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ABSTRACT

For a detailed analysis of stellar chemical abundances, high-resolution spectra in the optical have
mainly been used, while the development of near-infrared (NIR) spectrograph has opened new wave-
length windows. Red giants have a large number of resolved absorption lines in both the optical and
NIR wavelengths, but the characteristics of the lines in different wave passbands are not necessarily
the same. We present a selection of Fe I lines in the 2/, Y, and J bands (0.91-1.33 pm). On the
basis of two different lists of lines in this range, the Vienna Atomic Line Database (VALD) and the
catalog published by Meléndez & Barbuy in 1999 (MB99), we selected sufficiently strong lines that
are not severely blended and compiled lists with 107 Fe I lines in total (97 and 75 lines from VALD
and MB99, respectively). Combining our lists with high-resolution (A/AX = 28,000) and high signal-
to-noise (> 500) spectra taken with a NIR spectrograph, WINERED, we present measurements of
the iron abundances of two prototype red giants: Arcturus and p Leo. A bootstrap method for deter-
mining the microturbulence and abundance together with their errors is demonstrated. The standard
deviations of log ep, values from individual Fe I lines are significantly smaller when we use the lines
from MB99 instead of those from VALD. With the MB99 list, we obtained ¢ = 1.20 + 0.11 km s~*
and log epe = 7.01 & 0.05 dex for Arcturus, and € = 1.54 4+ 0.17 km s~! and logep. = 7.73 & 0.07 dex
for p Leo. These final values show better agreements with previous values in the literature than the
corresponding values we obtained with VALD.

Subject headings: stars:abundances, stars:late-type, techniques:spectroscopic, individual (Arcturus,

1 Leo)

1. INTRODUCTION

Recent developments in instruments (e.g., multi-object
spectrographs) and statistical approaches (e.g., CAN-
NON, Ness et al. 2015; ASPCAP, Garcia Pérez et al.
2016) provide opportunities to measure metallicities of
a larger number of stars and/or to higher precision.
Among the various methods available for estimating stel-
lar metallicities, the measurement of individual metallic
lines in high-resolution spectra is the most direct and fun-
damental one. Such detailed analyses of high-resolution
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spectra have mostly been performed with optical spectra,
while recently developed instruments now produce near-
infrared (NIR) high-resolution spectra that are similarly
useful and high in quality. For example, the APOGEE
project established fiber-fed multi-object spectrographs
to collect hundreds of H-band spectra (1.5-1.7 pm, A\/A\
= 22,500) simultaneously (Majewski et al. 2017). Sev-
eral other NIR spectrographs with a single slit have
been used for abundance analysis for individual stars,
especially those affected by strong interstellar extinction.
Such pioneering works include studies of chemical abun-
dances of stars in the Galactic bulge (Carr et al. 2000;
Cunha & Smith 2006; Ryde et al. 2009, 2010, 2016) and
red supergiants in clusters in the inner disk (Davies et al.
2009a,b; Origlia et al. 2013, 2016).

Since abundance analyses based on NIR spectra have
now turned state of the art, they require, e.g., accu-
rate calibration of oscillator strengths of absorption lines
in that spectral domain. For example, the APOGEE
project has not only measured the abundances of a large
number of stars but has also made progress in establish-
ing methodology and fundamental datasets: a list of ab-
sorption lines in the H band (Shetrone et al. 2015), a
new grid of atmospheric models (Mészaros et al. 2012),
a tool to search for the best sets of stellar parameters
(Garcia Pérez et al. 2016), and so on. In particular, an
accurate line list is essential to perform chemical anal-
ysis in stellar atmospheres. The correct identification
of lines is mandatory, and estimates of abundances can-
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not be accurately carried out without accurate oscilla-
tor strengths. As Ryde et al. (2009) pointed out, many
lines in the NIR are not properly identified or lack well-
calibrated oscillator strengths. Available line lists with
a wide wavelength coverage include Kurucz’s database
(Kurucz & Bell 1995), Vienna Atomic Line Database
(VALD3; Ryabchikova et al. 2015), and the list published
by Meléndez & Barbuy (1999; hereinafter referred to as
MB99). MB99 compiled absorption lines, which they
identified in the solar spectrum, and obtained astrophys-
ical log gf values!®. In contrast, Kurucz’s database and
VALDS3 have a significantly larger number of lines includ-
ing those only theoretically predicted. In this work, we
compared results of abundance analysis obtained with
lines in the range of 0.91-1.33 ym from VALD3 and the
MB99 list, and also compared our measurements with
previous results.

In addition to comparing line lists, another goal of this
study is to test the determination of the microturbulence,
&, using NIR high-resolution spectra. In an abundance
analysis of stars, £ is one of the most important param-
eters, and its uncertainty often remains a major error
source for the metallicity. In a classical analysis of op-
tical high-resolution spectra, £ is estimated by necessi-
tating that logepe, defined as log(Ng./Npu) + 12, from
individual lines shows no dependency on line strengths,
e.g., equivalent widths (EWs, denoted as W) or reduced
EWs (W/X). This method requires a large number of
iron lines with various strengths. For NIR spectra, dif-
ferent methods for estimating £ have often been used
so far. Davies et al. (2009b), for example, obtained it
by comparing the molecular bands in synthetic and ob-
served spectra. Sometimes ¢ is assumed a priori. In an
analysis of more than 10° stars in the APOGEE project,
¢ for giants were estimated from the relationship between
the surface gravity and ¢ in DR13 and by comparing ob-
served spectra to libraries of theoretical spectra in DR14
(Holtzman et al. 2018)!!. In contrast, Smith et al. (2013)
estimated £ with H-band spectra in the same manner
as the classical method mentioned above. However, the
number of iron lines used was small (eight or nine), and
the range of their strengths was limited. As shown be-
low, we can identify more lines with a broad range of
strengths at 0.91-1.33 pm.

2. OBSERVATION AND DATA REDUCTION

We investigated WINERED spectra of well-studied red
giants, Arcturus and g Leo. The former has a sub-
solar metallicity, and the latter is significantly metal-
rich; previous estimates are summarized in Section 3.1.
WINERED has a spectral resolution of R = A/AX ~
28,000. A single exposure covers a wide wavelength
range of 0.91-1.35 pm, which includes the 2/, Y, and
J bands (Ikeda et al. 2016). Such a wide coverage is a
huge advantage in abundance analysis. A large number
of Fe I lines are included, and their strengths range from
a severely saturated regime to a very weak regime, thus
allowing accurate estimates of .

We observed Arcturus and p Leo on February 23,
2013 with WINERED mounted on the Nasmyth focus

10Here and elsewhere in this paper, we consider the logarithm
to base 10.
Mhttp://www.sdss.org/dr14/irspec/

TABLE 1
TARGETS AND WINERED OBSERVATIONS
Arcturus 1 Leo
Alias HD 124897, o Boo HD 85503
Teg (K)T 4286 + 35 4474 + 60
log g (dex)f 1.64 4+ 0.06 2.51 £ 0.09
[M/H] (dex)f —0.52 +0.08 0.25+0.15
Date (UT) 2013 Feb 23 2013 Feb 23
Time (UT) 16:23 17:18
Exposures (s) 20 (2 sx 10) 240 (20 sx 12)
S/N# 1200 900
S/N#* 850 720

T The stellar parameters are adopted from
Heiter et al. (2015). For [M/H], we simply use
their [Fe/H].

is /N is measured at around the middle of J band.
Note that these S/N consider statistical errors mea-
sured by comparing multiple integrations.

* After the correction of telluric lines with a spectrum
(S/N=1200) of the telluric standard HIP 76267.

of the 1.3 m Araki Telescope at Koyama Astronomical
Observatory, Kyoto Sangyo University, Japan (Table 1).
WINERED is a cross-dispersed-type echelle spectrograph
using a 1.7 pm cutoff 2048 x 2048 HAWAII-2RG array.
The pixel scale is 0’8 pixel ™!, and we used a slit 48" in
length and 176 in width, providing a spectral resolution
of R ~ 28,000 (further technical details are described in
Tkeda et al. 2016). We also observed HIP 76267 (A1IV)
as a telluric standard. The total exposure times were
20, 240, and 600 s for Arcturus, p Leo, and HIP 76267,
respectively. For every object, sky frames without the
target or any other visible stars included in the slit were
obtained to subtract the background including bias and
dark of the detector as well as the sky and ambient radi-
ation.

All the data were reduced following standard proce-
dures adopted in the WINERED pipeline (Hamano et al.,
in preparation) that is established using PyRAF,*? which
calls IRAF tasks,'? including sky subtraction, scattered
light subtraction, flat-fielding (using a halogen lamp with
an integrating sphere), geometric transformation, aper-
ture extraction, and wavelength calibration based on
Th-Ar lamp spectra. The continuum was traced in
each echelle order and normalized to unity. After the
pipeline reduction, we applied the method described in
Sameshima et al. (2018) for the telluric correction. The
spectrum of a telluric standard, HIP 76267, with a high
signal-to-noise ratio (S/N ~1200), was used for both Arc-
turus and g Leo. The spectra in different echelle orders
were then combined by taking the averages at overlap-
ping wavelengths, and thus we obtained the continuum-
normalized continuous spectra of Arcturus and p Leo for
the 2/, Y, and J bands. The wavelength ranges of the
three bands, in which the telluric lines can be well cor-
rected, cover 0.91-0.93, 0.96-1.115, and 1.16-1.33 pum,

12PyRAF is a product of the Space Telescope Science Institute,
which is operated by AURA for NASA.

I3IRAF is distributed by the National Optical Astronomy Ob-
servatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.
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respectively. Finally, the stellar redshifts were corrected
so that the absorption lines can be directly compared
with those in synthetic spectra in rest air wavelength.
We estimated the S/N ratios at around 12,500 A, as
given in Table 1, in a manner similar to that described in
Fukue et al. (2015). Considering the noise present in the
telluric correction, we also calculated the S/N of the spec-
tra after the correction. The reduced spectra of Arcturus
and p Leo are presented in Figure 1.

3. TOOLS AND BASIC DATA
3.1. Atmosphere models and stellar parameters

For the abundance analysis, we used SPTOOL de-
veloped by Y. Takeda (private communication), which
utilizes the ATLAS9/WIDTH9 codes by R. L. Kurucz
(Kurucz 1993). This tool synthesizes model spectra using
ATLAS9 model atmospheres for a given set of parame-
ters, including effective temperature (Teog), surface grav-
ity (logg), and global metallicity ([M/H] or logZ/Zg).
In these tools and models, the solar abundance was as-
sumed to be that of Anders & Grevesse (1989). However,
in the following discussions, we translate log g, values
into [Fe/H] by adopting 7.45 dex (Grevesse et al. 2007)
as the solar log ep, value, which was also adopted in many
recent works (Smith et al. 2013; Jofré et al. 2014).

