
Zmax—Mmaximum height
e—eccentricity
vr—radial velocity
vp—azimuthal velocity
vz—vertical velocity
vpec—peculiar velocity
Fiot—total orbital energy

L z—azimuthal angular momentum

3.71£0.38 (kpc)
8.36 £ 0.01 (kpc)
1.184+0.01 (kpc)

0.39 +0.04
52.94+2.2 (kms™')
143.5+9.8 (kms™ ')
—53.6+0.3 (kms™')
118.7+8.4 (kms™!)

—118.9£1.3 (10® km? s72)
1135477 (kpc km s™1)

NoTE—The given errors are the standard deviation observed in our
Monte-Carlo calculation and do not include the systematic errors.
The velocity and proper motion of the input parameters are given
with respect to the Sun, while the velocities of the output parameters
are given with respect to the Galactic center.

0.0~ x X . . A
x x
L x x* . x x* % : ) x
0.5 x % x x%
* Y. E™
. X xx ox X x&x%)& x
-1.0~ X X x X Xxx x
= o x; x I% o X R x 3
X
EARE] SN FL St W *ﬁgﬁy&x‘
= x  Kx Bt 20
X xR x E "a&i}%
20k 2 x*x‘xxxxx"&’f‘fK?‘ A
’ ® 3 x_x X N ’*x?’&
® 5 7 * 0% X Xk
25k @ e &° x £
8
-3.0c 1 1 1 I 1 1 L 1
8.5 9.0 9.5 100 105 11.0 115 120 125 13.0
V (mag)

Figure 6. The metallicities and V-band magnitudes of the
target RRL (blue) and the known RRLs compiled by Zinn
et al. (2020). The metallicity upper limit of the target RRL
is indicated by the star symbol accompanied by arrow. Red
circles highlight the bright and metal-deficient objects we
selected for comparisons (see text): 1=MT Tel, 2=V 338 Pup,
3=RZ Cep, 4=X Ari, 5=V701 Pup, 6=UY Boo, 7=TV Boo,
and 8=ASAS 200431—-5352.3.

and UY Boo) are fundamental-mode pulsators (i.e., RRab
type), while the other five are first-overtone pulsators (RRc,
same as the target RRL). The metallicities of the eight RRLs
have been measured and reported recently in Beers et al.
(2014), Sneden et al. (2017), Andrievsky et al. (2018), Cha-

did et al. (2017), and Zinn et al. (2020). The brighter four
RRLs (No. 1-4) are located at 0.4-0.6kpc from the Sun,
while the fainter four are further, at 0.95-1.3 kpc, according
to Bailer-Jones et al. (2021). The distance to our target RRL
is among the more distant ones, and its metallicity is as low
as the eight RRLs.

The panel (a) of Figure 7 presents the Toomre diagram,
in which the semi-circle contours indicate constant peculiar
velocities,

(7)

with respect to the LSR. corresponding to 75 and 150km s~ *.
The panel (b) presents that the RRLs with relatively small
Upec tend to be metal-rich (Layden 1995). In Figure 7, ex-
cept the panel (c), halo stars show more-or-less symmetric
distributions of vy and Lz, and they overlap with the disk
component at around the position of our target. Bright and
metal-deficient RRL highlighted in Figures 6 and 7 can be
classified as halo objects according to their vpec. The mo-
tion of our RRL star deviates significantly from the Galac-
tic rotation with vpsr = 232km s_l, but the star is, with
the peculiar velocity of 116.6 km s~!, indistinguishable from
thick-disk stars in regards to the kinematics (Figure 7a). Our
RRL may still belong to the halo and its motion is at the
prograde-side tail of halo orbits. Two metal-deficient bright
RRLs highlighted, V338 Pup and V701 Pup (Nos. 2 and 5),
are located at around the opposite point on the retrograde
side.

The panel (c) plots zmax against rmax estimated with the
orbit calculation. Like our RRL, the orbits of the four bright,
metal-deficient RRLs highlighted are within the stretch of
the thick disk, although three of them show retrograde mo-
tion. In addition, the four RRLs have larger eccentricity than
our RRL: 0.53 (V338 Pup), 0.60 (V701 Pup), 0.79 (TV Boo),
and 0.83 (X Ari) in contrast to 0.39 of our RRL. Never-
theless, the kinematics of all these very metal-poor RRLs,
including our target RRL, is consistent with that of sim-
ilarly metal-deficient stars investigated by Chiba & Beers
(2000), who concluded that the disk population is negligi-
ble at [Fe/H] < —2.2. In a recent study on a large sample
of stars towards the Galactic anticenter, Fernandez-Alvar et
al. (2021) detected metal-poor stars belonging to the thin
disk well down to [Fe/H] ~ —2 but the situation of more
metal-deficient stars was not conclusive.

The panel (d) of Figure 7 plots Eior against Lz. Zinn et
al. (2020) found that, in addition to the RRLs that may be
related to moving groups like the Helmi stream (Helmi et
al. 1999), there are two major groups, i.e., the ‘disk” RRLs
with prograde rotation and the ‘Plume’ RRLs with Lz ~ 0.
These two groups of RRLs were also found by Prudil et al.
(2020) and Iorio & Belokurov (2021). The Plume structure
of halo stars was discovered by Dinescu (2002), and recent
studies based on Gaia data identified the very prominent fea-
ture called Gaia Enceladus or Gaia Sausage (Belokurov et al.
2018; Helmi et al. 2018). This prominent feature is consid-
ered to originate from an accreted galaxy that contributed
many halo objects, including globular clusters such as w Cen
after the major merger with the Milky Way (Belokurov et
al. 2018; Helmi et al. 2018). Zinn et al. (2020) found that

_ /.2 2
Upec = 1/ V% + (vo — vLsr)? + v,
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Figure 7. Properties of the target RRL in comparison with the known RRLs compiled by Zinn et al. (2020). The target RRL
is indicated by the star symbol, and the arrow in panel (b) means that its metallicity is given as the upper limit. The orange
semi-circles in panel (a) indicate the peculiar velocities vpee of 75 and 150 km s~!'. The RRLs with Upec smaller than 75 km s_l,
are indicated by blue circles, and those with vpec between 75 and 150km s~ by green circles, and the other RRLs from Zinn et
al. (2020) are indicated by gray crosses. The same bright and metal-deficient RRLs as in Figure 6 are indicated by red circles
with the number IDs labelled. The orange line in panel (b) indicates the threshold, vs = —400 [Fe/H] — 300, used for selecting
disk RRLs by Layden et al. (1996), while the regions enclosed by orange lines in panel (d) indicate the “Plume” (center) and

the “disk” (right).

Plume RRLs include fewer objects with [Fe/H] < —2, and,
among the eight highlighted objects, UY Boo (No. 6) is the
only one located within the Plume region in Figure 7(d).
Our RRL does not belong to the Plume but is associated
with, or at least closer to, the disk populations as discussed
above. There are accumulating reports and discussions on
the presence of metal-deficient stars in the thick disk (Di
Matteo et al. 2020; Sestito et al. 2020; Limberg et al. 2021).
The latter two authors used large samples of more than 1000
candidates of metal-deficient stars and found a limited but
significant fraction of stars with disk orbits (zmax < 3kpc
and 6 < rmax S 13 kpe) and low metallicity ([Fe/H] < —2.5).
Our target RRL may belong to the same population. There
are a few scenarios to explain the metal-deficient disk pop-
ulation (see, e.g., Sestito et al. 2020). Such a population
could compose the ancient disk of the Galaxy present be-
fore the severe merger that created the Plume (or the Gaia-
Sausage-Enceladus) structure around 10 Gyr ago. The for-
mation of the stars contributing to the ancient disk may be
in situ (within the pre-existent disk) or external. Alterna-
tively, metal-deficient stars with external origins could be
quietly merged into the Galactic thick disk even after the
severe merger (Gémez et al. 2017; Karademir et al. 2019).
If the membership to the thick disk is confirmed, the target

RRL would be a unique object representing the population
of the metal-deficient thick disk. Otherwise, the target may
be giving a caution for contamination of halo stars to the
disk population.

5. CONCLUDING REMARKS

We presented photometric and spectroscopic analysis on
an RRL, KISOJ 201241.60+321242.4 or HD 331986, located
in the Galactic plane at 1kpc from the Sun. Although this
star was found to be an RRL by some previous surveys and
is bright (V ~ 11.3), no study investigated its detailed char-
acteristics. We confirmed its classification as an RRec-type
variable and discovered that it is a very metal-poor star. The
near-infrared spectrum taken with the WINERED spectro-
graph covering 0.9-1.35 ym shows only hydrogen lines but
no metallic lines. We estimated the upper limit of metal-
licity to be [Fe/H] = —2.5. This upper limit is consistent
with the metallicity inferred from the period-luminosity—
metallicity relation, although there remains a large uncer-
tainty, ~0.5dex, in the latter estimate. We conclude that
the object is among the known RRLs with the lowest metal-
licity, around —3.0 to —2.5 dex (Hansen et al. 2011; Crestani
et al. 2021a).

_63_



arXive:2201.05402v1 K5 DERE;

12 MATSUNAGA ET AL.

This RRL is located within the thick disk and its kine-
matics is consistent with that of thick-disk objects, which
makes it an even more interesting object. While RRLs with
[Fe/H] Z —1 tend to have disk-like orbits (Layden 1995; Lay-
den et al. 1996; Prudil et al. 2020; Zinn et al. 2020), metal-
deficient RRLs have been regarded as halo objects. Recent
studies (e.g., Sestito et al. 2020; Limberg et al. 2021) found
the presence of metal-deficient stars (but not RRLs) in the
thick disk, which has a large impact on our understanding
of the Galactic formation. Finding the origin of the target
RRL would give an essential insight into the early history of
the Galaxy.

Detailed elemental abundances are crucial for disclosing
the origins of stars. However, without any metallic lines de-
tected, we have no clues to the abundance pattern of the
target. It is of vital importance to make follow-up spec-
troscopic observations in the optical range, in which much
stronger lines of various elements are present (e.g., Hansen
et al. 2011; Crestani et al. 2021b). The origin of our target
may be revealed by comparing its abundance pattern with
those of RRLs and other stars with similarly low metallic-
ity in different groups including the halo and the thick disk.
Furthermore, the census of RRLs in the Galactic plane re-
gion has been limited, and future surveys including the Gaia
observations would reveal more metal-deficient RRLs that
are constrained in the disk. A larger sample of such objects
and follow-up observations would enable us to understand
the initial environment and formation of the ancient Galac-
tic disk.
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Abstract:

We present mid-infrared observations of comet P/2016 BA14 (PANSTARRS), which were obtained
on UT 2016 March 21.3 at heliocentric and geocentric distances of 1.012 au and 0.026 au, respectively,
approximately 30 hours before its closest approach to Earth (0.024 au) on UT 2016 March 22.6. Low-
resolution (A/AA~250) spectroscopic observations in the N-band and imaging observations with four
narrow-band filters (centered at 8.8, 12.4, 17.7 and 18.8 pm) in the N- and Q-bands were obtained
using the Cooled Mid-Infrared Camera and Spectrometer (COMICS) mounted on the 8.2-m Subaru
telescope atop Maunakea, Hawaii. The observed spatial profiles of P/2016 BAj4 at different
wavelengths are consistent with a point-spread function. Owing to the close approach of the comet to
the Earth, the observed thermal emission from the comet is dominated by the thermal emission from
its nucleus rather than its dust coma. The observed spectral energy distribution of the nucleus at mid-
infrared wavelengths is consistent with a Planck function at temperature 7~350 K, with the effective
diameter of P/2016 BA14 estimated as ~0.8 km (by assuming an emissivity of 0.97). The normalized
emissivity spectrum of the comet exhibits absorption-like features that are not reproduced by the
anhydrous minerals typically found in cometary dust coma, such as olivine and pyroxene. Instead, the
spectral features suggest the presence of large grains of phyllosilicate minerals and organic materials.
Thus, our observations indicate that an inactive small body covered with these processed materials is

a possible end state of comets.
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1. INTRODUCTION

Comets are icy small bodies passing through the solar system that contain potentially invaluable
information concerning the origins of the materials forming the solar system. In periodic comets that
have orbited the Sun for many times with progressively smaller perihelion distances, the nucleus
exhibits signs of significant physical and chemical evolution (Mumma & Charnley 2011). Such
evolutionary effects are most prominent at the nucleus surface. To distinguish the pristine properties
of cometary nuclei from these evolutionary effects, clarifying the influence of solar heating on
cometary nuclei is imperative. Thus, conducting observational and theoretical studies on evolved
comets is essential.