We adopted the basic stellar parameters and their
errors of the two targets, as listed in Table 1, from
Heiter et al. (2015). We simply use their [Fe/H] val-
ues as [M/H] in the atmosphere models. For compar-
ison, Figure 2 plots previous estimates of Teg, logg,
and [Fe/H], published after 1970, against the publica-
tion date. We included only papers with [Fe/H] in which
the assumed solar logep, was clearly given and those
with iron abundance given as log epe, and all the [Fe/H]
values in Figure 2 are scaled with the solar logep, of
7.45 dex. The averages of the values published in 2000
or later (18 and 6 papers for Arcturus and u Leo, re-
spectively) give (with standard deviations in parenthe-
ses), Tog = 4279 K (40 K), logg = 1.60 dex (0.18 dex),
and [Fe/H] = —0.51 dex (0.06 dex) for Arcturus, and
Tog = 4520 K (43 K), logg = 2.36 dex (0.22 dex), and
[Fe/H] = 40.33 dex (0.06 dex) for y Leo. These averages
agree well with the parameters from Heiter et al. (2015)
in Table 1.

3.2. Line lists of VALD3 and MB99

VALDS3 has a large collection of atomic lines, including
more than 10,000 Fe I lines, and molecular lines covering
the wavelength range of the 2/, Y, and J bands. In our
spectrum of Arcturus, Ikeda et al. (in preparation) iden-
tified the atomic lines of various species, including more
than 300 Fe I lines (see a summary in Taniguchi et al.
2018). We also considered the line list of MB99, which
includes 363 Fe I lines in the 1.00-1.34 ym range among
~1000 atomic lines in total. We note that MB99 contains
lines at only A > 1 pm and does not cover the entire range
of WINERED spectra. There are 159 lines in both the
list of Ikeda et al. and that of MB99, and there are 475
lines in at least one of the two lists. The wavelength and
the excitation potential (EP in eV) of each line are con-
sistent between the two line lists. In contrast, the log g f
values in the two lists are significantly different, as seen
below.

Fe II lines are not used in our analysis, although there
are more than 10,000 Fe II lines in VALD3 in the same
wavelength range. MB99 lists 13 Fe II lines, all of which
are also included in VALD3. We have in fact identified a
few Fe II lines in Arcturus (to be reported in Tkeda et al.)
and/or p Leo. However, most of them are weaker than
0.01, and none of them is stronger than 0.05 in depth.
Therefore, we focus on abundance measurements using
only Fe I lines in this paper. We use synthetic spectra
for both the selection of Fe I lines and the abundance
measurements, and we include all the lines in VALD3
or MB99 (i.e., not only the Fe I lines selected in Ikeda
et al.). We use VALD3 for atomic lines when we consider
Fe I lines and their parameters given in VALD3, and the
same is true for the MB99 lines, in order to avoid mixing
the two lists in our spectral analysis. In both cases, we
adopt lines of CN, CO, Cy, CH, and OH molecules in
VALD3 because MB99 compiled only atomic lines.

4. SELECTION OF FE I LINES

To find good Fe I lines for measuring iron abundances,
we started the line selection from the aforementioned
475 Fe 1 lines. First, we excluded 32 lines in the fol-
lowing three ranges, as they are severely affected by tel-
luric lines: 9,300-9,600 A, 11,150-11,600 A, and longer
than 13,300 A. Then, we measured the depths (minima
measured from the normalized continuum) and central
wavelengths of the lines in the synthetic spectra for the
two objects (Arcturus and p Leo). We applied the line
broadening, including both macroturbulent and instru-
mental broadening, corresponding to R = 28,000, for the
analysis in this section. If the depth of a line was shal-
lower than 0.05, the line was rejected. We also rejected
lines that show no minimum in the synthetic spectra for
the two objects within 5 km s~! around the expected
wavelength. Such lines with a biased minimum may be
strongly blended with other lines. In addition, when two
or more Fe I lines were detected within 45 km s™!, we
included only the strongest line if its X value was larger
than those of the other neighboring Fe I lines by more
than 0.5 dex; otherwise, we rejected both lines. The
X index is defined as X = loggf — EP X #x., where
Oexe = 5040/(0.86 X Tegr). It is a convenient indicator of
line strength (Magain 1984; Gratton et al. 2006). In to-
tal, 181 (166 in VALD3 and 118 in MB99) lines in VALD3
and/or MB99 met these criteria.

Then, the impact of blending on each line observed for
each object was examined and used for further selection.
We estimated two EWs, W7 and Ws, around a target line
(Ac) in a synthetic spectrum, feyn:

Act+A;/2

{1 = foyn(A) }dA. (1)

Ae—A;/2

W; =

For the EW of the target line itself and contaminations
of lines in neighboring wavelengths, we consider two dif-
ferent integration ranges, Ay and Ay, which correspond
to velocities of 30 and 60 km s™!, respectively. Neighbor-
ing lines other than the target line can also contribute to
these EWs (W7 and Ws). In addition, to evaluate the
contamination, we constructed synthetic spectra, fsTyn,
with the target Fe I line removed from the line lists for
each of the two stars. The EW of contaminating lines,
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Fia. 1.— Reduced spectra of Arcturus and p Leo after the telluric correction. The short lines with the cross symbols and the filled circles
indicate Fe I lines selected from VALD3 and MB99, respectively, for the metallicity measurements for Arcturus and/or p Leo.

W,

with fen replaced by nyn.
consider two indices,

51 = WlT/le (2)
Ba= (W3 — W)/ W, (3)

as indicators of blending. The former measures the con-
tamination to the main part of each target line, and the
latter measures the contamination mainly to the contin-
uum part around the line. Firstly, we rejected lines for
which fJ,— fsyn does not exceed 0.05. The 181 lines were

syn

can be estimated by considering Equation (1) but
Combining these EWs, we

selected because they are deeper than 0.05 in fsyy in the
previous stage, but we found that a significant number
of them are deep because of the contamination. Among
the 118 lines in MB99, for example, 53 and 25 were re-
jected in the cases of Arcturus and p Leo, respectively,
considering the depths in ijn — fsyn. Then, we rejected
lines with 5, > 0.3 or B2 > 1; 8 and 21 lines were re-
jected in the cases of Arcturus and u Leo, respectively,
although those lines are strong enough. Figure 3 shows
examples of Fe I lines with different 8, and 2 values. We
note that the selection in this section was made on the
basis of synthetic spectra, and not observed ones. Some
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Fe T lines look isolated enough in synthetic spectra but
turn out to be severely blended with neighboring strong
lines that are not reproduced in the synthetic spectra (see
Section 5.1). All of the above mentioned rejections were
made independently for each combination of the line list
(VALD3 or MB99) and the object (Arcturus or p Leo).
Tables 2 and 3 list the selected lines, and Table 4 lists
the number of the lines, Ny, for each combination of line
list and object. Some lines were selected only for one of
the two objects owing to the large difference in metallic-
ity. Among the 97 selected lines from VALD3 (Table 2),
24 lines are weak only in Arcturus, while there are no
lines, as expected, which are weak in p Leo but strong

Wavelength [&]

enough in Arcturus. In contrast, 6 lines were rejected due
to the blending for p Leo only, and no lines selected for
1 Leo show strong blends in Arcturus. The situation is
similar for the 75 selected lines from MB99. 18 lines were
rejected for Arcturus because they are weak in fJyn — fsyns
while no line selected for Arcturus is weak in p Leo. 3
lines were rejected because of blends in u Leo, but no
line selected for p Leo was rejected owing to blends in
Arcturus.

5. MEASUREMENT OF MICROTURBULENCE
AND METALLICITY
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Fi1G. 1.— continued.

5.1. Bootstrap method to measure & and 1og e

We determined the iron abundance (logepe) and the
microturbulence (§) simultaneously for each combination
of object (Arcturus or p Leo) and line list (VALD3 or
MB99) as follows. The basic assumption of the method
is that the logep, values should be independent of line
strength, as is often assumed in the classical method of
abundance analysis (see the Introduction).

We measured the logep, of each Fe I line for 21 dif-
ferent & values from 0.5 to 2.5 km s~! with a step of
0.1 km s~!. For each combination of line and ¢, log epe
was estimated by a least-squares fit to a small part of the

spectrum around the line using MPFIT (Takeda 1995),
which is implemented in SPTOOL. Each MPFIT run was
performed with a fixed £&. We used a fitting window,
[Ae — Ag/2 0 Ao + Ag/2], where A, is the central wave-
length of each line and A, is the wavelength shift cor-
responding to a redshift of 60 km s™1, as Equation (1).
MPFIT searches for an optimized solution by treating the
following as free parameters: log epe, the width of Gaus-
sian line broadening (including macroturbulence and in-
strumental broadening), and a small wavelength offset
A, which compensates for any remaining errors in the
wavelength calibration and in the correction of the red-
shift of the target. We thus obtained logep, values for
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F1G. 1.— continued.

the grid of 21 £ values for individual Fe I lines. The num-
ber of lines measured for each combination of line list and
object is given as Ny in Table 4. Note that MPFIT failed
to give a solution for a few lines for p Leo, namely, Fe I
11026.78, 11053.52, and 11135.96 A from both line lists,
Fe 1 9753.09, 9820.24, 13145.07, and 11119.80 A from
VALDS3 only, and Fe I 11715.49, and 13291.78 A from
MB99 only. Visual inspection of its observed spectrum
around these lines suggests that they are blended by one
or two other strong lines. Such cases could have been
rejected based on the 51 and s indices, but the blends
around the above lines were not reproduced by the syn-

thetic spectra (on the basis of MB99 and VALD3). Four
and three of these lines were rejected for Arcturus when
we used VALD3 and MB99, respectively, because they
were predicted to be weak, but for the other lines we
obtained log e, of Arcturus. In Tables 2 and 3, we in-
clude these lines for which MPFIT failed, marked with
an asterisk (*), because they may still be useful in some
cases or once the line lists have been improved to repro-
duce the spectra including the neighboring lines. The
Fe I line at 13291.78 A in the MB99 list was selected for
1 Leo; however MPFIT gives completely wrong log epe
values, higher than 10 dex. We found that this line is
severely blended in the observed spectrum of u Leo, but
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F1G. 2.— Previous measurements of T.g, logg, and [Fe/H]

in the literature. ~The upper panels consider 33 papers for
Arcturus (Maeckle et al. 1975; Gratton et al. 1982; Bell et al.
1985; Kyrolainen et al. 1986; Leep et al. 1987; Edvardsson 1988;
McWilliam  1990; Brown & Wallerstein  1992; Peterson et al.
1993; McWilliam & Rich  1994; Sneden et al. 1994; Hill
1997; Gonzalez & Wallerstein 1998; Tomkin & Lambert 1999;
Thévenin & Idiart 1999; Carr et al. 2000; Luck & Heiter 2005;
Fulbright et al. 2006; Lecureur et al. 2007; Hekker & Meléndez
2007; Ramirez et al. 2007; Meléndez et al. 2008; Worley et al.
2009; Takeda et al. 2009; Ramirez & Allende Prieto  2011;
Bruntt et al. 2011; Sheffield et al. 2012; Britavskiy et al. 2012;
Thygesen et al. 2012; Ramirez et al. 2013; Smith et al. 2013;
Jofré et al. 2014; Boeche & Grebel 2016). The bottom panels
consider 13 papers for p Leo (Oinas 1974; Peterson 1976;
McWilliam 1990; Gratton & Sneden 1990; McWilliam & Rich
1994; Luck & Challener 1995; Castro et al. 1996; Smith & Ruck
2000; Fulbright et al. 2006; Lecureur et al. 2007; Thygesen et al.
2012; Smith et al. 2013; Jofré et al. 2014). The horizontal line and
strip in each panel indicate the average and standard deviation of
the measurements made in 2000 or later.

it looks fairly isolated in the synthetic spectrum. This
inconsistency probably causes the absurd logep. values.
We, therefore, reject the MPFIT measurements of this
line but include the line in Table 3 marked with the as-
terisk (*). These rejected lines are not included in N
in Table 4. Additionally, the lines with X > —6 are not
used when we estimate the final iron abundances (Sec-
tion 5.2), and those lines are not included in N, in the
table.

Relative velocity [km s7']
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.
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. |

12882
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Fel 10379.01
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80 10381

40 60
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Fel 1107171 4
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\ 3 | B,=1.15
L N BT I IR R
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Wavelength [&]

Normalized Flux

Fic. 3.— Comparisons between the observational spectrum
(black) and the two synthetic spectra (fsyn by red solid curve and

fSTyn by blue dashed curve; see text for the details) are illustrated
for three Fe I lines seen in p Leo as examples. The MB99 list was
used for atomic lines in those synthetic spectra. The vertical lines
indicate the central wavelength and the velocity ranges correspond-
ing to the widths of A1 = 30 and As = 60 km s~ !. The three Fe I
lines have different 81 and B2 values from each other, as labeled in
the panels, and only the one in the top panel was selected for our
abundance analysis according to the selection criteria of 81 < 0.3
and f2 < 1.

We then used a bootstrap method to obtain not only
the best estimates of £ and logeg, but also respective
errors. We repeatedly extracted Ny randomly-selected
lines among the Ny lines with (&, log er.) available. Note
that for each bootstrap sample, each line may be selected
more than once and some lines may be excluded.

For a given set of the (£,1og epe) values for a bootstrap
sample, we obtained the best estimates of £ and log epe
as follows. First, we searched for £ that leads to no trend
of log ere of individual lines against the line strength. We
considered the X value introduced in Section 4 as a proxy
of the line strength, and made a simple least-squares fit,

log epe = aX + b, (4)

to calculate the trend, a, for each £ of the grid. Fig-
ure 4 illustrates that lines with different strengths have
different responses to £. Lines with large X values, but
within the range of X < —6, tend to give smaller log e
for larger £. This leads to a monotonic decrease in the
slope a with increasing £&. One can, thus, find a & that
gives a = 0 by interpolating two neighboring £ values
where a turns from positive to negative. In Figure 4, a
is almost zero at & = 1.2 km s™! (panel b). The lines
at X > —6 are biased toward higher log er. values, and
we will discuss their impact on the estimate of & and
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TABLE 2
LisT oF FE I LINES SELECTED FROM VALD3 AND
ABUNDANCES

Wavelength EP loggf  Arcturus p Leo
(A) (eV) (dex) (dex) (dex)

9117.1309  2.8581 —3.454  6.970  7.888
9118.8806  2.8316 —2.115  6.411  8.612
9146.1275  2.5881 —2.804  6.828  6.749
9210.0240  2.8450 —2.404  6.789  7.276
9602.1301  5.0117 —1.744 (w) 7.408
9653.1147  4.7331 —0.684  6.780  7.545
9657.2326  5.0856 —0.780  6.768  7.152
9738.5725  4.9913 +0.150  6.861  7.308
9753.0906  4.7955 —0.782  6.850 )

9791.6983  2.9904 —4.223 (w) 7.126
9800.3075  5.0856 —0.453  6.558  7.457
9811.5041  5.0117 —1.362  7.100  7.646
9820.2408  2.4242 —5.073 (w) )

9861.7337  5.0638 —0.142  6.647 (b)

9868.1857  5.0856 —0.979  7.098  8.246
9889.0351  5.0331 —0.446  6.974  7.660
9937.0898  4.5931 —2.442 (w) 7.544
9944.2065 5.0117 —1.338  7.046  7.401
9980.4629  5.0331 —1.379  6.851  7.935
10041.472  5.0117 —1.772 (w) 7.958
10065.045  4.8349 —0.289  6.774  7.618
10081.393 24242 —4.537  6.995  7.602
10114.014  2.7586 —3.692  6.918 (b)

10145.561  4.7955 —0.177  6.947 (b)

10155.162  2.1759 —4.226  6.770  7.459

These are the first 25 lines. Lines weaker than
the limit 0.05 in depth in synthetic spectra, are
flagged as (w), and lines that are blended too
much are flagged as (b). The flag (*) indicates
lines whose abundance could not be obtained or
was rejected. See the details of the line selection
in text. The entire list is available as an ASCII
file in the online journal.

log epe in Section 5.3. For the £ obtained, we calculated
log €. for Ny individual lines of the bootstrap sample by
interpolating the grid points of (§,loger.) and took the
average of the log eg, values. This gives the best estimate
of (£,1ogere) for the given bootstrap sample. We then
took the median and also the 16th and 84th percentiles
(as the +1 0 range) in each of the histograms of ¢ and
log epe values obtained after a large number of bootstrap
samples. We repeated this procedure one million times
(Np, = 1,000,000) in this study, and the best estimates
of (§,1ogere) are listed in Table 4 for each combination
of the line list and object. We also calculated the corre-
lation coefficient of the two parameters,

oo 2 (& —() (log e, — (logere))
S (€ — (VS (o ke — (logere))?

where ¢ and logek, are the microturbulence and iron
abundance obtained for each bootstrap sample, and (&)
and (log epe) are their means (not medians). Each of the
summations in Equation (5) takes the integer i for Ny
lines, i.e., 1 < i < Ny,.

The contours in Figure 5 represent the distribution of
(&,1og epe) obtained in the bootstrap simulation. The
large NV}, was used mainly to obtain smooth contours
in Figure 5, although we could obtain reasonably sta-
ble values including 1o confidence intervals at around

®)

TABLE 3
LisT OF FE I LINES SELECTED FROM MB99 AND
ABUNDANCES

Wavelength  EP  loggf Arcturus p Leo
(A) (eV) (dex) (dex) (dex)

10019.79 548 —1.44 (w) 7.582
10032.86  5.51 —1.36 (w) 7.522
10041.47  5.01 —1.84 (w) 7.982
10065.05  4.84 —0.57  7.144  7.825
10081.39 242 —4.53  6.963  7.459
10114.02 276 —3.76  7.010 (b)

1014557  4.80 —0.41  7.335 8342
10155.16 218 —4.36  6.901  7.438
10167.47 220 —4.26  7.071  7.757
10195.11 273 —3.63  6.915  7.800
10216.32 473 —0.29  7.262  8.006
10218.41  3.07 —2.93  7.092  8.038
10230.78  5.87 —0.70 (w) 7.774
10265.22 222 —4.67 6962  7.416
10307.45  4.59 —2.45 (w) 7.524
10340.89 220 —3.65  7.092  7.508
10347.96  5.39 —0.82  6.970  8.024
10353.81  5.39 —1.09 (w) 7.707
10395.80 218 —3.42  6.749  7.353
10401.72  3.02 —4.36 (w) 7.583
10435.36  4.73 —2.11 (w) 7.852
10452.75  3.88 —2.30 6781  7.713
10469.66  3.88 —1.37 6984  7.908
10532.24 393 —1.76  7.151  7.733
10555.65  5.45 —1.39 (w) 7.565

These are the first 25 lines. The entire list is
available as an ASCII file in the online journal.
The meanings of the flags, (w), (b), and (*),
are same as in Table 2.

TABLE 4
MICROTURBULENCE AND IRON ABUNDANCE
Line list N1 N £ log epe r
(km s—1) (dex)
Arcturus
—0.12 +0.06
VALD3 73 67 1.22f8‘H 6‘8118'82 —0.946
MB99 57 53 1.200 437 7.017,,; —0.875
n Leo
. —0.24 5+0.11
VALD3 91 79 1'16f8%§ 7'6218'38 —0.909
MB99 72 63 1.54+0:17 773 505 —0.828

Ny, = 10,000. There is a linear anticorrelation, as ex-
pected, between ¢ and log €p., which shows that the er-
rors in the two parameters are anticorrelated (see r in
Table 4). We do not use r later in this paper, but it
is a useful indicator of how much the measured log epe
depends on the £ estimated. For example, r is expected
to vary with the proportion of strong lines. Using more
weak lines would reduce the anticorrelation because the
log epe values of weak lines have a smaller dependency on

Now, we estimate log eg, values of individual lines with
the best estimates of ¢ that are given in Table 4. For
each combination of object and line list, each Fe I line
has 21 measurements of log g, at different & values, and
we interpolated log ep, values at the two grid points of &
next to its best estimate. The log ep, values obtained for
individual lines are listed in Table 2 for VALD3 and in
Table 3 for MB99. In the two tables, lines weaker than
the limit are flagged as (w), and lines that are blended
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F1G. 4.— Dependency of log epe on line strength indicated by X
at different ¢ values, (a) 1.0, (b) 1.2, and (c) 1.5 km s~!. The solid
line in each panel shows the linear fit to the (X,logep.) points
at X < —6. This plot is for the combination of the MB99 line
list and Arcturus. The Fe I lines with X > —6, indicated by the
vertical line in each panel, were not used in the final (¢,logepe)
determination.

too much are flagged as (b). Lines whose MPFIT mea-
surements were unavailable or rejected were not used for
the abundance analysis, but we include them in the ta-
bles with the (*) flag. Figure 6 plots the individual log epe
values against the X value and EP. For both objects, the
X values of the measured lines are spread over a wide
range, approximately between —9 and —5 dex. Such a
wide range among the lines in the 2/, Y, and J bands
is advantageous, for example, compared with a narrow
range, —8.3 to —7.3 dex, covered by the H-band lines
used by Smith et al. (2013). The log er. shows little de-
pendency on X as demanded in the analysis and also
have no clear dependency on EP, indicating that the
adopted Teg are reasonable. The scatters of log ep, from
individual lines are larger for p Leo than for Arcturus.
This is probably because the spectrum of p Leo has
stronger contaminating lines, especially CN lines, than
Arcturus (McWilliam & Rich 1994; Smith et al. 2013),
which makes it harder to trace the continuum.