The evolutionary track of extremely weakly active comets is considered to culminate in their
dormancy or extinction. There are several plausible end states for comets including dormancy,
extinction (plausibly connected to primitive asteroids such as P- or D-type asteroids), fragmentation
(e.g., C/1999 S4 (LINEAR) and C/2012 S1 (ISON); Farnham et al. 2001; Sekanina & Kracht 2014),
collision with a planet or the Sun (e.g., D/1993 F2 (Shoemaker-Levy 9; Levy 1998)), and removal
from the inner solar system due to gravitational perturbation by giant planets (Fernandez 2005).
Because cometary dormancy and extinction are considered gradual processes (Li et al. 2017),
comparing the physical properties of cometary nuclei with possible dormant/exhausted comet
candidates, such as D-type asteroids, is important for verifying the proposed links between comets and
primitive asteroids (Campins et al. 2018).

Herein, we report on the mid-infrared photometric and spectroscopic observations of comet P/2016
BA14 (PANSTARRS), whose gas and dust production rates, according to imaging and spectroscopic
observations at optical wavelengths (Li et al. 2017; Hyland et al. 2019), were revealed to be extremely
low even near its perihelion passage at 1.012 au from the Sun. As discussed by Li et al. (2017), comet
P/2016 BA 14 is likely approaching its end state. Note that an active comet (252P/LINEAR) has similar
orbit to comet P/2016 BA14 (see Table 1). These comets have almost identical Tisserand invariant
parameters with respect to Jupiter, which indicates that these comets have undergone a strong
gravitational interaction with Jupiter. These characteristics make plausible the hypothesis that the two
comets are fragments of the same initial body. In contrast to comet P/2016 BA 14, comet 252P/LINEAR
was active during its perihelion passage in the 2016 apparition and its chemical composition suggest
a rather typical composition in short-period comets surveyed at infrared wavelengths (Paganini et al.
2019) and in comets surveyed at optical wavelengths (Li et al. 2017; Schleicher 2008). Thus, in
contrast to its current depleted state, comet P/2016 BA 14 might originally have been similarly rich in
volatile materials as comet 252P/LINEAR if one assumes that the two objects have a common origin.

The close approach of comet P/2016 BA14 to the Earth, 0.024 au on UT 2016 March 22.6, enabled
observations of the inner coma and nucleus of the comet (Li et al. 2017; Naidu et al. 2016). Radar
observations revealed that P/2016 BAi4 has a nucleus greater than 1 km in diameter. Its absolute
magnitude of 19.5 and a diameter of at least 1 km correspond to an optical albedo of < 3% (Naidu et
al. 2016). Furthermore, Li et al. (2017) also estimated the nucleus size of P/2016 BA14 as ~1 km by
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assuming that its total visible brightness was dominated by the nucleus signal throughout its perihelion
passage and that the geometric albedo of the nucleus surface was 4%. These estimates are consistent
with the estimate based on NEOWISE data (~700 m, according to a private communication from J.
Bauer 2017 in Li et al. 2017). Our mid-infrared photometric and spectroscopic observations were
performed at night approximately 30 hours before the closest approach of the comet to the Earth in
2016, with the mid-infrared properties of the nucleus of P/2016 BA14 discussed herein.

_69_
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Table 1: Orbital elements of P/2016 BA 14 and 252P/LINEAR.

P/2016 BA 4@ 252P/LINEAR ®
T[UT] 2016 March 15.51740 | 2016 March 15.27847
q [au] 1.0085744 0.9960732
e 0.6663164 0.6736753
a [au] 3.0225476 3.0523992
Peri. [deg.] 351.89525 343.29119
Node. [deg.] | 180.53526 190.98106
Incl. [deg.] 18.92006 10.40467
T;© 2.82 2.82

9 Epoch 2016 April 2.0 TT = JDT 2457480.5 (from JPL/HORIZONS)
® Epoch 2016 January 13.0 TT = JDT 2457400.5 (from JPL/HORIZONS)

© Tisserand invariant parameter with respect to Jupiter.
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2. OBSERVATIONS

Mid-infrared imaging and spectroscopic observations of comet P/2016 BA14 (PANSTARRS) were
conducted by using the 8.2-m Subaru Telescope with the Cooled Mid-infrared Camera and
Spectrometer (COMICS) (Kataza et al. 2000; Okamoto et al. 2003) on UT 2016 March 21.3, when the
comet was at heliocentric and geocentric distances of 1.012 au and 0.026 au, respectively. The closest
approach of P/2016 BA14 to the Earth (0.024 au) occurred on UT 2016 March 22.6, ~30 hours after
our observations. Imaging observations were performed using narrow-band filters (centered at A = 8.8,
12.4,17.7 and 18.8 pm, with AL =0.8, 1.2, 0.9, and 0.9 pum, respectively) in the N- and Q-bands, while
spectroscopic observations were obtained in the N-band with a spectral resolving power (R = A/AL) of
~250, corresponding to a slit width of 0.33 arcsec (the used slit length was 40 arcsec). For the
cancellation of the sky background radiation in the mid-infrared observations, secondary-mirror-
chopping was used at a frequency of 0.43—0.45 Hz with an amplitude of 15 arcsec, which are common
values for both spectroscopic and imaging observations. Table 2 lists the observational conditions of
the comet and a standard star.

Flux calibration was performed by observing the spectro-photometric standard star HD72094 (tet
Cnc) characterized by Cohen et al. (1999), while wavelength calibration was performed via
comparison with the sky emission lines. We used IRAF! software and the special tools provided by
the COMICS instrument team? for the data reduction. Photometry was performed with an aperture
radius of 2.60 arcsec. To achieve an adequate signal-to-noise ratio (SNR) for the extracted spectra,

they were extracted with a slit region of 0.33 arcsec (slit width) by 3.14 arcsec (along the slit direction).

"' IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the
Association of Universities for Research in Astronomy (AURA) under cooperative agreement with the
National Science Foundation.

2 https://subarutelescope.org/Observing/DataReduction/index.html
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Table 2: Observing conditions.

UT Date UT Time | Object Integration time (s) | Observing mode Airmass

2016 March 21 | 08:38 P/2016 BA14 | 10.8 Imging/N8.8 1.12
08:35 10.6 Imging/N12.4 1.11
08:51 30.5 Imging/Q17.7 1.15
08:46 30.5 Imging/Q18.8 1.14
08:42 30.7 Spectrosc./NLspc® | 1.13

2016 March 21 | 09:07 HD72094 15.4 Imaging/N8.8 1.16
09:04 15.4 Imaging/N12.4 1.15
08:54 60.1 Imaging/Q17.7 1.13
08:59 60.1 Imaging/Q18.8 1.14
09:11 30.7 Spectrosc./NLspc® | 1.17

(a) Low-resolution spectroscopic mode (R ~ 250) in the N-band.
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3. RESULTS

Figure 1 shows the spectral energy distribution of P/2016 BAis based on our photometric
measurements. The observations are consistent with the characteristic blackbody radiation observed
for many other comets (Ootsubo et al. (2020); Shinnaka et al. (2018); and references therein). The
observations are matching a Planck function at temperature 7~350 K (the best-fit temperature is 343
+ 10 K in consideration of flux errors), as shown in Figure 1. The equilibrium temperature of a
blackbody at » [au] from the Sun is expressed as ~280 r - [K] while the observed equilibrium
temperature of comet is slightly higher than this. This excess relative to the equilibrium temperature
of a blackbody (the so-called superheat) is observed frequently for cometary coma grains because the
dominant grains in the coma have sub-um dimensions and are smaller than the mid-infrared
wavelengths of the emitted radiation (i.e., the mid-infrared radiation cooling of these small grains is
inefficient). However, the spatial profiles of P/2016 BA14 and a standard star (as a point source) are
almost identical, with no extensions observed for P/2016 BA14 when it was compared to a point source,
as shown in Figure 2. Thus, the thermal radiation from cometary coma grains was not collected
effectively by the slit. In such case, a scaling factor for the Planck function plotted in Figure 1 is
proportional to a product of surface area of the cometary nucleus and its emissivity in mid-infrared
wavelengths (i.e., by assuming the nucleus as a gray-body). The contribution of the nucleus signal and
the estimated effective radius of the nucleus are discussed in the next section.

Figure 3 shows the N-band low-resolution (R ~ 250) spectrum of P/2016 BA 4, to which we applied
arunning average technique using a 7-pixels window to remove noise spikes. Additionally, we applied
the slit loss correction by adjusting the spectrum to fit the photometric data points at 8.8 and 12.4 pm.
The mid-infrared spectrum of the comet is relatively smooth, with shallow absorption-like features in
this wavelength region. In contrast to typical active comets, the spectrum recorded for P/2016 BA14

exhibited no prominent 10-pm excess emission feature.
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Figure 1: Photometric results (Mid-IR spectral energy distribution) of P/2016 BA 4. Vertical
bars on the data points (filled black circles) are photometric errors and horizontal bars denote
band widths of the used filters. The photometric observations are consistent with a blackbody

radiation at temperature 7~350 K.
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Figure 2: Spatial profiles of P/2016 BA4 (filled circles) compared with a standard star
HD72094 (open circles) at different wavelengths: (clockwise from top-left) 8.8, 12.4, 18.8,
and 17.7 pm. Vertical axes are in relative flux normalized by total flux within aperture (a
radius of 17.3). The spatial profiles of P/2016 BA14 are consistent with a point-spread-

function (i.e., the characteristic spatial profile of a point source, HD72094).
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Figure 3: N-band low resolution spectrum of P/2016 BAi4 (red data; SNR improved by
taking the running average using a 7-pixels window) together with the photometric data
points at 8.8 and 12.4 um (black circles). Error-bars of the N-band spectrum correspond to
relative error levels. Scaled Planck functions at temperature 7 = 343 and 383 K are also

plotted (dotted and dashed lines, respectively).
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4. DISCUSSION AND CONCLUSIONS

As shown in Figure 2, the spatial profiles observed for comet P/2016 BA 4 are consistent with those
of'a photometric standard star (a point source). The thermal emission from the nucleus of P/2016 BA 4
appears dominated by contribution from mid-infrared photons, and the coma signal was negligible. In
the thermal wavelength region, the dominant grains in the coma (in the sub-um diameter range) are
smaller than the wavelength of the emitted radiation (i.e., the smaller grains are not efficient infrared
emitters). In contrast, the cometary nucleus (which size is much larger than the wavelength) can emit
thermal infrared photons effectively. Therefore, for an extremely weakly active comet, the signal from
the nucleus dominates the observed infrared signal, and the contribution of dust grains in coma is
negligible (e.g., Kelly et al. 2017). The dominance of the signal from the nucleus for spectral energy
distribution and the N-band low-resolution spectrum of P/2016 BA 4 (Figures 1 and 3) is attributed to
the very low gas and dust production rates of P/2016 BA14 around its perihelion passage (Li et al.
2017; Hyland et al. 2019).