5.2. Comparison between the two line lists

There are a few differences between the estimates of
(&, log epe) obtained with the two line lists.

Firstly, in Table 4, the standard errors for log ep, from
the two lists are similar to each other for Arcturus. The
number of Fe I lines is larger for VALD3, but the mea-
sured log e, has a slightly larger scatter than for MB99,
which is compensated by the larger No. For p Leo, the
scatter of log epe is rather large with VALD3 (Figure 6),

(a) Arcturus
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Fia. 5.— Contours for the density distribution of (£,log €pe) ob-
tained in the bootstrap simulation. The inner and outer contours
show the ranges that include 68.26 % (1 o) and 95.44% (20) of the
1,000,000 bootstrap samples. Four panels are given for the com-
binations of line lists (VALD3 and MB99) and targets (Arcturus
and p Leo). In each panel, gray curves indicate the dependency of
log €, for individual lines. The cross symbol indicates the best esti-
mates that we obtained for each set (Table 4), and the open square
indicates the estimates obtained with strong lines with X > —6 in-
cluded (see Section 5.2).

and this leads to a larger standard error even with a
larger number of Fe I lines.

Secondly, the resultant logep, values for MB99 are
slightly higher than those obtained for VALD3. In fact,
there is a systematic offset in the log g f values between
the two line lists (Figure 7). The systematic offset,
~0.2 dex, approximately corresponds to the difference
in log epe for Arcturus obtained with VALD3 and MB99.
In contrast, the corresponding difference in the case of
1 Leo is smaller. Although the offsets in the log g f have
a direct impact on the logep, estimation, the different
¢ values obtained for p Leo with the two lists (larger
¢ with MB99 than VALD3) partly compensate for this
systematic offset.

Finally, the final estimates depend slightly on whether
very strong lines with X > —6 are used or not. In Fig-
ure 7, very strong lines clearly show a systematic tilt.
These strong lines have an impact on the slopes, e.g., seen
in Figure 4. The lower log g f values of the stronger lines
in MB99 would give higher log g, values with a fixed &,
but this would also cause a tilt in Figure 4. A larger &
is therefore required so that log ep, values of strong and
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FiG. 6.— The loger. values obtained for individual Fe I lines
are plotted against the line strength indicator, X, on the left-hand
side and against the excitation potential, EP, on the right-hand
side. For each of the two targets (Arcturus in the upper panels
and g Leo in the lower panels), the results for the two line lists
(VALD3 and MB99) are presented. The horizontal solid line and
the dashed lines in each panel indicate the best estimate and 1o
confidence intervals for the combination of line list and target. The
Fe I lines with X > —6, indicated by the vertical line in each panel,
were not used in the final (¢, logep.) determination.

weak lines get balanced. While this is an important dif-
ference between the two line lists, generally speaking, it
is suggested that using very strong lines often introduces
complications such as non-LTE effects into a chemical
abundance analysis (e.g., Kovtyukh & Andrievsky 1999;
Gratton et al. 2006; Takeda et al. 2013). Based on syn-
thetic spectra, we found that, in case of lines with X
2 —6, the line core does not grow any more with in-
creasing metallicity and the damping wing starts to con-
tribute to the EW at around the solar metallicity. If
we run the bootstrap method with the same lines but
including those with X > —6, we obtain moderately
different results for the MB99 list, as illustrated in Fig-
ure 5. Four lines from MB99 have X > —6, and in-
cluding them leads to higher ¢ and lower logep, val-
ues: (&,logepe) =(1.4740.18,6.94F0.05) for Arcturus
and (1.6140.16,7.71F0.06) for pu Leo. The changes
caused by including the strongest lines are marginally sig-
nificant, 1-2 o, for the former but are negligible for the
latter. Figure 6 shows that one line, Fe T A 11973.04, with
the largest (X,logepe) has a particularly strong impact
on the slope in the X versus log g, diagram for Arcturus
with MB99. The same line gives log ep, ~8.10 dex, which
is also higher than the average, for p Leo. However, the

scatter of logep. from lines within the low-X range is
large, which explains the relatively small effect of includ-
ing the high-X lines for p Leo. In contrast, six VALD3
lines that we selected have X > —6, but including them
has a negligible impact on the (&, log ep.) measurements.
For VALD3, the Fe I A 11973.046 line leads to log ep, val-
ues that are very close to the average abundances from
other lines for both Arcturus and g Leo. This line cor-
responds to the rightmost point in Figure 7 and has a
very large difference, 0.8 dex, between the log gf values
in the two line lists. Considering these complications, we
decided to adopt the (&,log ep.) values obtained without
the lines at X > —6 as our best estimates. Although the
log €pe from individual lines depend on £ as described
above, we found that the [Fe/H] obtained in different
works are not correlated with £ (Figure 8). This is prob-
ably because systematic differences in previous works,
such as differences in line lists and atmosphere models,
introduced a scatter larger than the expected correlation
between the two parameters.
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Fig. 7.— Comparison of the log gf values for the two line lists
VALD3 and MB99. The filled circles indicate the lines used for all
combinations of line list and target, and the open circles indicate
those used for both line lists but for only one of the two targets,
Arcturus or g Leo. The 4+ and x symbols indicate the lines used
in only one of the line lists ( + for VALD3 and x for MB99) for
both targets. The temperature of Arcturus, Tog = 4286 K, and
the log gf values for MB99 are used for calculating the X values
(abscissa).

5.3. Effects of stellar parameters on metallicity

Here, we estimate how much the uncertainties in the
stellar parameters, Tug, log g, and [M/H], affect the esti-
mates of log epo. We adopt the errors in these parameters
from Heiter et al. (2015), as given in Table 1. To evalu-
ate the effect of changing the three parameters, we added
positive and negative offsets to each parameter in the at-
mosphere models one by one. For each offset, we ran
MPFIT and obtained log ep, for the Ny lines and calcu-
lated their means. We did not use the bootstrap method
described in Section 5.1 for this step because we need to
estimate the effect of a parameter at a fixed £. Then,
we compared the above means with the counterparts of
the mean logep, with the stellar parameters in Table 1.
This gives the offsets in logepe, A(Terr), A(logg), and
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A([M/H]), as a result of changing the stellar parameters
(Table 5).

For both objects and for both line lists, we found that
varying the temperature or the gravity gives rather tiny
changes in log epe. Synthetic spectra with the same pa-
rameters but an offset of 50 K in T.g or an offset of
+ 0.1 dex in logg do not actually show any noticeable
changes in the Fe I lines. The A([M/H]) is larger com-
pared with these two. The A([M/H]) of Arcturus is
smaller than that of yu Leo. We believe that this is sim-
ply because the o[M/H] of Arcturus is smaller than that
of i Leo. We combine the A values with the confidence
intervals of log epe estimated by the bootstrap method,
the Ay, in Table 5. Note that the A}, correlated with &
include other errors, e.g., observational errors in the spec-
tra and errors in log g f. Combining the above errors, we
can estimate the total error as

Avotat = /A + A(Tur)* + Allog 9)? + A(M/H])(6)

which is given in Table 5. Here, we ignored the covariant
terms. The previous estimates that we compiled in Fig-
ure 2 show no clear correlation between any two of the
four parameters, Tog, log g, [Fe/H], or &.

5.4. Comparison with previous results

Figure 8 plots the scaled metallicity [Fe/H], where the
solar logepe is assumed to be 7.45 dex, against £&. We
compared our iron abundances with those in previous pa-
pers (an open circle: Smith et al. 2013, a star: Jofré et al.
2014, filled circles: the others) that we compiled in Fig-
ure 2 except those without the microturbulence explicitly
given. Our total errors are comparable with the errors
estimated by Smith et al. (2013) and Jofré et al. (2014).
Within the errors and scatters of [Fe/H] in the literature,
our metallicities based on the 2/, Y, and J bands spectra
agree very well with previous estimates. The metallici-
ties estimated with MB99 show better agreement with
previous estimates than those with VALD3. Considering
also that the scatters in Figure 6 are smaller with MB99,
we believe that the log g f values of MB99 are better than
those of VALD3 for chemical abundance analyses.