Figure 1 shows that the spectral energy distribution of P/2016 BA14 is consistent with radiation
from a blackbody (or gray-body) object at 343 + 10 K. As discussed earlier, the thermal radiation
observed in P/2016 BA 14 was dominated by the nucleus signal, and we should compare the observed
equilibrium temperature with the surface temperatures of cometary nuclei. Suttle et al. (2020)
compiled a list of the measured comet surface temperatures for five comets: 1P/Halley, 9P/Tempel 1,
19P/Borrelly, 67P/Churyumov-Gerasimenko, and 103P/Hartley 2 (Emerich et al. 1986; Soderblom et
al. 2004; Groussin et al. 2007, 2013; Tosi et al. 2019) and derived a formula for the surface diurnal
temperature; 7 = 339.95 r 0438 [K] for a heliocentric distance of » [au] from 0.8 to 3.4 au. Our
measurement for P/2016 BA4 at 1.012 au is consistent with the measurements reported for these
comets. Furthermore, based on our photometric measurements and assuming an emissivity of 0.97
(corresponding to an assumed optical albedo of the nucleus surface of 0.03), the effective diameter of
P/2016 BA14 1s estimated to be 0.8+0.2 km for a surface temperature 7'= 343 K, that is derived with
8.8—18.8 um. This is consistent with previous estimates, which predict the nucleus size to be ~1 km or
larger (Naidu et al. 2016; Li et al. 2017). Note that a scaled Planck function at temperature 7= 343 K
cannot reproduce the observed N-band spectrum well as shown in Figure 3. This is probably caused
by a lack of photometric data points to be fitted in wavelength region shorter than ~8 um (a peak of
the Planck function might be at a shorter wavelength than the wavelengths we observed). The observed
N-band spectrum can be fitted by a scaled Planck function at temperature 7 = 383 K (Figure 3).
Although we simply assume a uniform surface temperature to derive an effective diameter, the surface
temperature might not be uniform. If we consider the uncertainty of surface temperature, the effective
diameter of the nucleus of P/2016 BA 4 is estimated to be in the range of 0.5-1.2 km.

Figure 4 shows the emissivity spectrum of P/2016 BA14 (we used a scaled Planck function at
temperature 7 = 383 K to normalize the observed mid-infrared spectrum). The emissivity spectrum
could be represented by a linear combination of six Gaussian components (whose parameters are listed

in Table 3), as shown in Figure 4. The most prominent features are centered at 7.59, 9.50, and 10.6
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um. In general, larger mineral grains on the surface of cometary nuclei are considered responsible for
absorption-like features in thermal emissivity spectra, while excess emission features are
representative of um-sized small grains (Emery et al. 2006). As shown in Figure 4, the spectrum of
P/2016 BA14 differs from the thermal emissivity spectrum corresponding to the cometary nucleus of
comet 10P/Tempel 2, which was inactive at a further distance from the Sun (Kelley et al. 2017).
Conversely, the thermal emissivity spectrum of the nucleus of 10P/Tempel 2 showed a emission-like
excess feature at ~10 um, in contrast to the absorption-like features observed in P/2016 BA14. The
thermal emissivity spectrum of 10P/Tempel 2 more closely resembles those of D-type asteroids, which
some consider to be exhausted or dormant comets (Figure 4 also shows the thermal emissivity
spectrum of the D-type asteroid 624 Hektor; Emery et al. 2006). Note that the emissivity spectra
exhibiting an excess feature at ~10 um are similar to those of cometary coma, for which thermal
emission is produced by fine grains in the coma. This suggests that the nuclei surfaces of 10P/Tempel
2 and asteroids such as 624 Hektor are covered by highly porous grains (Kelley et al. 2017; Vernazza
et al. 2012), which are probably composed of the anhydrous Mg-rich silicate minerals reported for the
grains in cometary coma (Shinnaka et al. 2018; Bardyn et al. 2017). Because the effective diameter of
10P/Tempel 2 was estimated to be ~9 km (Kelley et al. 2017) and thus considerably larger than P/2016
BAi4 (~1 km), the larger surface gravity of the nucleus of 10P/Tempel 2 might retain a greater number
of smaller grains on its surface, thereby producing the 10-um excess emission feature.

It could be argued that the absorption-like features in the normalized thermal emissivity spectrum
of P/2016 BA 4 are caused by larger silicate grains because surfaces covered by these grains (> 100
um) give rise to thermal emissivity spectra exhibiting absorption-like features (Emery et al. 2006;
Hamilton 2010). In the case of crystalline silicates, some sub-peaks are usually found in their thermal
emissivity spectra (see Figure 10 in Hamilton 2010). Figure 5 shows a comparison with a thermal
emissivity spectrum estimated using a reference reflectance spectrum for Mg-rich natural olivine
(Fo92) grains ranging from 75 to 250 um (from the ECOSTRESS spectral library;
https://speclib.jpl.nasa.gov/; Baldridge et al. 2009), together with the thermal emissivity spectra
representing a surface covered with large porous grains comprising Mg-rich olivine and pyroxene in
both crystalline and amorphous forms (Fabian et al. 2001; Jaeger et al. 1998; Dorschner et al. 1995).
The latter were based on a combination of Hapke theory (Hapke 2012) and Mie theory (Bohren &
Huffman 1983) and assumed a grain diameter of 1 mm and a volume porosity of 30%. Both peak
positions and the relative strengths of the sub-peaks don’t match between the observed spectrum and
the spectrum for Mg-rich natural olivine in laboratory. Although the peak wavelengths of the features
depend on the Mg:Fe ratio in olivine (longer wavelengths correspond to a larger Fe content), the
change in peak strength ratios are not drastic (Hamilton 2010). The calculated emissivity spectra for
crystalline olivine and pyroxene cannot explain the features in the emissivity spectrum of P/2016 BA 14,
while the absorption features calculated for amorphous olivine and pyroxene are significantly broader
than those observed for P/2016 BA14. Finally, we note that laboratory spectra and optical constants

used for calculating modeled spectra shown in Figure 5 were considered to be measured at
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temperatures (i.e., room temperatures; ~300 K), different from the temperature of cometary surface
(~350 K). We assumed that emissivity peaks don’t change significantly in the range of 300400 K
although the emissivity peaks (or absorption peaks) in thermal infrared wavelength region are known
to have temperature dependence (e.g., Chihara et al. 2001).

By comparing the normalized thermal emissivity spectrum of P/2016 BAis with the thermal
emissivity spectra measured for various minerals in the laboratory (Lane & Bishop 2019), the shape
and position of the observed ~10 pm feature observed for P/2016 BA14 are more similar to those of
phyllosilicates (such as chlorite, clinochlore, and serpentine) rather than anhydrous silicates. Although
the thermal emissivity spectrum of cometary dust coma is usually modeled with anhydrous silicates
(see Shinnaka et al. 2018 and references therein), Lisse et al. (2006, 2007) considered phyllosilicates
when modeling the dust grains of comets 9P/Tempel 1 and C/1995 Ol (Hale-Bopp), although
phyllosilicates were minor components of the overall cometary grain composition.

We also compared the spectrum of P/2016 BAi4 to that of the (entirely rock-based) chondrite
meteorite Orgueil (CI), as shown in Figure 4. The mineralogy of Orgueil is dominated by fine-grained
phyllosilicates (various forms of the serpentine and the clay mineral saponite), which were probably
formed during hydrothermal alteration of the parent body that might be a comet (Gounelle & Zolensky
2014). The shape of the absorption-like feature at ~10 pm is similar for the thermal emissivity spectra
of P/2016 BA14 and the meteorite Orgueil. However, their minima occur at different wavelengths; the
minimum of the absorption-like feature for P/2016 BA14 is at 9.50 pm, whereas the minimum for
Orgueil occurs at ~10.0 pm. This difference could be the result of structural and phasal differences
between the silicate minerals (Suttle et al. 2017; Che & Glotch 2012).

Suttle et al. (2017) reported on the thermal infrared reflectance spectra of fine-grained
micrometeorites and classified them into different groups (groups 1-5) corresponding to varying
degrees of thermal processing, which were most likely caused during their entry into the telluric
atmosphere. Group 1 corresponds to dehydrated and unheated chondritic materials (phyllosilicates
dominate the mineralogy of a hydrated chondritic matrix), and members of this group show thermal
reflectance spectra similar to those of carbonaceous chondrites (CI, CM, and C2 ungrouped), with a
single peak whose maxima (i.e., minima in thermal emissivity spectra) lies at approximately 10 pum.
Alternatively, Groups 2 and 3 correspond to dehydroxylate mineraloids (heated to ~600—-1000 K),
which are characterized by a relatively sharp and dominant peak at 9.0-9.5 um. Group 4 comprises
partially annealed, mixed dehydroxylates and olivine (heated to ~700—1100 K) while Group 5 contains
completely crystalized olivine (heated to ~1000—-1500 K). As shown in Figure 6, the prominent
absorption-like feature observed in P/2016 BAis (whose minimum is at 9.50 pm) most closely
resembles a sample in the Group 3 (although the position of ~9.5 pum feature in the observed spectrum
matches the Groups 3 and 4, the Group 4 displays ~11.5 um feature which is not seen in the observed
spectrum). This feature is associated with the stretching of Si-O bonds in the residual, isolated silica
tetrahedra in dehydroxylated phyllosilicates (Suttle et al. 2017).
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This suggests that the nucleus surface of P/2016 BA14 was likely heated to ~600 K at least (Suttle
et al. 2020). However, because the perihelion distance of P/2016 BA14 in its current orbit is 1.012 au
from the Sun, the expected surface temperature of the cometary nucleus at its perihelion passage is
much lower, ~350 K (Figure 3 in Suttle et al. 2020), and cannot reach ~600 K. Therefore, this comet
might have had smaller perihelion distances in the past, with a perihelion distance of ~0.27 au
corresponding to a temperature of ~600 K. The current orbit of the comet has an aphelion distance of
5.25 au close to the Jovian orbit. Thus, a gravitational perturbation by Jupiter might be responsible for
any past alteration in the perihelion distance of the comet. Alternatively, the original body of comet
P/2016 BA14 might have contained abundant dehydroxylated phyllosilicates grains in the interior of
the nucleus. If so, the mineralogy of dust grains in the coma of comet 252P/LINEAR (which is
considered as a comet pair of P/2016 BA14, and in contrast to P/2016 BA14, it was active; Li et al.
2017) should also be dominated by dehydroxylated phyllosilicates. This remains to be investigated in
a future study.

Thus, we conclude that the prominent absorption-like feature peaked at 9.50 um recorded in the
normalized thermal emissivity spectrum of P/2016 BAis is associated with dehydroxylated
phyllosilicates on the nucleus surface. Unfortunately, we could not identify materials as carriers of
other features at 7.59, 8.35, and 8.75 um. The carriers of these features might not be minerals and most
plausible carriers are organic materials on the nucleus surface (Poch et al. 2020; Raponi et al. 2020).
Table 4 lists the candidates of hydrocarbons for those features (Coates 2000; Evans et al. 2005; Draine
& Li 2007). Our observations indicate that one possible end state of comet may be an inactive small

body covered with coarse grains of phyllosilicate minerals combined with organic materials.
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Table 3: Gaussian components fitted with observed emissivity spectrum of P/2016 BA 4.

LD.# | A [um] FWHM [um] | Peak depth

1 7.59+0.01 | 0.16+0.01 0.055+0.002
2 8.35+0.01 | 0.43+0.02 0.021+0.001
3 8.75+0.01 | 0.32+0.02 0.036+0.001
4 9.50+0.01 | 0.77+0.03 0.086+0.001
5 10.0+0.01 | 0.38+0.04 0.029+0.004
6 10.6+0.02 | 0.90+0.03 0.052+0.001

Table 4: Candidates of carrier for unidentified features. [&-b-]

ID. | A [um] Candidate Organic species

#

1 7.59+0.01 | Aromatic C-C stretch Aromatic ring (aryl) group
Aromatic (primary, secondary, or tertiary) | Amine and amino compound group
amine, C-N stretch
Primary or secondary, O-H in-plane bend | Alcohol and hydroxy compound group
Phenol or tertiary alcohol, O-H bend Alcohol and hydroxy compound group

2 8.35+0.01 | Tertiary amine, C-N stretch Amine and amino compound group
Aromatic C-H in-plane bend Aromatic ring (aryl) group

3 8.75+0.01 | Secondary amine, C-N stretch Amine and amino compound group
Aromatic C-H in-plane bend Aromatic ring (aryl) group

[al Coates (2000).
(®] Draine & Li (2007).
[l Evans et al. (2005).
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Figure 4: Normalized thermal emissivity spectrum of P/2016 BAi4 compared with the
thermal emissivity spectra of comet 10P/Tempel 2 (nucleus) and the D-type asteroid 624
Hekor (Kelley et al. 2017; Emery et al. 2006). The spectra of 10P/Tempel 2 and 624 Hektor
are shown with offsets for sake of readability. Solid line is a linear combination of six
Gaussian components fitted to the observed spectrum (each component is plotted by dashed