6. CONCLUDING REMARKS

We used the 2'Y J band high-resolution spectra of Arc-
turus and p Leo, obtained with WINERED, to estimate
the microturbulence and iron abundance with a preci-
sion similar to that of previous results from spectra at
different wavelengths. Our lists of Fe I lines in the 0.91—
1.33 pum range will be useful for obtaining the precise
metallicities of stars obscured by severe interstellar ex-
tinction compared with the optical regime, for which the
extinction is stronger. For many objects in the Galac-
tic disk found in recent infrared surveys, this new wave-
length window may be ideal for detailed abundance anal-
yses. One of the major error sources is the uncertainty
in ¢ in various studies, including ours, based on spec-
tra at different wavelengths from the optical (e.g., Ta-
ble 3 of Jofré et al. 2014) to the H-band (e.g., Table 7
of Smith et al. 2013). Furthermore, how to determine
the microturbulence and its error is not established or
straightforward. The bootstrap method that we demon-
strated in this paper can give quantitative estimates of
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F1a. 8. Comparison of our estimates of £ and [Fe/H] with previ-

ous estimates. The contours, cross symbols, and open squares are
as in Figure 5. The results for VALD3 and MB99 are illustrated in
red and blue, respectively. The total errors in Table 5 are added
to the crosses. Two recent results in the literature are shown with
error bars: Smith et al. (2013) and Jofré et al. (2014) indicated by
an open circle and a star symbol, respectively. The filled circles
indicate the other previous estimates that we compiled in Figure 2
except those without the microturbulence explicitly given.

the microturbulence and its error. The error in micro-
turbulence is 0.11-0.24 km s~—! for each combination of
target and line list. The obtained microturbulences are
consistent with those that were estimated or assumed
in previous studies on the same targets. Note, however,
that using different line lists (or different sets of lines)
can result in slightly different microturbulences depend-
ing especially on the loggf values of strong lines used
in the analysis. The very strong lines (X > —6) were
rejected because these lines are likely to introduce prob-
lems into a chemical abundance analyses due to severe
saturation, non-LTE effects, the contribution of EW from
the damping wing, and so on. Considering the compar-
ison of our estimates with previous ones in addition to
the scatters of log ep., we adopt the measurements with
the Fe I lines selected from MB99 as our best estimates:
(¢, logere) = (1.20 £ 0.11 km s71,7.01 £ 0.05 dex) and
(1.54 £ 0.17 km s7%,7.73 £ 0.07 dex) for Arcturus and
1 Leo, respectively.
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TABLE 5
EFFECTS OF STELLAR PARAMETERS ON IRON ABUNDANCE

Line list oTog A(Ter) ologg A(logg)

o[M/H]
(K) (dex) (dex) (dex) (dex)

A([M/H]) o¢ Ab+ Ay~ Agotal
(dex) (km s™1)  (dex) (dex) (dex)

Arcturus
VALD3  +35 40.006 +0.06 +0.008  +0.08 £0.025 +0.12  —0.058 +0.059  0.064
MB99  £35 £0.007 £0.06  £0.009  £0.08 £0.021 £0.11  —0.040 +0.043  0.048
n Leo
VALD3 460 F0.003 =+0.09 +0.008  +0.15 +0.052 To53 —0.095 +0.106  0.114
MB99  £60 F0.004 £0.09 £0.017  +0.15 £0.040 +0.17  —0.052 +0.061  0.071

The o, and the A(p) indicate the error of stellar parameter p and its effect on log epe, where p takes
Tu, logg, or [M/H]. The A,* indicate the error of logere from the bootstrap method. In the last
column, the Agotar is the total uncertainty (see details in text).
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ABSTRACT

We report the first detection of Cy A'II,~X'S} (0,0) and CN A%IT,~X?%F (0,0) absorption bands in the interstellar
medium. The detection was made using the near-infrared (0.91-1.35 pm) high-resolution (R = 20,000 and 68,000)
spectra of Cygnus OB2 No. 12 collected with the WINERED spectrograph mounted on the 1.3 m Araki telescope.
The A-X (1,0) bands of Co and CN were detected simultaneously. These near-infrared bands have larger oscillator
strengths, compared with the A-X (2,0) bands of C2 and CN in the optical. In the spectrum of the Cs (0,0) band with
R = 68,000, three velocity components in the line of sight could be resolved and the lines were detected up to high
rotational levels (J” ~ 20). By analyzing the rotational distribution of Cs, we could estimate the kinetic temperature
and gas density of the clouds with high accuracy. Furthermore, we marginally detected weak lines of *2C'3C for the
first time in the interstellar medium. Assuming that the rotational distribution and the oscillator strengths of the
relevant transitions of 12Cy and 12C13C are the same, the carbon isotope ratio was estimated to be 12C/13C = 50-100,
which is consistent with the ratio in the local interstellar medium. We also calculated the oscillator strength ratio of
the Cz (0,0) and (1,0) bands from the observed band strengths. Unfortunately, our result could not discern theoretical
and experimental results because of the uncertainties. High-resolution data to resolve the velocity components will be
necessary for both bands in order to put stronger constraints on the oscillator strength ratios.
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1. INTRODUCTION

Cy and CN are important not only for understand-
ing the chemical evolution of the translucent clouds but
also for probing for the physical properties of interstellar
clouds (Snow & McCall 2006). Because pure rotational
electric dipole transitions of Cq are forbidden because
of the lack of permanent electric dipole moments, Cy
can be rotationally excited to higher levels by the col-
lisions with atoms and molecules, as well as through
electronic transitions by the interstellar radiation field.
Therefore, the rotational distribution of Cs can be used
for estimating the kinetic temperature and gas density
of interstellar clouds (van Dishoeck & Black 1982; Casu
& Cecchi-Pestellini 2012). On the other hand, a het-
eronuclear diatomic molecule of CN has a permanent
electric dipole moment (i.e., pure rotational transitions
are allowed). The rotational excitation temperature of
CN has sometimes been used to estimate the bright-
ness temperature of the cosmic microwave background
(CMB Meyer & Jura 1985). Recently, it was suggested
that the slight excess of the rotational excitation tem-
perature from the CMB temperature can mainly be at-
tributed to electron collision and thus can be used as a
tracer of electron density (Ritchey et al. 2011).

The first detection of interstellar Cy molecules was re-
ported by Souza & Lutz (1977), who detected the (1,0)
band of the Cy Phillips system (A'Il,~X'X) in the
line of sight of Cyg OB2 No.12. C, molecules have
mainly been investigated with the optical absorption
lines of the (2,0) and (3,0) bands at around 8765 and
7720 A, respectively. The (1,0) and (0,0) Phillips bands
located in the near-infrared (NIR) region are not used
despite having larger oscillator strengths than the (2,0)
and (3,0) bands. This is most likely because it has been
difficult to resolve the bands and to detect weak lines
at high rotational levels without a high-efficiency and
high-resolution NIR spectrograph that has only recently
been developed. Moreover, the Cy (0,0) Phillips band is
contaminated by many telluric absorption lines, which
make it difficult to detect each individual rotational line.
In particular, the Cy (0,0) Phillips band has never been
detected in the interstellar medium. The situation for
CN is similar to that of C;. CN has (1,0) and (0,0)
bands of the red system (A%IL,—X2%%) in the NIR re-
gion. Although these bands are stronger than the (2,0)
red band of CN around 7900 A in the optical region, the
lines of the (1,0) and (0,0) bands are contaminated by
telluric absorption lines as in the case of the Cq (0,0)
Phillips band. The CN (0,0) red band has also never
been detected in the interstellar medium.

In this paper, we report the first detection of the Cq
(0,0) Phillips band and the CN (0,0) red band in the

interstellar medium. These bands were detected in the
high-resolution NIR spectra (0.91-1.35 um) of Cyg OB2
No. 12, which is a representative object for the study of
the interstellar medium due to its high visual extinction
(Ay ~ 10 mag) and extreme luminosity (Whittet 2015).
The spectra were obtained by the WINERED spectro-
graph mounted on the 1.3 m Araki telescope. The (1,0)
bands of Cy and CN were also detected with high accu-
racy in our spectra. Also, we marginally detected the
absorption lines of the (0,0) band of 2C!3C. The de-
tection of '2C'3C in the interstellar medium has never
been reported. The rest of this paper is organized as
follows. Section 2 describes our observations and data
reduction process. Section 3 gives a description of the
detected Co and CN bands. Section 4 discusses the ro-
tational distribution of the Cs, the constraints on the
oscillator strengths of the Cy bands from our observa-
tion, and the carbon isotope ratio. Section 5 gives a
summary of this paper. The wavelength of standard air
is used throughout this paper.

2. OBSERVATION AND DATA REDUCTION

Data were collected with the high-resolution NIR
echelle spectrograph, WINERED (Ikeda et al. 2016),
mounted on the F/10 Nasmyth focus of the 1.3 m Araki
telescope at Koyama Astronomical Observatory, Ky-
oto Sangyo University, Japan (Yoshikawa et al. 2012).
WINERED uses a 1.7 um cutoff 2048 x 2048 HAWATI-
2RG infrared array with a pixel scale of 0”.8 pixel ™.
WINERED provides three observational modes, WIDE,
HIRES-Y, and HIRES-J. The WIDE mode covers 0.91—
1.35 pm range with a spectral resolving power of R =
A/AX = 28,000 or Av =11 km s~!. The HIRES-Y and
HIRES-J modes cover the whole Y and J bands, respec-
tively, with a spectral resolving power of R = 68,000
(Otsubo et al. 2016). We already reported the WIDE-
mode spectrum of Cyg OB2 No. 12 in Hamano et al.
(2016), in which diffuse interstellar bands (DIBs) were
investigated.

We obtained the NIR spectra of Cyg OB2 No. 12 using
WIDE and HIRES-J modes. Table 1 shows the obser-
vational information, as well as the bands of Cy and CN
covered in the observing modes. All of the data were ob-
tained through dithering the telescope by 30" (so-called
ABBA sequence). For the removal of telluric absorption
lines, the telluric standard A-type stars were also ob-
served at airmasses similar to the target airmasses (see
Table 1).

The collected data were reduced with our pipeline
software (S. Hamano et al. 2019 in preparation). Us-
ing this pipeline, the obtained raw images were reduced
to one-dimensional spectra. Once the spectra were ob-
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tained, we divided the spectra of Cyg OB2 No. 12 with
the spectra of the corresponding telluric standard stars.
Here, we used the IRAF! /telluric task, which can ad-
just the strength of the telluric absorption lines based
on Beer’s law with the single layer atmosphere model
and the wavelength shift of the standard star’s spec-
trum. See Sameshima et al. (2018) for a full description
of our telluric absorption correction method. Then, we
fitted a Legendre polynomial function to the continuum
regions around the CN and Cy bands by masking ab-
sorption lines of these bands and the region where the
telluric transmittance was lower than 0.7. The 5th and
10th order Legendre polynomials were used for fitting
continuum regions around the CN and C, bands, re-
spectively.

Comparing the WIDE-mode spectra obtained at A
and B positions on the slit, broad and shallow spuri-
ous features are found to be present in 10130-10150 A
only in the spectra obtained at the A position. The
features overlap on a part of the Cy (1,0) Phillips band.
Therefore, we use only the spectra obtained at the B po-
sition for the narrow wavelength region of 10130-10150
A. Because the number of available frames is halved, the
signal-to-noise ratio (S/N) becomes lower by a factor of
about v/2 for the wavelength region.

3. RESULTS
3.1. (5 Phillips bands

Figures 1 and 2 show the spectra of Cy bands obtained
with WIDE and HIRES-J modes, respectively. Both the
Cy (0,0) and (1,0) Phillips bands were clearly detected
up to the rotational levels of J” > 20 in the ground state
for both the WIDE and HIRES-J spectra. The stellar
absorption lines and DIBs, with which the Cy bands are
contaminated, are marked in the figures. These DIBs
are newly found in this observation and will be reported
in another paper (S. Hamano et al. 2019 in prepara-
tion). The telluric lines are very weak in the (1,0) band
region while the (0,0) band is contaminated with strong
telluric absorption lines. The absorption lines of tel-
luric water vapor in the HIRES-J spectrum were partic-
ularly strong because the HIRES-J data were obtained
in the summer season when the temperature and humid-
ity at the observational site are high. Therefore, as for
the HIRES-J data, the wavelength ranges at which the
atmospheric transmittance was lower than 0.5 (plotted

1 IRAF is distributed by the National Optical Astronomy Ob-
servatories, which are operated by the Association of Universi-
ties for Research in Astronomy, Inc., under cooperative agreement
with the National Science Foundation.

with gray lines in Figure 2) were not used in the follow-
ing analysis of the Cy band.

Figure 3 shows the close-up plots for the R(0) and
P(8) lines of the Cy (0,0) band, which were clearly de-
tected in the HIRES-J spectrum. Three velocity com-
ponents were resolved with R = 68,000. In this paper,
the three components are referred to as components 1,
2, and 3 as shown in Figure 3. These three compo-
nents in the line of sight of Cyg OB2 No. 12 were al-
ready recognized by McCall et al. (2002) with the CO
and K T absorption spectra. They also detected the Cq
(2,0) Phillips band, but could not detect the absorption
lines at the velocity of component 1. Components 1,
2, and 3 could not be resolved in our WIDE spectrum
(Av=15km s 1).

We estimated the line-of-sight velocities, Doppler
widths, and column densities of each velocity compo-
nent using VoigtFit (Krogager 2018), which is a Python
package for fitting Voigt profiles to absorption lines. Be-
cause the line parameters of Cy Phillips bands are not
included in VoigtFit, we originally calculated the oscil-
lator strengths of each rotational line of Co bands. We
used the oscillator strengths of foo = 2.233 x 102 and
fio = 2.348 x 1073 calculated by Schmidt & Bacskay
(2007). The oscillator strengths of each line were cal-
culated from the following relation (Gredel et al. 2001):

I/J/J// SJ’]”
Jrrar = foand———

_ 1
Vphand 2(2J” -+ 1)7 ( )

where fpand is the oscillator strength of the band (foo or
f10)s Vband is the wavenumber of the vibrational band,
and Sy~ are Hénl-London factors: (J” +2), (2J"” +1),
and (J” —1) for the R, @, and P branches, respectively.
The wavelengths of the Cy (0,0) and (1,0) bands were
adopted from Douay et al. (1988) and Chauville et al.
(1977), respectively.

The C; lines were fitted simultaneously to the HIRES-
J spectrum using VoigtFit. The regions contaminated
with strong telluric absorption lines were eliminated for
the fitting as well as for the estimate of the S/N. The
S/N of each pixel was calculated considering the loss of
flux by the moderate telluric absorption lines. The C,
lines blended with other features, such as stellar lines
and DIBs, were not included in the fitting.

Table 2 lists the column densities for each veloc-
ity component obtained by the fitting. The heliocen-
tric velocities of components 1,2 and 3 were estimated
as —15.1, —9.6, and —4.0 km s~!, respectively. The
Doppler widths of each velocity component could be es-
timated in the fitting because the EWs of the strongest
P, @, and R lines in the optically thick regime. The
Doppler widths of components 1, 2, and 3 were esti-
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Table 1. Observation summary of Cyg OB2 No. 12

Obs. Date R Telluric * Int. Time (s) S/NP Cy¢ CN°
(UT) Name Sp. Type J (mag) Object  Telluric  Object/Telluric
2014 Oct 17 20,000 HR 196 A2V 5.291 3600 8400 700 (1,0), (0,0)  (1,0), (0,0)
2016 Jul 23 68,000 29 Vul A0V 5.153 2400 3600 450 (0,0)
2016 Aug 1 68,000 HR 8358 A0V 5.607 2400 7200 420 (0,0)
NOTE—

@ Telluric standard stars used to correct the telluric absorption lines.

b The average signal-to-noise ratio per pixel of the spectrum after the division by the telluric standard spectrum.

€ The bands included in the wavelength coverage of each observation.

mated as 2.39 + 0.42, 1.47 £ 0.15 and 0.53 £ 0.06 km
s~1, respectively. We did not conduct the Voigt profile
analysis for the WIDE data because the three velocity
components, could not be resolved with R = 20,000
(Av = 15 km s71). Therefore, we used N(J”) deter-
mined from the HIRES-J data in the following analysis.

According to McCall et al. (2002), who obtained the
optical spectrum of Cyg OB2 No. 12 with R = 200, 000,
the FWHMs of the Cy (2,0) band absorption lines were
measured to be 3.04£0.2 and 2.040.2 km s~! for compo-
nents 2 and 3, respectively. Considering the broadening
effect by instrumental profiles with Av = 1.5 km s™!, the
Doppler widths estimated from our fitting, 1.47 + 0.15
and 0.53 & 0.06 km s~! for component 2 and 3, cor-
respond to FWHMSs of 2.940.3 and 1.7 + 0.1 km s,
respectively, in the R = 200,000 spectrum. These val-
ues were consistent with the directly measured FWHMs
by McCall et al. (2002).

The column densities obtained by our analysis were
compared with those of Gredel et al. (2001) and McCall
et al. (2002), both of which analyzed the spectrum of
the (2,0) Phillips band of Cyg OB2 No. 12. Gredel et al.
(2001) obtained the spectrum with R = 45,000 and S/N
> 600 and could not resolve the velocity components
while McCall et al. (2002) resolved the velocity compo-
nents with R = 200,000 but the S/N? was not as good
as that of Gredel et al. (2001). Although both of them
assumed the optically thin conditions for the calcula-
tion of column densities considering the typical Doppler
width of b =1 km s~! (Gredel et al. 2001), this assump-
tion is not valid in the case of b = 0.5 km s~!. Therefore,
we calculated the column densities from the (2,0) band
equivalent widths (EWs) by Gredel et al. (2001) and

2 McCall et al. (2002) did not show the value of S/N for their C
spectrum of Cyg OB2 No. 12. Judging from the spectrum shown
in their paper, the S/N appears to be about 100.

McCall et al. (2002) using the Doppler widths and the
velocities estimated from our fitting, and then compared
the resultant column densities with those we derived
from the (0,0) band. We adopted foq = 1.424 x 1073
(Schmidt & Bacskay 2007) for the calculation. The ra-
tios of the column densities from the (2,0) band to our
values from the (0,0) band were calculated up to J” =8,
below which we could detect the absorption lines of the
velocity component 1. The ratios of the column density
of Gredel et al. (2001) to our value was 0.94+0.15. The
column densities calculated from the data of Gredel et
al. (2001) were close to our results but the uncertainties
were large. Note that the standard deviation does not
include the uncertainties of EWs and Doppler widths.
As for McCall et al. (2002), the ratios were calculated
to be 0.79 + 0.07 and 0.74 £ 0.07 for components 2 and
3, respectively, meaning that the EWs of McCall et al.
(2002) were lower than those expected from the (0,0)
band. Considering the relatively low S/N of the Mc-
Call et al. (2002) spectrum, the discrepancy could be
attributed to the systematic noise, which could not be
estimated in their paper (see the footnote of Table 6
in McCall et al. 2002). Also, the systematic uncertain-
ties due to the continuum normalization could be large
because the strong lines in the (2,0) band are detected
within the broad stellar lines of H I Paschen 12 and He 1.
Therefore, the column densities obtained from our (0,0)
band data could be more robust than the previous re-
sults because of both the high quality of our data and
intrinsically large EWSs of the (0,0) band.

To measure the EWs of the detected lines indepen-
dently, we fitted Gaussian curves to the spectrum data.
The velocities and widths were fixed in the fit as deter-
mined by the VoigtFit analysis for the HIRES-J spec-
trum. For the partially blended lines, multiple Gaussian
curves at the wavelengths of the blended lines were fit-
ted simultaneously. While the EWs of the three velocity

arXiv:1908.01487v2 Hh 5 DEREY

_22_



A-X (0,0) BANDS OF Cy AND CN 5

components were measured separately in the HIRES-J
spectrum, the total EWs of the three components were
measured in the WIDE spectrum. For the EW uncer-
tainties, we included the systematic uncertainties from
continuum fitting estimated with the rms shift method
(Sembach & Savage 1992) in addition to the statistical
uncertainties. Tables 2 and 3 list the EWs measured
for the absorption lines identified as Co Phillips bands
in the spectra obtained with the HIRES-J and WIDE
modes, respectively. In the WIDE spectrum, the lower
spectral resolution caused the blending of some multiple
Cs lines and it made it difficult to normalize the spec-
trum using the surrounding continuum regions. We did
not list the EWs for those lines, whose systematic uncer-
tainties of EWs were much larger due to the blending.
In Table 3, we also list the EWs of the (1,0) band cal-
culated from N(J”) and b determined by HIRES-J data
using fip = 2.348 x 1072 (Schmidt & Bacskay 2007).
Comparing the measured and calculated EWs, we dis-
cuss the ratio of observationally constrained oscillator
strengths of Phillips bands in Section 4.2. Note that
the total EWs measured from WIDE and HIRES spec-
tra are consistent within uncertainties for the most lines
detected in both spectra.

3.2. CN red band

Figure 4 shows the WIDE spectra of the CN (1,0)
and (0,0) red bands. The rest-frame wavelengths were
adopted from Brooke et al. (2014). As shown in Fig-
ure 4, some absorption lines were detected at the wave-
lengths of CN bands. In particular, the three lines of the
(0,0) band around A = 10990 A were clearly detected.
As long as we know, this is the first detection of a (0,0)
band of the CN red system in the interstellar medium.
The lines around 10930A are overlapped with the broad
absorption line of H I Pay. Within the broad feature
of the stellar H 1 line, narrow dips can be seen at the
wavelengths of the CN band. These dips are most likely
CN lines, but it is almost impossible to measure their
EWs accurately. Table 4 lists the EWs and column den-
sities measured for the lines of the CN (1,0) and (0,0)
red bands in the spectrum of Cyg OB2 No. 12. The EWs
were measured by fitting a Gaussian curve to the spec-
trum. Although these CN lines should originate from
two major velocity components, components 2 and 3, as
well as Csq, they could not be resolved. The measured
EWs would be the sum of all velocity components.