line). The vertical dotted lines indicate peak wavelengths of the components.
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Figure 5: Normalized mid-infrared emissivity spectrum of P/2016 BA14 compared with the
estimated emissivity spectrum for a laboratory reflectance spectrum of coarse (75-250 pm-
sized) grains of Mg-rich natural olivine (F092) and the modeled surface emissivity spectra
of crystalline/amorphous Mg-rich silicate (olivine and pyroxene) grains. The modeling was
based on the Hapke theory in combination with the Mie theory for I mm-sized porous grains.
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Figure 6: Normalized mid-infrared emissivity spectrum of P/2016 BA14 compared with that
of the chondritic meteorite Orgueil (CI) and the scaled (1 — R) spectra of micrometeorites
from Suttle et al. (2017), where R denotes reflectance. All spectra other than that of P/2016
BA\4 are shifted for readability.
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47108 2y x 32 4 3 0] 1 0 1 17 20 39
4A17H gh | O 91 16 10 ol 21 6 11 61 18 117
47248 gh | O 69 3 21 31 11 0 32 39 14 9%
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018 81 12A118  webkR#E Cnet japan FHEEAS MILRXA - ERIMEEDE T HERIMRERB COFMEARES (>~ - ha 0T = HRTHH TR
82 12A118  webfR#R ZDnet japan REEEARF HLELA -3 PRFNRERF TORMEARES (¥ - HEZOTEHRTYH TR
83 12A118  webfR#R INTERNET COM FEEAF HLKLE - PRFMRERE TORBEARES [~ - O S EHRTYH TR
84 128110 webkR#ika EnEHZ2 -2 FEEAS BLELA -3 : SEFRSMRERB CORMEARES (> - H RO S EHRTRHTRE
85 12118 webR#R BRI REEERF MLRIA - EHRIMNREHET A s hEOTERFTHO TRE
86 12A118  webhR#E mapion = 12— 2 FHEHEAT MILRXA - ERMNEEHE T A (LH) 2SEHRN s hEOTERRTHO TRR
87 127148 158 Y¥2YIR12BS (FRMF) LRI AYR—bF—L RXAENLELIENELEIEZZCDOAEALL
88 15298  WebhR#7hi NHK NEWS WEB BFETAKR | KBRO"BETICIKE BAOHRE
89 18308  WebhR#7hi YOMIURI ONLINE £EY. KBROBTIED TNERIBFERAEERR -RBEERS
90 18308  WebhR#ha 9 B #RIDIGITAL £ by KBROBTICED ThNEBBERAEER -2 ]
91 18308  WebhR#ifa BEHE (FY21E8H) £EF). KBRORTIED ThS RIRRFEEHR %
92 18308  WebhR#7i AFPiE{E (AFPBB News) £ EY), KBRORTICED TN BIREGEER HEEARE
93 14308 WebhR#THE JEiEEHE BEY. KIBRORTIED TN S LBEFEREEER =
94 14308 Webh#H E=E] B, KBROR D TN S LBREREERER %
95 18308 Web 7R FACHTIR $£EY, KBRORTIED TNS BHRERGEFKR %
96 18308 Web i HREWET B E, KBFRORTIED TNSBRBERKERRE - RIPEFEKRSE
97 14308 WebhfH#T PR RE BE, KIBFROR TS TNSRIBFEREEER
98 18308  WebhR#i OLICON NEWS £ EY). KBROR TSRS TNE BIARFEEER
99 15308 WebhR#THE Infoseek News $ Y. KBRORTICED TNSLRIBRRAEEER %
100 1A308 Webhfs7 Biglobe =2 —2 BEY KBRORTISED TNS WHRERGEFER 2
101 18308 Webhi7 excite=2—2 Y. KBRORCIHD TNSLBREREERER #
102 18308 Web i @nifty BEY. KBERORTICEBH TN BBRERFEFER #
103 18308  WebhR#iAa eltha (OLICON NEWS) LEH), KBRORTICED TNS BIEXGEER #
104 15308 Webhi3H7/E Cnet japan £ EH. KBROBRTICED TNS BIREREERR HMEFEAS
105 15308 WebhR#TH ZDnet japan £ EH. KBROBTICED TS BIRREEER %
106 18308  WebhR#h INTERNET COM £ HY). KBRORTIEDH TN BIBEREE R #
107 18308 Webhi7R ENEA=Z2I—R BEY, KBRORTICED TNS BHERGEFKR 2
108 14308 Web i FAERTRD 2, KBFRORTIED TNSBRBERKEZRRE - RIPEFEKRSE
109 15308 Webf#iii mapion =21 —2 $E, KBFRORTIED TNSBRBERAERR --RHPEFEKRS
110 28268  WebHREA YOMIURI ONLINE ), 5 EHTEV339 Del D BREABOBRERLY DLUHH &/ ST -- FEBEERY
111 28268  WebkR#H A FHDIGITAL HHERY), & EHTE V339 Del DIRFEA MO EHBMEM O LN EA L H
112 2R268 Webhi7H HHFE (FYaLEH) Ry, HHHTEV339 Del DERPOBREMBEN OZMAH &AL HIC -- RPEFEAT
113 28268  WebkR#fhl Sankei Biz HHRY), HEHTEV339 Del DBREMPOBRAEMEN O LZMHMZE Y S HIC -- REPEEAS
114 2A26R Webhf#Tf AFP:&E{E (AFPBB News) 1H5R4), & EHTE V339 DelDJRFANHOBRFEIMEY O EH A Z S H I
115 2B268 WebhfH#T JeimEH R R4, & HHTE V339 Del DR O BREBEY O ZH A Z D H I
116 2f268 WebhR#TH L=E] R, HEFTEV339 Del DFERAI ORI MBI OZMAH %A D H I
117 2A26H WebhisH7 FILHTER R, HHFTEV339 Del DERAIMOBREMHY O ZMAH %A D H IS
118 2R268 Webhi7 FRARET R, HHHTEV339 Del DBEFEPOBEME D OLMHHEHSH
119 2H268 Webhi#7R fREPERE Ry, HHHTEV339 Del DERAIDBREMBH O ZNH A S A
120 2H268 Webhi# SR A LR 1R, & EHTE V339 Del DIRFAHBOBRFEEY O ZH O E S H I
121 28268  WebHR#AI OLICON NEWS HERY), HEHTEV339 Del DIREIE DREIHY DL MAFHEH S 1S
122 28268  WebiREA Infoseek News ), HEH2V339 Del D REAEHOBREILY D LMHHE RS NS
123 28268 WebhiH7 Biglobe = 2 — % HHERY), & T2 V339 Del DIRFAH DIBRFEMIEY O LN £ 5 1 IC - REEEARF
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124 28268  WebhR#h excite=a1— X HHERY), &7 V339 Del DIRFAA D BEHMEM O LN EA L 1 IC -
125 28268  WebhR#iH @nifty THRY), HEHTE V339 Del DRFEAAO BB OLMNHEA L H
126 2R268 Webhi#7[ eltha (OLICON NEWS) R, HHHTEV339 Del DIEHAIDBRFMBY O ZMOHEH S A IS
127 2A268  WebhR#iRa Cnet japan THERY), HEHTE V339 Del DRFAP O BHKMEHOZMNFHE AL NI
128 2R268 Webh#T ZDnet japan R, HEHTEV339 Del DFERAB DRI RBY OZMIH LA A IS
TRIER 129 2R268 WebhR#THE INTERNET COM R, HEFTEV339 Del DFERAHOBREMEY O ZMAH %A D h I
(2018) 130 2R268 WebhR#TH enEN=a—2 R, HHHTEV339 Del DERIMOBRE MBI OZMHAH %A L H IS
131 28268  WebhR#iH fapesiii) THRY), HEHTE V339 Del DRFAAOBRHMEMOZMNHEH L 1 I
132 28260  Webfi#fi mapion =1 —2X TP, HEHTE V339 Del DRFANMDOBRFKMENORMNFHEH S HIC -- REEFEKRE
133 2278 #h AR [ER7 4 F REFBEHA ] REEERY RGEHLES
134 35148 #h BB FUREE R LR A O R HE
135 35208  ¥M R [ER7AF RPHEHAF] FEELERY IXFHE [LERETHALTHRAAVEOERERDIIE?
136 38278  #ME R [ER74F RFBEHAF] REBEERF KGERLS
1 R1(2019)%E WebH A k JSa—FL—ar AEROFHK HERA <> binK%F [REBRLER
2 48248 ¥ME R TER7 4 F REFHBEHA F] REEERY KGERLR
3 58228  #f R [ER74F KREFBEHA ] REPEFERY RUPHBE [REEZREPFESHIC LIV NEHE ]
4 58288 ¥ %M HEBREORTH L bh o7 REATRIPHE
5 68228 FLE KBSm#B [804 ] IcLRXA Tl Fit ARAER
6 TR17TE  #E R MERTAF RPHEHA ] FEHEERF KXFHRE (77 v 7 h—LOBEOEE L SHOEE]
7 7H198 TE#EE BFRYIRTIAS (FRMF) LRI AOBHICEN | HAT | RIF0BA
8 8A5H # El=E] HE FEHT (FHRE] HBICHABFICHLRER SMEEAT, i
9 85218 A Ebtil) RERSMRERFE
10 8F238  #if BT EMYEPEE - BE. BBERE REXIEH
FR3Y/HMT 11 85238  Web#A BT EMYEDERE - BE. BEEETE REXDHEY
FE 12 85288 M R MER74F RFBEHA ] REBEERF XERLS
(2019) 13 9F258  #HE R TEHR7 4 F RFHBEHA F] REEERY XEBLR
14 10A278  #if REAB BT [RYV7HE| R KBRS 5RAKE
15 11A198  #h L ABATRKE HELEESTRE Yrar VoaF—EEND
16 118228 #f FrooH EHEAHEYERE? OXREH  Yrar= - v F—HE
17 1848 ATIE2F €285 75y 0 RIS OBRRAXEHRE
18 1858 H$vr—EH KETLREY &= Za=RTIERTVEV I3 T o kHRERG [MBE] DEEKY ERETNDEIREEL ENHTRR,
19 1A98 L ASA TR ETRDORIEREE
20 18108 BAREHH KERAD O ORGE, %522V 7HERER
21 18108 Web¥% A + AR AR KERAD O ORGE, M52 2R/ 7HERER
22 18128 #f BARHHM HEICHMLERS T
23 2858 HEES ATIE2FE3F5 Observer's NAVI  (BRMiBN/FHE FUBEEAY MILRXAE)
1 2020/4/24 i il BHOFEN Yrab= -V F—EE F—070khHRRED REEEAS MR
2 2020/4/28 % SRTHTRE HE MEVESVEE? Yravrs . v F-—HE REKR - ARBELSREX
3 2020/5/14 % FERRATR HETKEEEELL S REAMLENA E£574 5
4 2020/5/14 ik AR SEFN BEOZVT REAMLRXA 50 0EE
5 2020/5/17  %ifd FrooH KO£ L SBETEE REKX - HILRXA
6 2020/5/20 %l ZAHH HETHLFHSIIC ARXEY = 7 THRER
7 2020/5/21 % SnHE (RR) FBER VIJRE - HLEXE [2R4EX37] s9HEE
8 2020/5/22  Web¥ A + oL e FHEEAFMHLRITA N YouTube 7 4 712 & 2 RXA X b &HBAfE |
9 2020/5/22  Web¥ A + PHEFET Y 2L FEEERFILELA D YouTube 7 A 712 & BRI A <> + & HBIE |
10 2020/5/22  Web# A + B EHE RHEERFILELA A YouTube T A 712 & BRI A <> + & FIBIE |
11 2020/5/22  Web A + SankeiBiz FAREE AP MILRITE D YouTube 7 A 712 & 2RIA Ry b &HFE |
12 2020/5/22  Web¥ A + AFPiB{S (AFPBB News) FEBEEA LRI AN YouTube 7 1 712K 2R A R & FE |
13 2020/5/22  Web¥ A b JeimEHR FREBEFEAFHLRTA b YouTube T A 712k BRICA <> b 4B |
14 2020/5/22  Web¥ A + FALHTIR FHEEAFMHILRIA N YouTube 7 4 712 & 2 RXA X b & 4B |
15 2020/5/22  Web# A FRER FHEEAFMLRIA D YouTube T 4 712 & 2 RXA R b &HBAfE |
16 2020/5/22  Web¥ A + fRFRIE FHEERFLELA A YouTube T A 71 & BRI A <> + & HBIE |
17 2020/5/22  Web¥ A + B A LR FREERFMILE A YouTube T A 712 £ BRI A <> + &R |
18 2020/5/22  Webt A + ORICON NEWS FEBEEAZ LRI AN YouTube 7 1 7IZ L 2RA R & FHE |
19 2020/5/22  Web¥ A + Infoseek FHEERFILTLA D YouTube 7 A 712 & BRXA <> b= HFIE |
20 2020/5/22  Web¥ A + BIGLOBE FHEEAFHLRIA N YouTube T 4 712 & 2 RXA X b & 4B |
21 2020/5/22  Web# A + excite FHEEAFMILRIIA D YouTube T 4 IS & 2RXA R b &HBAfE |
22 2020/5/22  Web¥ A @nifty FEREEARFMILRIIE D YouTube T 4 712 & 2RA R b &HBAE |
23 2020/5/22  Web A + eltha FAREEAFMILRIIE D YouTube T A 712 & 2RA R b &HFE |
Py 24 2020/5/22  Web¥ A + Cnet FREBEEA LRI AN YouTube 7 1 712K 2R A R & FE |
(2020) 25 2020/5/22  Web¥ A + Zdnet SRR AF LKA A YouTube 7 1 7IC L BRXA X > b &4RAME |
26 2020/5/22  Web¥ A k japan.internet.com REPEE RS LR A A YouTube T 4 712 £ BRXA R 2 FIE |
27 2020/5/22  Web¥ A + chEH FHEEAF LKA D YouTube 7 4 712 & 2 RXA R b &HBAfE |
28 2020/5/22  Web¥ A + g FHEERFLEA A YouTube T A 712 £ BRI A <> + & IBIE |
29 2020/5/22  Web¥ A + Mapion FEBEEAFMILRITE D YouTube 7 4 712 & 2RA R b &HFE |
30 2020/6/10 %M R FrIAVER BETELCRFRE RWEEARS
31 2020/6/16 %M SRCHTE HHEE BETREART 218, RAPREX [V 7HER] BiE
32 2020/6/18  Web# A + JSa—KL—v a3y BEROPER BEIBTRXEELDS | MLEXAICLBRXARY bD T A TH
33 2020/6/18  Web# A BEHTREA Y T4 FHMEERFRLEIANBYARE T~V ICKXFHEE 7 1 7EIE
34 2020/6/18  Web# A + HEHETY 2 FHREERFHURIADBAARE T — Y ICKXPHEE 7 1 7
35 2020/6/18  Web# A BAHE FHEEFRPBRLRLANBOAREE T — T ICKX
36 2020/6/18  Web# A SankeiBiz RMEERPRLRIEHNBOEHRE T —VICKX
37 2020/6/18  Web¥ A + AFP;&EfE (AFPBB News) FEBEER LUK AN BYBREE T — T IR
38 2020/6/18  Web A JeimEHE RBEERPHLRLAEABYEBRE T —TICKXF
39 2020/6/18  Web# A + AR RREERPRURLANBYERE T — T ICKX
40 2020/6/18  Web# A + HBER RHEFRPRLRLANBOHRE T — I ICKX
41 2020/6/18  Web# A feFRE FHEFRFPRLRLANBOEEE T — T ICKK
42 2020/6/18  Web¥ A + KA LR FHBEERFMURLENBHBRE T — VIR
43 2020/6/18  Web¥ A + ORICON NEWS FIBEERFHLRI AN B BRE T — T ICKP
44 2020/6/18  Web A Infoseek RBEERPRLRLEHNBYEREE T — T ICKXE
45 2020/6/18  Web# A BIGLOBE FRBEERFMLRIAN B BRE T — T ICKXFHELE 7 1 7HE
46 2020/6/18  Web# A excite FRBEERFHLRIANBYARE T — VIR BEE 7 A TE
47 2020/6/18  Web# A + @nifty FHEEFRPBRLRLANBOHEE T — T ICKX
48 2020/6/18  Web# A eltha RMEERPHRLRIEHNBOHREE T —VICKX
49 2020/6/18  Web¥ A k Cnet FEBEEAF LRI AN Y BEE T — VISR
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50 2020/6/18  Web# A + Zdnet REEERFHLRIAN BN BRE T — T ICKXFHEE 71 THIE !
51 2020/6/18  Web# A japan.internet.com FRBEERFMLRIANBYBRE T — T ICKFHEE 7 A 7HAE |
52 2020/6/18  Web# A + ehEn FEEERFHURIADRBAARE T —ICKXPHEE 7 1 THIE
53 2020/6/18  Web# A LR HMEEZRPMURLANBYBRE T — T ICRXPHEE T 1 7S
54 2020/7/9 %R R RETHEL2MF @Oty FAdtHisA FEBEEAFLR
55 2020/7/31  Web¥ A b FEHEA Y T4~ RXF¥ BLOE-ohIFC REKR - #HLRXA HERv MERE
56 2020/7/31  Web¥ A + HAFET Y 2L [RBEEKF] 51 BB LRDNIOEFE G | ?HMLRIENECYET -, KXARY M %274 TH
57 2020/7/31  Web# A + SankeiBiz [RBMEEAF] LIERICEHTIRONIDEFE X | 2HLRLADNEIET -7, KXA RV bET 4 TERIE
58 2020/7/31  Web# A AFPi&E{E (AFPBB News) [RMEERT] 51 BIHTHIRO)OEKE | 2LURIANEIET—TIC, RXARY bETATE
59 2020/7/31  Web¥ A + JeimiEHiAa [RAPEERE] £51 BHTIRONIOEFLF ! 2LRXANESET —7IC, RXARY bETA( T
60 2020/7/31  Web¥ A + FALHTR [RMEEAT] LI/ERICBIBTIRONIDEGRE X | ?HLRNEADEIET -7, RXA XY b T4 TRIE
61 2020/7/31  Web¥ A b HBAR [REEERZ] £51 BIBTHRONIDERE I | 2MLRIAN LI EZT —TIS, RRXARY b & T4 T
62 2020/7/31  Web¥ A + fRFRR [REBEFEKF] 51 BIHTHRONIOEFE F | 2MLURIENES 2T —7IC, RXARY M54 TEIE
63 2020/7/31  Web¥ A B A LR [RBMEEAF] LIERICEIHTIRONIDEFE X | 2HLRXAHNEIET -7, KA RV bET4( TERE
64 2020/7/31  Web¥ A + ORICON NEWS [FEERF] 51 BHTHLRDNOERE | 7HMURLAENEIET—IC, KXARY FETATH
65 2020/7/31  Web# A + Infoseek [REpEEAE] £51 FHTIRONIOEFLEF ! 2LRXANESET —7IS, RXARY bETA( T
66 2020/7/31  Web¥ A + BIGLOBE [RMEEAT] LIERICBIBTIRONIDEGKE X | ?HLRNEDEIET -7, RXA RV b T4 TERIE
67 2020/7/31  Web¥ A + excite [REEERZ] £51 BIHTHRONIDERL I | 2MURIANECIZT —7Ic, RXARY b & T4 T
68 2020/7/31  Web¥ A + @nifty [REEERF] £51 BB HZROJIOERE R | 2LRZAN LI AT —IC, KXARY bET A TE
69 2020/7/31  Web¥ A eltha [REBEEXF] £51E BHTLRDNOEREE | ?HMLRLAENEIET—<IC, RXARY &2 T4 TEIE
70 2020/7/31  Web¥ A Cnet [REEXF] 51 BHTHLRDNOERE G| 7HMURLANEIET—IC, KXARY FETATH
71 2020/7/31  Web# A + Zdnet [REpEEAE] £51 BHTIRONIDEFRLE ! 2LRXANESET —7IC, RXARY bETA( T
72 2020/7/31  Web¥ A + japan.internet.com [RIMEXEAY] tVEBRICEETIRONOEFKEF | ?HLRXANEIET -7 I, RXA XY b &5 4 TERIE
73 2020/7/31  Web® A + LnEH [REEEKRZ] £51 BIBTHRONIDERE I | 2MLRIANEIZT—TIS, RXARY b & 74 T
74 2020/7/31  Web¥ A + [zgesenl [RIBEEKF] £51 BIBTHRONIOEFEF | 2MLURIAEHNEYET—TIC, RXARY b%ET4Th
75 2020/7/31  Webt A + Mapion [REBEEKXF] £51=E BHTLRONOERE G | 7HMILRLANEIET—<IC, RXARY M ET 4 TEIE
76 2020/7/31  Web# 1 b Mapion [R#EEAF] CH/ERICEHTIRO)IDOEREF ! 2HLRIENEIET -V, RXARY FETATE
77 2020/8/3 %k TR AXZ BLOEohFIC REA - #ILRXA #ER Y MEE
78 2020/9/1 1B GoGotFEH 91085 HEX)BE ~KBROERERD~
79 2020/9/5  #iEt ATl EXA4F10AS RMEERYE MLURXE0EELES BT Y LR
80 2020/10/5 sk ATl RXA4F11AS REEERFPIRLRLAFR10/E WL BEXNEE~KBRORRERD~
81 2020/10/5 3k ATl 21185 REEERFPIRLRLAFRI0E YL HEXNEE~KBROLRERD~
82 2020/10/16 %7 REBHH REBEFRPHLRLARRIASF YRV L BEXNEE~KBRORREZRS~
83 2020/12/2 %k BT 5570 100B4RIDOFENK - v/ T BEE TR - REAHDAR
84 2020/12/9  Web¥ A + FoTH A T A [r#BERAY) 52 &N ERORATHE RS | #ILRLEHKI0EFS [H#2 x)\BE~XBRORRERS~] 271 TRiE
85 2020/12/9  Web# A k SankeiBiz [RpEEAY] BELNBEORIRERE | LTS THEx NBE~ABROEEERD~] %74 TRE
86 2020/12/9  Web# A + AFP;E{E (AFPBB News) [rEEAy] B2 NBEDRIRERE | LTS T82 X NBE~ABROBEERD~] %74 TRE
87 2020/12/9  Web# 4 b JeiEEHTRE [EmEEAY] B2 L NBREORIRERE | LRI AFRIIEAE (22 < \BE~ABROBELES~] £ 54 TEfE
88 2020/12/9  Webt A + SALHTIR [(R#ExAS] B2 LNBEORIHERD | HILKIE AEE [H#2 x|\ BE~KBROBRERS~] %54 7EfE
89 2020/12/9  Web¥ 1 b HRER [(E@EEAY] S8 L NBEORRERR | HILRXAHRISAE M2 \BE~ABROCHEEEDL~] &7 4 TRIE
90 2020/12/9  Web¥ A + RERE [R#BEEAY) 52 & NEREORATHE RS | #ILKLEHR16MEF £ x| ~KBROREERD~] &7 4 Tl

PO 91 2020/12/9  Web# A k B A LR [RpEEAY] BE L NBEORIMGERR | HILFLAMRITAE T82x NBE~ABROREERD~] %74 TRE

(2020) 91 2020/12/9  Web¥ A b ORICON NEWS [rEEAY] B2 NBEORISERE | HLRLAMRIBEE T82x NBE~ABROBEERD~] & 74 TRE

92 2020/12/9  Web¥ A + Infoseek [RBEEAY] B2 NBEORISERE | #LRXAMRIEE (82 x \BE~ABROEEEEL~] %74 TRE
93 2020/12/9  Web¥ A BIGLOBE [(FRMERAF] B2 LNBEORIHRERD | HILEIE WEES B2 < )\BE~ABROLRERD~] 71 JEE
94 2020/12/9  Web¥ A excite [(R#EFEAT] BELNBEORIRERR | #HLRLAMBR2LAE B2 NBE~KBROEBRERD~]| 274 TR
95 2020/12/9  Web A + eltha [R#BERAY) 52 &NERORATHE RS | #ILKLEHR22A4E [H#2 X \BE~KABRORRERS~] 271 JRiE
96 2020/12/9  Web# A + Cnet [RBEEAY] BELNBEORIMGERR | HILFLAMRIAE THEx NBE~ABROREERD~] %74 TRE
97 2020/12/9  Web¥ A b Zdnet [rEEAY] B2 NBEORIRERE | HILTCAFIR24EF 2 TH2 X NBE~ABROEEERD~] %74 TRE
98 2020/12/9  Web¥ A b A &—Fv baL [EEEAY] B2 NBEORISERE | #ILRLEMBRSEE (82 x \BE~ABROEEEEE~] %74 TRE
99 2020/12/9  Web A + BT [(RBERAR] BE CNBEORNGERDR | #LRXANR6EE (82 )\BE~KBROEFERD~] %71 7RE
100 2020/12/9  Web# A k Mapion [(REEFEAP] BELNBZORIRERR | #HLRLAMBR2TAERS ToL [HEXNBRE~KBROLRERS~] 271 7RE
101 2020/12/18  #7f8 pRE ] 100 FRIOFEDHDOFEEDHETE
102 2020/12/18  Web¥ A Bl b [REEAR] FXFTRS RORH - 100EFHOFHIC S 2 ROFEEDRE A - K he Astrophysical Journal (> 5 1 V) (Z##
103 2020/12/18  Web# A + SankeiBiz (REFELEAF] KXFTRDKOLHF -- VUEFHOFTHISE 1 2 ROFEROMECA - £5The Astrophysical Journal (> 54 Y ki) (Z$8#;
104 2020/12/18  Web# 4 b AFPi@{= (AFPBB News) [REEEAT] RXPTRSHOMRE - 102BETOFEICE I 2 ROFEROREICHY - 55The Astrophysical Journal (4> 7 4 VIR) (218
105 2020/12/18  Web# 4 b JLEEHE [RBERAR] XL TRIKORE - 103EEMOTEICH I 5 ROFEBORTICHI) - KELHHIThe Astrophysical Journal (> 5 1 Vi) (8
106 2020/12/18  Web# 41 b SAIACETER [RMERAY) XL TR HKORE - IMEENOTEICS S 2 ROFEROME CHI) - X F:The Astrophysical Journal (4> 5 1 V) (2183
107 2020/12/18 Web# 41 b FRAR (EHBEEAE] FTXE TR HORF - 105EEHOFHEIC S 5 ROFEBOWEC K - KELHHEEThe Astrophysical Journal (+> 7 4 VIf) (<18
108 2020/12/18  Web¥ 4 k RRPRR (R R A] RXETRS BRORT - 106EEH OFEIC 51T 2 HOFER ORECAY - KELH P54V 18
109 2020/12/18 Webt A + HEBRA LR [REFEEAF] KXF TR RORE - W07EEFNOTHICE T 2 %OFERORECRY - K [CRE 282 ="t
110 2020/12/18  Web¥ 4 ORICON NEWS [REEEAS] RXPTRSHOMRE - 108EETOFEICE S 2 ROFEROREICHY - 55The Astrophysical Journal (4> 7 4 VIR) (C18#
111 2020/12/18  Web# A + Infoseek (RBEEAE] TXETRDHOLHE - 109EFHOFTHICE I BHOFEEORECH) - {455 The Astrophysical Journal (4> 54 Y IR) (2$B#;
112 2020/12/18  Web# 41 b BIGLOBE [RMERAY) XL TR HKORE - 1I0EENOTHICS S 2 ROEEROME I -- KELHEThe Astrophysical Journal (4354 V) (#Bi
113 2020/12/18  Web¥ 41 b excite (FHBEEAE] TXE TR HORR - LEFHOFHEC S 5 ROFEBOWEC K - KELHHEThe Astrophysical Journal (+> 5 4 VIf) (<18
114 2020/12/18 Web* A eltha [(REBEEAF] RXF TR RORR -- LI2EEHOFHIC S 3 ROFERORE K -- KEF he Astrophysical Journal (> 5 4 D) (<388,
115 2020/12/18 Web# A + Cnet [RBEEAF] KXFTRDRKORF -- LIBEENOTHICS S 2 ROFEROWE (CHI - K 55The Astrophysical Journal (> 5 4 VHR) 1#8#
116 2020/12/18  Web¥ 4 b Zdnet [REEEAS] RXPTRZHORE - 1MEETOFEICE S 2 ROFEROREICHY - TR The Astrophysical Journal (> 5 1 VKR (1831
117 2020/12/18  Web# 4 b A2 —Fv balk [R#ERAS) RXLTRDHKOEE - 1ISEENOFHCS S 2 ROFEEOREICHI) - {5 The Astrophysical Journal (4> 5 4 ) (2188
118 2020/12/18 Web# 41 b enEh (RMERAY) XL TR HORE - 1I6EENOTHICS S 2 ROEERE T CHI) -- KELHEThe Astrophysical Journal (4354 1) (i
119 2020/12/18  Web¥ A b g [(RBERAY] KL TR KRR - LITEFHOTEEC S 2 KOFEBORE M - KELAHThe Astrophysical Journal (35 4 VIR) (88
120 2020/12/18 Web# A Mapion [FEEAF] TXE TR HORR -- 1ISEENOFEICH 1 2 ROFEBOHEC I -- KEFHTHEThe Astrophysical Journal (+> 54 VIf) (<1B#H
121 2021/1/12  Web# A BEHEA Y T4 [FHEEAF] Kikz R OKBRBEL MRS | #HILRAXAWEBRFMER [REAES | | B
122 2021/1/12  Web¥ A b HAEFET Y 2L [FHEEAT] Kk RUn o KBREE % | LR AWEBR R LR [MEALS | | B
123 2021/1/12  Web¥ A + SankeiBiz [REEEARF] KiEzE RN ORERBESE | MILAXAWEBRFRE S [BEAES | | Bl
124 2021/1/12  Web¥ A + AFP;&{E (AFPBB News) [REEFEAF] Kbz RN OKBRBE2 | BILRXAWEBRARZ S [BEAES || M
125 2021/1/12  Web¥ A + JeimEHA [RAPEEAF] Kikz RAnORBRBES | #ILRXCAWEBR R LR [MERES | | Bt
126 2021/1/12  Web¥ A + AALHTR [REERARL] RiA% BBA OKBREE L #H | BMILRXEWEBRHELE R [REAES | | B
127 2021/1/12  Web¥ A b HRER [FHEEAF] Kbz RAn O XBRBEL RS | ILRXAWEBRGFBMLER [REAES | | B
128 2021/1/12  Web¥ A b fLPRH [REEEAF] Kbz R o XERBEZE | LR AWEBRARE S [REXES | | B
129 2021/1/12  Web¥ A + LA LR [REEEARF] Kbz Run o KBRBE & @5 | #ILRAXAWEBRFHLER [REXES || HE
130 2021/1/12  Web¥ A + ORICON NEWS [REEFEAF] Kb RN OKBRBE2 | BILRXAWEBRARZ S [BEAES | | M
131 2021/1/12  Web¥ A + Infoseek [RAPEEARF] KAz RANOKBRBEE | #ILRCAWEBR LR MERES | | Bt
132 2021/1/12  Web# A + BIGLOBE [RIMEFEAY] REE RN ORBRBELRHR | MILRXAWEBRHHREZS [REAKS | | Ml
133 2021/1/12  Web# A k excite [FHEEAF]) KEE RN OXBRBELHD | HILAXAWEBRAFMER [REAES | | B
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134 2021/1/12  Web¥ A b @nifty [RMEXRF] R Bur o XBRELEE | ILRXAWEBRARZ S [REXES | | B
135 2021/1/12  Web# 4 b eltha [REEEAF] Krz RN OXBERBEZ | LKL AWEBRFRE S [BERES | | Bl
136 2021/1/12  Web¥ 1 b Cnet [REEFEAF] Kbz R O KBRBE & 5% | #ILRAXAWEBRFEHLER [REXES || HlE
137 2021/1/12  Web¥ 4 b Zdnet [RBMEHEAZ] REERLNOABREEE | #ILRXAWEBR LR REAES | | e
138 2021/1/12  Web¥ A4 b Ava—Zybtak [FAEEAR] A2 RAENOKBRBESE VIR AWEBRARZ S [MEAES | | B
139 2021/1/12  Web¥ A + enEn [RIMEFEAY] XE2 B ORBRBELRHR | MILRXAWEBRHHEZS [REAES | | B
140 2021/1/12  Web¥ A b g [REEHEATF] Kixz R o KEREEZE | BILRXAWEBRARZ S [MEXRES | | B
141 2021/1/12  Web¥ A + Mapion [REEEAF] Kbz R o RKBRBE & @5t | #ILRAXAWEBRFHLER [REXES || HE
142 2021/2/2 ik HFI T4/ ERIME2H TR
143 2021/2/12  Web¥ A4 b FHEA T A [RBMEEXT] KBRRREOEBIIOLN BB ERENEREERR
144 2021/2/12  Web¥ A + PEFMT Y 2L [RAREEAR] K53 DEBIIOBHDEHAEEEREERERR
145 2021/2/12  Web¥ A b SankeiBiz [RIMEFEAF] KBRRRORHICOLH 2 HALERERERKERR
146 2021/2/12  Web¥ A b AFP;E{E (AFPBB News) [REEEAF] KERRROERIIOLH 2 HHLTERERZRREERER
147 2021/2/12  Web# 4 b JeimEHTRE [REEEARTF] K53 OREPISOLA DR LEREN2BHEHR
148 2021/2/12  Web¥ 4 b AR DREPIZOWNDEHLEREN2EH L HKR
149 2021/2/12  Web¥ 1 b FRER DRERIIOBRHNDEHBEBENERRERR
150 2021/2/12  Web¥ A + PRI ROBFISORA BRHRAERENEERERR
151 2021/2/12  Web¥ A + LA LA [REEEARE] K5 OERIOBABHHRAERERREREER
152 2021/2/12  Web¥ A b ORICON NEWS [RBEFXAF] KBRERRORBIC OB 2BALBRENRBHERR
153 2021/2/12  Web# 4 b Infoseek [FHEEAT] KSREFEORBICOLH 2 BHAEREFERREXR
154 2021/2/12  Web¥ 1 b BIGLOBE [REEEARF] K53 DREPIZOWN DEHLEREN2BHEHR
155 2021/2/12  Web¥ 4 b excite [REMEFEARZ] K53 DREBIIOBRHDEHRBEBENERKERR
156 2021/2/12  Web¥ A + nifty [FMEEXT] KBRERFEOEBIIOANZRHAEREHERREERR
157 2021/2/12  Web% A + eltha [RIMEFEAF] KBRRROFBIC OB 2 HALBRERRBRFKERR
158 2021/2/12  Web¥ A + Cnet [FHEEAT] KSRREOEHICONH 2 BHAEEEHFERRELER
159 2021/2/12  Web# 4 b Zdnet [FHEEAT] KSREFEOEBICONH 2 BHAEREFERREER
160 2021/2/12  Web¥ 1 b A& —F vy bak RMEFERF] K53 DOREPIZOLN DEHRLEREN2BHEHKR
P 161 2021/2/12  Web¥ 4 b chEH DREBIIORHDEHBERENERKERR
(2020) 162 2021/2/12  Web¥ A + ARRRTR [REMEHAF] KBREROBHICOBA DHALERERERELERR
163 2021/2/12  Web% A b+ Mapion [REEEAT] KSRIRFEORBIC OB B EHAEBEFEBHKAER
164 2021438 Z ot RIBEFIRAT/ S ZHK— b RBEERPIRLIE
165 2021/3/1  #iE BT [FEBEE] RENE BENOFIHERD 2
166 2021/3/1  Web¥ A b BRTHHMA > 74> FALREEKR [FEBER| BEIE BEMNOFIHERDS
167 2021/3/2  Web¥# A + RAFEZa—2R AENE LD - FBBEEORERE % ERE T B FEERA O HHEIL
168 2021/3/4  Web¥ A + Astroarts FEBEEZORMEEZERN DFRICUET 2HFE
169 2021/3/5  MEE ATl 2FrE4R%5 WEBRXHHE [EP3E 200 HROL S hE2IMICHS ?)
170 2021/3/5 sl BEAMOFREEROREBE RAMN /4 FE CERLRE ICKN
171 2021/3/15  Webt A + Eobitini B [RBEEAR] Aok EOEBIE - BRAOBEARORMRE L EMICHET 5 = & CHh - Notices of the Royal Societyl=
172 2021/3/15  Web# A SankeiBiz [RiEEAS] K-> BORBNE - BENOBEXRORMRE £ ERICHET 5 2 £ S5 - Notices of the Royal Societyl=$5#