Considering the small Doppler widths measured from
the Cq (0,0) band, some detected CN lines are probably
optically thick. However, since we could not resolve the
velocity components, we could not estimate the Doppler
widths of each velocity component. Therefore, we cal-

culated CN column densities based on two assumptions.
One is the assumption of the optically thin condition and
the other is the assumption that the CN lines that orig-
inated from components 1, 2 and 3 and have the same
Doppler widths as the C, lines. In the latter assumption,
the ratios of column densities of each velocity component
to the total column densities were assumed as those of
the Cy column densities. The oscillator strengths cal-
culated by Brooke et al. (2014) were adopted. For the
blended lines from the N = 1 level, we calculated the
effective oscillator strengths by assuming that the pop-
ulations of the spin-rotational levels (N, J") with the
same rotational quantum number N’ are populated ac-
cording to their statistical weights (Gredel, et al. 2002).
Table 4 lists the column densities calculated under two
assumptions. As for the R;(0) line of the CN (0,0) band,
which is the strongest detected line, the column density
was much different by the assumptions. The column
densities of the N” = 0 and 1 levels estimated from each
line, N(N” = 0) and N(N"” = 1), have larger variance
than the uncertainties (Table 4). This would be because
of the systematic uncertainties due to the surrounding
stellar lines, which made it difficult to properly evaluate
the appropriate continuum level. Also, both bands were
severely contaminated by telluric absorption lines.

The (2,0) and (1,0) bands of the CN red system to-
ward Cyg OB2 No. 12 were also detected by Gredel et
al. (2001). As for the (1,0) band, which was also de-
tected in this study, Gredel et al. (2001) showed that
the EWs of Qq(1) +% Py (1) and R;(0) were 14.3 + 5A
and 25 + 5A, respectively, and the EW upper limits of
SRo1(0) and Ry (1) were < 28A and < 53A, respectively.
The EWs and upper limits of the (1,0) band measured
here were consistent with those reported by Gredel et
al. (2001) within uncertainties.

Averaging the column densities calculated with the
optically thin condition assumption listed in Table 4,
the column densities of the N” = 0 and 1 levels were
estimated to be N(N” = 0) = (4.7 £0.2) x 10'® and
N(N" =1) = (3.2£0.3) x 101* cm™2. The rotational
excitation temperature and the CN total column density
were estimated to be Thg = 3.7 £ 0.3 K and N(CN) =
(8.24£0.4) x 10'3 cm~2. Note that these results are likely
to be affected by the systematic uncertainties due to the
residual of telluric absorption lines and the stellar lines.

Using only the Rq(0) and Rq(1) lines of the CN (0,0)
band, which were clearly detected without the contami-
nation of stellar lines, we estimated the rotational exci-
tation temperature and the CN total column density to
be T1p = 3.0 £ 0.2 K and N(CN) = (1.01 £0.04) x 10
cm™2, respectively, in the optically thick case for the
R1(0) and R;(1) lines of CN (0,0) band. We suggest
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Table 2. Equivalent widths and column densities for the Cz (0,0) Phillips Bands in the HIRES-J mode spectrum of Cyg OB2 No. 12

Comp 1 Comp 2 Comp 3
J'" Branch Xair (A) F(107%)  EW (mA) N (10'? em™2%) ® EW (mA) N (10'? em™2) @ EW (mA) N (10'2 em™2) *  Blending®
0 R 12086.244 2.230 3.55 £ 0.40 0.93 £0.21 20.55 £ 0.31 7.40 £0.24 23.93 £+ 0.33 10.83 £ 0.33
2 12078.631 0.894 2.94 £ 0.55 27.25 £ 0.60 39.63 £ 1.66 Telluric
Q 12092.725 1.120 5.51 +£0.41 36.13 £0.32 36.82 £ 0.34
P 12102.141 0.223 2.09 £ 0.40 8.54 £+ 0.31 10.81 4+ 0.33
4 R 12073.398 0.745 6.47 £ 0.36 5.75 £ 0.70 24.16 £0.28 25.69 £ 0.82 24.01 £0.29 30.96 £0.74
Q 12096.879 1.120 Telluric
P 12115.742 0.371 2.64 £ 0.41 10.81 +£0.33 12.56 + 0.35
6 R 12070.540 0.688 3.52+£0.47 15.72 +£0.32 17.90 £+ 0.54 13.91 +£0.30 20.15 £ 0.47 R(8)
Q 12103.413  1.110 R(18)
P 12131.760 0.428 2.79 +£0.33 9.72 £ 0.26 10.60 + 0.28
8 R 12070.055 0.658 2.47 £+ 0.36 3.89 £ 0.40 10.07 +£0.28 12.46 4+ 0.46 12.34 +£0.29 R(6)
Q 12112.335 1.110 6.25 + 0.40 17.11 £ 0.31 15.29 +0.33
P 12150.211 0.457 3.03£0.41 7.70 £0.31 6.56 & 0.33
10 R 12071.943 0.639 9.58 £ 0.40 8.19 £0.34 Telluric
Q 12123.652 1.110 13.88 4+ 0.27 10.52 4+ 0.28
P 12171.114 0.475 5.10 £ 0.22 4.30 £0.23
12 R 12076.208 0.626 5.07 £0.35 2.26 £+ 0.38 5.61 £0.27 7.27+£0.39 4.66 £ 0.29 6.18 £ 0.32
Q 12137.378 1.110 2.81£0.34 10.20 4+ 0.27 7.96 £ 0.29
P 12194.491 0.487 DIB
14 R 12082.853 0.616 1.70 + 0.34 4.33£0.70 3.78 £0.29 Telluric
Q 12153.526 1.110 3.14 +0.41 6.52 + 0.31 5.35+0.33
P 12220.370 0.495 1.98 £ 0.39 1.72 £ 0.41
16 R 12091.888 0.609 2.48 £0.33 3.25 £ 0.28 1.324+0.33 2.01 £0.25
Q 12172.113 1.110 4.73 +0.22 2.95 4+ 0.23
P 12248.774 0.501 1.82+0.31 1.24+0.34
18 R 12103.322 0.603 1.24 +0.33 2.78 £ 0.32 2.07 £0.28 Q(6)
Q 12193.162 1.110 1.73 £0.40 4.18 £0.30 2.73+£0.33
P 12279.735 0.505
20 R 12117.168 0.598 2.16 £ 0.32 2.72 £ 0.26 2.88 +0.33 2.34 £0.23
Q 12216.696 1.100 3.59 £0.39 2.08 £0.41
P 12313.287 0.508 2.31+0.22 1.55 +£0.24
22 R 12133.443 0.593 1.94 £0.34
Q 12242.736 1.100 2.75+0.31
P 12349.467 0.510
24 R 12152.165 0.589 Telluric
Q 12271.315 1.100
P 12388.311 0.511
26 R 12173.354 0.586 1.36 + 0.22 1.40 £0.30 0.78 £0.23 1.36 £ 0.27
Q 12302.463 1.100 1.83 +0.22 2.07+£0.24
P 12429.866 0.512
28 R 12197.033 0.582 1.35 £ 0.33 1.53 £0.27
Q 12336.214 1.090 2.06 £ 0.28
P 12474.185 0.512

NoTE—The symbol ”

” denotes undetected lines.

@The column densities of the rotational level J estimated from the simultaneous profile fit to the P, @, and R lines.

b The features blended with the lines. ” Telluric” means the blending of the strong telluric lines.
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Figure 1. Normalized spectra of the Cy (1,0) (upper panel) and (0,0) (lower panel) Phillips bands toward Cyg OB2 No 12
obtained with the WIDE mode (R = 20,000). The normalized spectra of the telluric standard stars are also shown. The
wavelengths of each line of the bands are marked with lines above the spectrum. The positions of stellar lines and DIBs
(including its candidates) are also shown with lines below the spectrum. The wavelengths of the (1,0) and (0,0) bands were
calculated from the wavenumbers listed in table 2 in Chauville et al. (1977) and table 1 in Douay et al. (1988), respectively.
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Figure 2. Normalized spectrum of the Cz (0,0) Phillips band toward Cyg OB2 No. 12 obtained with the HIRES-J mode
(R = 68,000). The wavelength ranges at which the transmittance was lower than 0.5 are plotted with gray lines. The stellar
lines and DIBs are also marked with lines below the spectrum. The normalized spectrum of the telluric standard star is also
shown.
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Table 3. Equivalent widths for the Cz (0,0) and (1,0)
Phillips Bands in the WIDE-mode spectrum of the Cyg
OB2 No. 12

(0,0) (1,0) (1,0) calculation®

J"”  Branch EW (mA) EW (mA) EW (mA)

0
2

=y

35.30 £ 1.49 35.93

66.36 £+ 1.27 s 49.57
75.55 £ 0.89 60.35 £ 1.50 59.54
19.29 +£0.94 s 14.09
39.39

56.16

23.59 +£1.12 20.49 £ 1.02 20.87
25.26

41.35 £ 1.49 39.44

19.78 £1.13 17.31 £1.18 16.26
17.17

27.26 £ 0.95 28.47

17.34 £0.97 12.15 4+ 1.09 12.23
11.14

22.26 +£1.13 20.57 £ 1.17 19.17
8.48

9.16

19.33 +1.13 13.57 £ 1.09 16.18
6.33 £ 0.98 7.29

5.69

11.97 + 0.96 cee 10.28
4.67

3.45

6.34

2.90

5.05 £ 0.97 3.47

6.41

2.99

3.53 +1.12 3.18
5.92

2.78

10

12

14

16

18

20

TO 3T I VO I 7O I3 TO VO I VO3 7O X vWO v O

NOTE—

@EWs calculated from N(J'') in Table 2.

that the latter result would be more robust because the
rotational temperature is close to the CMB temperature.
Gredel et al. (2001) estimated N(N” = 0) = 4.4 x 10'3
and N(N” = 1) = 55 x 10'® ¢cm~2 (the oscillator
strength was adjusted to the values of Brooke et al. 2014
for comparison). Our result should be more robust than
that of Gredel et al. (2001) since the N(N” = 1) by
Gredel et al. (2001) had a large uncertainty and their
excitation temperature, T7p = 6.2 K, was much higher
than the CMB temperature. However, there is a sys-
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Figure 3. Close-up images of the spectrum of the R(0)
and P(8) lines in the C2 (0,0) band. The black lines show
the spectrum of Cyg OB2 No. 12 obtained with the HIRES-
J mode. Three components at —15.1, —9.6, and —4.0 km
s! were detected. The blue lines show the Gaussian curves
fitted to the spectrum. The red lines show the composite of
the Gaussian curves.

tematic uncertainty in our results due to the assumption
about the Doppler widths and the CN column density
ratios among velocity components. It is necessary to
resolve the velocity components with higher resolution
and detect more lines to obtain these parameters with
high accuracy.