173 2021/3/15  Web¥ 1 b AFPi&{= (AFPBB News) UREBEAS] Ao RO BRNOBERRORTRE L ERICHET 5T & S Notices of the Royal Society|=#§#
174 2021/3/15  Web¥ A + deimE R APERAL] Kol BOH BRAOBEARORDREL ERICHET 52 Notices of the Royal tylc B
175 2021/3/15  Web¥ A + AR [REERAF] K1 RORBYE - BENOREARORTBEE ERICHET 52 Notices of the Royal Sociotyl: B
176 2021/3/15  Web¥ A + Eivcl=E: [REBEEAT] K12 O KREORERELERICHET 52 Notices of the Royal SocietylZ #6#,
177 2021/3/15  Web¥ A + HRERR RIBEREAY] Ko f RO OBEAROHMEEE EMICHET 52 Notices of the Royal Societyl 6
178 2021/3/15  Webt A B A LR [EBEEAR] Ao RORBIE - BENOBEARORERE L EHICHET 5 = & CHh - Notices of the Royal Societylc 8
179 2021/3/15  Web# A + ORICON NEWS [RBEEAF] k-1 BOH BREOBEARORTEREE ER Notices of the Royal Societyl= B
180 2021/3/15  Web¥ 1 + Infoseek [RFERAS] Kot ROk BENOBEAROREREE ER Notices of the Royal tyl 3B
181 2021/3/15  Web* A b BIGLOBE [RBEEAF] A7 RO - BRAOBEAROXMRLE ERICHET 52 Notices of the Royal Society|=$8#
182 2021/3/15  Webt A + excite (R AT] K12 Db - ERENOBEARORIRE S ERICHET 5 Notices of the Royal Societyl< 368
183 2021/3/15  Web# 4 b eltha [RBEEAY] K> EOH - BENOBEXEORMRE L ERISNET 3 2 Notices of the Royal Societyl< #B#
184 2021/3/15  Web# 1 b Cnet URIBEEAS] K> F RO ~ BRNOBEXEORERE S EMICHET S T & CHH -~ Notices of the Royal Society|<iB#,
185 2021/3/15  Web¥ 4 b Zdnet [RBERAR] Ko EOH BENOBEXRORMERE % ERICHET 5 Z & (A - Notices of the Royal SocietylZ 38,
186 2021/3/15  Web¥% A + Av&—>y baL [REEEAR] Ko7 RO BRAOBEAROREREE ERICHET 52 L ICHY - Notices of the Royal tyl B
187 2021/3/15  Web# A chEd [REBEEAF] K F RO - BREOBEARORMREE ERICHET 5 2 & A - Notices of the Royal Society|= i
188 2021/3/15  Web¥ A + BT [FBEEAS] K>k EOERNE - BRAOBEAZORIBEL ERISNET 32 & A2 Notices of the Royal Sociotyl: i
189 2021/3/15  Web¥ A + Mapion [RBEEAY] K> BOH - ERHOBEARORMEE £ ERICNET 52 £ (2H3h - Notices of the Royal Societyl= 18
190 2021/3/15  Webt A + @nifty [EBEEAR] Ao ROEBIE - BRNOBEARORERE L ERICHET 5 = & S - Notices of the Royal Societyl=
1 2021/4/8 ik BT TR HEOK FRERS TIE2LEFHEN
2 2021/4/26  Web¥ A + FonHEA 7 A [(RBELAS] HALLR L TELNTLHBEMORIICHY /<Y 22— R - 5 MNearus (A ALR) ] (A 54 IR 188
4 2021/4/26  Webt A + SankeiBiz [RBEEAS] HRELR L TEHATL MRS /S R4 — A - s Mlearus (1 ALR) | (A 54 V) (C8#
5 2021/4/26 WebH A F AFPiE{E (AFPBB News) (FmEEAE] HROLR L TEHATL BRI /S R & — R - i Ncarus (4 HNR) 1 (Fy 74 R (38
6 2021/4/26  Web¥ A k JeiEEHRE [RBERAE] HRPL L THEOATL R SR E— R - $5% Tlearus (A HAR) | (A 54 VIR (8#
7 2021/4/26  Web A + AR [REEEXE] H2PHR FTEHATL SR Ay RE-X: i Noarus (4 HAR) 1 (254 V40 (3B
8 2021/4/26  WebH 4 + Encl=E [REELAE] HRLLR L TEHATL CH SRR = R - 3 MNearus (1 AMR) | (54 VIR (B
9 2021/4/26  WebY A b RFERR (FBEEAT] HAPLR L THEOATL SHT YRR — BRE -~ 55 Ncarus (41 ALR) | (A>3 4 VIR) 1B
10 2021/4/26  Webt A + HEBAA LR (RBEEAS] HRELR L TEHLTL MRS /S R4 — B - XEERSLENLE Ncarus (41HAR) | (A>3 4 ) (B8
11 2021/4/26  Web# A b ORICON NEWS RBERAY] HAPHR L TEHATL RIS /5> 2% — R0 23 Nearus (1ALR) | (A 74 7R) (<388
12 2021/4/26  Web¥ 4 + Infoseek [EBEEASE] HRPKXR L THEHITY S SRR — R - 235 Mcarus (1 ALR) 1 (A I 4 VIR (8
13 2021/4/26  Web 1 b BIGLOBE [RBERKF] HRPLR FTEDOATL SR 8 R =X 3 Tlcarus (4 7L2) | (Fo 74 VD) (3B
14 2021/4/26  Web¥ 1 b excite [RBERAF] HRPLR FCEDOATL SR 8RB =X LT 3 lloarus (4 ANR) | (F> 54 V) (388
SH3EE 15 2021/4/26  Web¥ A @nifty (RBELAR] HRPLR FTEDATL SR SR — R - % MNearus (4 ALR) | (254 V) RE
(2021) 16 2021/4/26  Webt A + eltha (RBELAY]) HAPLZ L TEHOATL Bith /22— B -- KEERBENFE Ncaus (1HLR) | (F¥ 54 (CBE
17 2021/4/26 WebH A F Cnet (BEEAYE] HROL2 L TEHATL BRI /S R & — R - 5 Mearus (1 ALR) | (F¥ 54 Vi) (8#
18 2021/4/26  Web¥ 4 + Zdnet [EBEEAE] HRPLR L THHIT SR SRR — R - 3 Mearus (1 ALR) 1 (454 VIR) (38
19 2021/4/26  Webt 1 b Av&—Fy kAL [EgERAE] HAPLA R TEHATL SR Ay RE-X: 3 Mlcarus (4 7L2) | (F¥ 54 V40 (3B
20 2021/4/26  Webt A enED [REELAE] HRLLR L TEAATL CH SRR = . i Tearus (A AMR) 1 (F¥ 54 VIR 1383
21 2021/4/26  Web¥ A AR R [RBELAS] HZCLR L TEHATL SR Sy AR — . % Ncarus (A ALR) ] (A4 IR 1C8H
22 2021/4/26  Web¥ A + Mapion [REBEEAS] HRCLR FTEHATL B S 28— WA - XEEREENPE Ncarus (1HAR) | (A2 54 ) (B8
23 2021/5/20 sk RXAH vollldNob (BARXFREE) BARNZR)IEZBEEICLZEMREE HPEH
24 2021/5/22 %M BAHE A—N—L—VERAR6E T M TERE REMLEIA
25 2021/5/25 i EERATRR BRAR ELIZ—/~—{k NRTLEARATE 71 7hHb
26 2021/5/21 FLE BAFLE [ZIPl] =Za2—X3—F— *v 74 vEE [ERARBER.
27 2021/6/11  Web¥ A b+ oA T M [RBEFEAY] ERMRERICE 1 2RFRIEH 2 O 7 EFRL.
28 2021/6/11  Web¥ 4 HEHET Y 20 [FMEEAR] EFRMUERICE T ZRFRIRH 2 A T EER L
29 2021/6/11  Web% A b SankeiBiz [REEEAZ] FARSMUERICE T ZRFRREH £ 07 ZERL
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30 2021/6/11  Web¥ A + AFPi&{ (AFPBB News) [REEEAF] ERMUERICH T 2RFENIEH 207 2R L. BEDOTREMZ SHEICEHE
31 2021/6/11  Web# 4 b JeimEHTR [REEEAF] ERMEERICH T 2RFERNIEN 207 2R L, BEDOTHREME BHEICHTE
32 2021/6/11  Web* A + FHCHTER [RABEFEAR] SERMUERICH T 2RFRNEEN 20 S 2R L, BEOTREME BHEICHTE
33 2021/6/11  Web¥ A + HBER [REPEERL] MAMUERICE T 2RFREN 2 A7 &R L, BEOTHREME SHEICHE
34 2021/6/11  Web¥ 1 + RLRRE [REEFEARZ] A F2RFRPIRN 2O 5% ER L. EEDTHRIERE BIEEICRIE
35 2021/6/11  Web¥ A + LA LR [REEEAZ] FARSMUERICETIRFEREH X0/ 2R L, BEOTREMRE DHEICHE
36 2021/6/11  Web# A + ORICON NEWS [REEEAF] ERMEERICH T 2RFERIEHD 207 2ER L. BEDOTRERE SHEICHE
37 2021/6/11  Web# 1 b Infoseek [REEEAF] ERMEERICH T 2RFERIEN 207 2R L, BEOTHREME SHEICHTE
38 2021/6/11  Web¥ A + BIGLOBE [RMEEAT] EFRMIERICE T 2EFRNEH 2 AT AR L, BEDOTHREME SHEEICHTE
39 2021/6/11  Web¥ 4 excite [FMEEAR] EFRMUERICH T 2RFRRRH 2 AT AR L, BEOTHREME SHEICHTE
40 2021/6/11  Web¥% A + @nifty [RABEEAR] SERMEERICH T 2RFERNEHD 20 S 2R L, BEDOTHREMZ BBEICHE
41 2021/6/11  Web¥ A + eltha [REEEAZ] FARSMUERICE T ZRFEREH X072 R L, BEOTREME BHEICHE
42 2021/6/11  Web¥ A + Cnet [RIMEHEAF] EFRMRERICE T 2REFRNGEH 2 07 %ER L, BEOTHREME SHEEICEE
43 2021/6/11  Web# 1 b Zdnet [REEEAF] ERMUERICH T 2RFERRIEN 207 2R L, BEDOTHREME SHEICHTE
44 2021/6/11  Web¥ 1 b AvE—Fvban [RABEFEAR] SERMUERICH T 2RFRNEEHN 205 2R L. BEOTHREME BHEICHTE
45 2021/6/11  Web¥ 1 k LhEn [FMEEAT] EFRMUERICE T 2RFRRREH 2 AT AR L, BEOTHREME SHEICHTE
46 2021/6/11  Web# A + g [REMEFEAZ] EARMUERICE 1 2RFRURH & 07 2R L. BEOTHREM L BHEICHE
47 2021/6/11  Web¥ A + Mapion [REEHEAZ] FARSMUERICE T ZRFEREH X 072 R L, BEOTREME BHEICHE
48 2021/6/16  Web¥ A b JSa—RL—v 3> AEROFK RBRA ~ > bink# [RIFBER
49 2021/6/18 %M ] AFRSMTEROBRFRIVEY X b AESD EBEOTHRERESHEEUE BEOARKXMEL AR REALE
50 2021/6/18 BHTE4 RHMEERTY MLRXAE AR ALFHIA
51 2021/7/2  Web¥ 4 + BADHZ.com BEMHTEEFEH R LEEMRERY YV 7EREORRERRBREMTVE
52 2021/7/3  Web¥ A + Mapion BEMEE KUY I7EE]| hH>OEEYOSTICHY, FMEEAS L
53 2021/7/3  Web¥ A + BIGLOBE EEMEE (KUY I7EE] 7 oOHHYOHITICHI. RBEEAF R E
54 2021/7/3  Web¥ 4 b vAre EEMEE RUVIEE] /o OEHYO/ITICHKI, REEERFHE
55 2021/7/5  Web¥ 4 b OPTRONICS ONLINE REKD, BEMREOENLH ZOFHIRI
56 2021/7/5  Web¥ 4 + sorae EEMXE RV 7EE] (CET2HALARME, KBRICURECHAE LA
57 2021/7/6  Web¥ A b FrUNRTAYY YF LY T R(FEHP)  [EYHEH1E] BAcmsh0 | 2 ESERICOVTHLRIAICHLNTHE |
58 2021/7/7 %M BT MEBRFE UFULBICNTIOE REEK - ENRXAE
59 2021/7/7  Web¥ A b BAEOHR.com FLRXEOHRESHEL M LIHBBFEICL D Y FULERBDOSHME
60 2021/7/7  Web¥ A + TV - T A RS R RA TEDLRFAALHIC LHBREICL DY F 7 LERROS KM
61 2021/7/7  Web¥ 4 b Yahoo! HMEBREOUF U LICEHEYE HERY XELERD, REALY
62 2021/7/7  Web¥ 4 b KEEME MEBRFEO Y F 7 LIS =HEHRA, XFELEMD
63 2021/7/7  Web 4 k @nifty WEBRFEOY F 7 LIS =HERY, BREDLEMRD
64 2021/7/8  Web¥ A + Infoseek REARE, FEBRICLD U FUVLERRBICI0EDELNHS Z L %
65 2021/7/8  Web¥ A + goo REAGE, HEBREICLD U FVLERBICI0EDOELNHDZ L%
66 2021/7/8  Web¥ A + OPTRONICS ONLINE RERD, HEREDYF7LERRICSHEHR
67 2021/7/8  Web¥ A + FHRTR MEBRICLDUTFVLERRBICSHE REAKLEIRIAOHR
68 2021/7/8  Web¥ A k BIGLOBE MEBRFICLDYTFVLERBICSKYE REAXLEIRIAOHR
69 2021/7/9  Web¥ A + sorae HEOYFULERBICIEZHMELNH2 ? T2 EEFEICL DEAME.

SH3FE 70 2021/7/15  Web¥ 4 + Bt e [REERAS] LR AEIRA £ ORFHRIC LY, FRIBRICL DY F 0 AERBOSMIEORIAI - KEREWELT [The Astrophysical Journall (<IBHRI

(2021) 71 2021/7/15  Web¥ 4 + SankeiBiz [rfEEAS] MURTABEIRXA & ORERRIC LY, FEERICLD Y F I LERBOSHEORIICHY - KEFEYIREE [The Astrophysical Journal] (28RS

72 2021/7/15  Web¥ 4 + AFPiE{E (AFPBB News) [REFEEAY] MURLAGELRLA & ORFARRIC LY, FERRICLD Y FILERS tE it - £ [The ical Journall (< 18#iA)
73 2021/7/15  Web# 4 b JeiEEHTRE [RIESAR] MLRXAREIRTE £ ORFRAI LY, HEBRILDY 77 AERBOSHE 2 5 IThe Journall (<8RS
74 2021/7/15  Webt A + SALHTIR [mmmEEA] BUECAGELRLS L OLRMARICE Y, FRIBREIES Y77 LEREOSHEEORBIH - i [The Journall (=#8iiks
75 2021/7/15  Web¥ A FRAWR [RBERAR] BURXABELRLES L OREARIE Y, FRBRILZYFT = b i - i [The Journall (=i #LR
76 2021/7/15  WebY 4 + P RIR (EfEEAR] HLRABETRLS L ORFRRICE Y, FEERICLD Y F I LERBOSHEORIICHY -- REFENIELIE The Astrophysical Journall (ZIB#LRS
m 2021/7/156  Web# 1 + KA LR [RBEREAS] MURTAUETRTA L QRRFRIC LY, FEBRILDUF 9 LERBOSHIEORTICHL) - KEFAEYESE The Astrophysical Journal (=8I
78 2021/7/15  Web# 1 b Infoseek [RSEREAS] WULRLAGELRLA L ORFAFEIC LY. FEERILDYF 7 L% 3 B3 - s [The ical Journall <8 )
79 2021/7/15  Web# 4 b BIGLOBE URAERAY] LR S SET RIS & ORFREC LY, FEERIC LD Y F 7 LERR 3 2B - 5t [The Journall (i8S
80 2021/7/15  Web¥ 1 b excite [RiBERAR] MURXARELRLE & ORAMNRICL Y, FRIBRICLS Y F 9 ALRBOSREORIIH - 5t [The Journall (238 RS
81 2021/7/15  Web¥ A @nifty [mamsAs] MURXE AR & ORMARIC LY, FRERICLS Y Fo LERR t i - i [The Journall (Zi8#LRS
82 2021/7/15  Web¥ A + Cnet [RaEAS] MURTAGELIRYA L ORFHRIC LY. FEBRIE DY F 7 LERR e S - KEFARRETE [The Journall (<8R
83 2021/7/15  Web¥ A + Zdnet [SERAS] MURCARELRXA L ORARRICL Y, FRERICLS Y 79 LERBOSHIEORBICHY) - KEXREWBLEH [The Astrophysical Journall (B
84 2021/7/15  Web¥ A + Av&—v baL [RSEREAS] WLRLASELRLA L OREFEIC LY. FEBRILDYF 7 L% Hit B3 - 5 [The ical Journall <38 )
85 2021/7/15  Web# 4 b chED URAERAY] LKL S FETRLES L ORFWEC LY, FEERIC LD Y F 7 LERR 3 23 - 5t [The Journall (<i8 RS
86 2021/7/15  Web# A FARHTR UREBERAY] MLRLEBELRLES L ORFNEIC LY. FEBRICES Y F 7 LERBOSHE 2 3 IThe Journall (<8R
87 2021/7/15  Web¥ A Mapion [msmsAs] MURXE AR & ORMARICE Y, FRERICLS Y FoLERR t =i - i [The Journall (Zi8#LRS
88 2021/7/21 %A BREZHRE HEBREOY T U LERBICS R
89 2021/9/22 8 R UFULEROR HEM [HE] CRICESOE
90 2021/9/25  #izh AXBRERFRTE #-2- A $305 FIRESRNOIAILDIE | Z04 ~RPEEAY BFEH FTEYR - [IRFH~
91 2021/12/7 % Bkl F oo U N2RE RBEEARY ARBOBWMEIBZRXE
92 2022/2/18 i BRTTHTE [Event&Stage] REMEXEAFPMLANA RAXPHE [BR2(FZ5FEFL)aFb3e5!1] ]
93 2022/3/29  Web¥ A1 b Bl e [REEFEAF] 2EORF TH— | MILRXA TINEERER [3P32) IREH 72 B EDRRIRE
94 2022/3/29  Web¥ A + HEHFMT Y 2L [RapEEAS] REFTH— | BLELA TIBEFER [1TeR32] BEH T2V B EORR
95 2022/3/29  Web¥ A + SankeiBiz [R#BEEAZ] RPTHE— | BLRIE TIEERER [FOR82] BEN T LA EDERIRE
96 2022/3/29  Web# A k AFP;E{E (AFPBB News) [R#BEXAF] RFTHE— | LKA TNRERER [1F0882] BEHN TG EORTRHIRE
97 2022/3/29  Web 4 b JeimEHR [REEEAF] 2EOKF THE— | LKA TNEERER 2] JRBH TN Ie EDRIRARE
98 2022/3/29  Web# 4 b AR [REEEAF] 2EORF TH— | #MILRXA TNERRER [3P82) BEH 72 BEDRRIRE
99 2022/3/29  Web¥ 4 b HRBEH [REEEAF] LEORF TH— | MILRXA TINEERER [3P32) IREN 72 B EDRRIRE
100 2022/3/29  Web¥ A + REPRE [REPEEAE] SEORLTH— | BLURIA TINRERER [F0352] BED 7L EDRTRIRE
101 2022/3/29  Web¥% A + KA LR [FAREEAY] 2EOARFE TH— | #ILRXA TINEERER [[30052) BEN 7L 7B EDERIRE
102 2022/3/29  Web¥ A b Infoseek [R#BEXAF] RFCTHE— | LKA TIREREY [I30882] BEA TG EORTRHRE
103 2022/3/29  Web¥ A + BIGLOBE [RBEEAF] 2EORF TH— | MILRIAE TNEERER [E0552] BEHN 7L B EDRER E
104 2022/3/29  Web# 4 b excite [REEEAF] 2EORF TH— | LKA TNERRER 2]} Jah7t»ne;rl>§rr T
105 2022/3/29  Web¥ 4 b @nifty [REBEEAF] 2EORF TH— | #ILRIA TNERRER EDRRARE
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