4. DISCUSSION
4.1. Rotational excitation of Co

The gaseous temperature and density of the collision
partner (n(H) + n(Hz)) can be evaluated from the ro-
tational distribution of C; molecules. These param-
eters are essential for understanding of the interstel-
lar chemical reactions (Gredel et al. 2001). Using the
model of van Dishoeck & Black (1982), we estimated
the parameters for the three velocity components of Cyg
OB2 No. 12 from the column densities of each rotational
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Table 4. Equivalent widths and column densities for the CN red bands in the WIDE-mode spectrum

of Cyg OB2 No. 12

Band Transition N J" Fose™P EW N(N'"¢ N(N')4
(x107%)  (mA) (10'? em~?) (10'? cm~?)
(1,0) band % Ro1(0) 0 1/2 9139.699  0.2646  6+3 31415 31415
Ro(1) +% Q21(1) 1 1/243/2 9142.848  0.4375 1243 37+9 40+ 10
EQ21(0) 0 1/2 9144.055  0.6409 17+ 3 36 +6 38+ 6
Q2(1) +9 Poy(1) 1 1/243/2  9147.219  0.3203
Ri(1) 1 3/2 9183.230  0.6408 14+ 3 4549 46+9
R1(0) 0 1/2 9186.950  1.0127 21+ 3 28 +4 29 +4
QRix(1)+Qi(1) 1 1/24+3/2 9190.138  0.5851 20+ 3 46 £7 50 £ 8
(0,0) band 5 R21(0) 0 1/2 10925.147  0.3251 1042 29+ 6 29+ 6
Ro(1) 4% Q21(1) 1 1/243/2 10929.650  0.5386 e
£Q21(0) 0 1/2 10931.442  0.7892 oo
QP (1) +Qa(1) 1 1/243/2 10935.970  0.3945 e
Ri(1) 1 3/2 10987.395  0.7886 17+ 2 30+3 33+3
R1(0) 0 1/2 10992.869  1.2461 74+ 2 55 4 2 67+ 3
Q1(1) +9 Rio(1) 1 1/243/2 10997.445  0.7198 oo f

NoTE—

@ The values were adopted from Brooke et al. (2014).

b The effective oscillator strengths are shown for the blended lines.

€ The column densities calculated with optically thin assumption.

4 Phe column densities calculated with the assumption of the cloud parameters from C3 bands (see the text for details).

€ Overlapped with the stellar Pa + line.

vaerlapped with the stellar He 1 line.

level in the ground state. We use the updated value
of the absorption rates calculated by van Dishoeck &
de Zeeuw (1984). We assumed the scaling factor for
the incident radiation field to be I = 1. As the re-
cent analysis of interstellar Cq excitation by Hupe et al.
(2012), we adopted the Co-Hs collisional cross section as
00 = 4x 10716 cm™2, which is indicated by recent calcu-
lations (Lavendy et al. 1991; Robbe et al. 1992; Najar et
al. 2008, 2009), rather than the frequently used value of
2x1071¢ ¢cm~2 (van Dishoeck & Black 1982). Although
the lines from J” > 20 were detected in our observa-
tion, the original model by van Dishoeck & Black (1982)
cannot predict the rotational distributions at J” > 20,
because they calculated the radiation excitation matrix
and the quadruple transition probabilities up to only
J"" = 20. To extrapolate the model to J” > 20, we es-
timated the values of the model parameters at J"” > 20
levels by fitting power-law functions of J”, which repro-
duced the values at J” < 20 well.

Figure 5 shows the rotational diagrams for each ve-
locity component. The HIRES-J data were used. We
could not estimate the parameters for component 1 be-

cause of the large uncertainties of column densities. For
components 2 and 3, the kinetic temperatures and gas
densities (T,n) were estimated as (30 + 5 K, 100 &+ 7
em ™) and (25 £ 5 K, 125 + 7 cm™3), respectively. We
compare these results with the previous results of C,
for Cyg OB2 No.12 (Gredel et al. 2001; McCall et al.
2002). Because both of the previous papers used the
collisional cross section of 2 x 10716 ¢cm™2, which is the
half of our adopted value, their densities were scaled by
a factor of about 2 for the comparison in the follow-
ing. McCall et al. (2002) estimated the parameters to
be (40 K , 110 em~?) and (30 K, 105 cm~3) for compo-
nents 2 and 3, respectively, but with large uncertainties:
T =25-55Kand n = 75 — 300 cm~3 (30 errors).
Gredel et al. (2001) analyzed the rotational distribu-
tion summed over the components and estimated the
parameters to be (T, n) = (35 K, 150 4 25 cm~3). They
detected the lines of the Cy (2,0) band up to J” = 18
but could not resolve the velocity components. In com-
parison with the previous results, both parameters es-
timated in this paper are consistent with the previous
values within uncertainties. Because of the higher os-
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Figure 4. The left two panels and right two panels show the spectra of the CN (1,0) and (0,0) red bands toward Cyg OB2
No. 12, respectively. The transmittance spectrum synthesized using ATRAN (Lord 1992) is also shown, in the lower panels. The
wavelengths of the CN red system are adopted from Brooke et al. (2014). The dotted line shows the spectrum after subtracting

the Gaussian function arbitrarily fitted to the Pa ~ line.

cillator strength of the Cy (0,0) band than the Cs (2,0)
band, we could estimate the parameters with an accu-
racy higher than that of previous studies, even those
with similar S/Ns.

From the rotational distribution, the Cy total column
densities of components 2 and 3 were estimated to be
(1.297018) x 10™ and (1.4875:83) x 10 cm~2, respec-
tively. By summing up the column densities listed in
Table 2, the C;, total column densities of components 1,
2, and 3 were 2.2 x 1013, 1.2 x 10" and 1.4 x 104 cm 2,
respectively. Table 5 summarizes the parameters of the
velocity components of Cyg OB2 No. 12 obtained from
the Cy and CN bands.

4.2. Oscillator strengths

The oscillator strengths of the Co Phillips bands
have been investigated experimentally and theoretically.
However, the experimental and theoretical results are
not in agreement with one another. Astronomical ob-
servations of Cy molecules have put a unique constraint
on the oscillator strength ratios of Cy bands (Lambert
et al. 1995). Here, we try to put constraints on the os-
cillator strength ratios of the Co Phillips bands of Cyg
OB2 No.12 using the line strengths of (1,0) and (0,0)
bands from this study. We use the (0,0) band in HIRES
spectrum and the (1,0) band in WIDE spectrum. It

is assumed that the column densities of rotational lev-
els J” in the line of sight of Cyg OB2 No.12 are con-
stant between our observations with WIDE and HIRES-
J modes. From the strength ratios between the detected
lines of (1,0) and (0,0) bands from the same lower level
J”, the oscillator strength ratio, foo/f10, can be con-
strained.

Because the strong lines of Cyg OB2 No. 12 are opti-
cally thick for both (0,0) and (1,0) bands (§3.1), the os-
cillator strength ratio cannot be simply calculated from
the ratio of the EWs. Therefore, we searched for the os-
cillator strength ratio that reproduces well the observed
EWs with the following procedures. First, we calculated
the total EWs of the three velocity components for each
rotational lines of the (1,0) band by synthesizing the
absorption profiles using the column densities of each
rotational level listed in Table 2 and the cloud param-
eters (the line-of-sight velocities and Doppler widths),
which were determined from the (0,0) band (Table 3).
By varying the oscillator strength of the (1,0) bands
from f1p = 2.348 x 102 (Schmidt & Bacskay 2007) in
the calculation, we searched for the best value of fig
reproducing the observed EWs of the (1,0) band. As a
result, the foo/f10 was estimated to be 0.96 £ 0.05.

The ratios were compared with the experimental re-
sults (Davis, et al. 1984; Bauer, et al. 1985) and cal-
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Table 5. Summary of parameters

Comp. v b Nobs(C2) *  Neate(C2) ® Tioe(C2)  n(C2)  Nyu_o(CN)  Nyr_i(CN)  Tiot(CN) N(CN)
(km s~ 1) (km s~ 1) (10'% cm™2)  (10'? cm™?) (K) (em™3) (102 em™2) (102 cm™?) (K) (10'2 cm™2)
1 —-15.1  2.3940.42 22
2 -9.6 1.47 £0.15 120 129778 30+£5 10047
3 —4.0 0.53 £ 0.06 140 148743 2545 125+7
Sum 282 67£3° 33+£3° 3.0+£0.2 101 £4

NoTE—The values are in units of 102 cm™2.

®The sum of the column densities of all rotational levels that were measured from detected lines.

b The Cy total column densities estimated by fitting the model of van Dishoeck & Black (1982) to the observed rotational population.

€ The column densities estimated from the EWs of Ry (0) and Ry (1) of CN (0,0) band assuming the cloud parameters measured from Cz (0,0) bands

(see the text for details).
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Figure 5. The rotational diagrams for components 2 (upper
panel) and 3 (lower panel). Best-fit model lines and its one
sigma ranges are plotted with the solid and dashed lines,
respectively.

culated values (Schmidt & Bacskay 2007) in Table 6.
Although the obtained ratio is closer to the theoret-
ical result than the experimental result, it is consis-
tent with both the experimental and theoretical results
within the 1o uncertainty. High-resolution data that
can resolve the velocity components will be necessary
for both bands in order to put stronger constraints on
the oscillator strength ratios. The oscillator strength
constraints from astronomical data can contribute to fu-
ture improvements of the Cy estimate (not only for the
oscillator strengths of relevant bands of Cs, but also for
astrophysical measurements).

4.3. Marginal detection of 2C*3C

We searched for the lines of the 12C13C (0,0) Phillips
band in the HIRES-J spectrum. The wavelengths were
based on the wavenumbers measured by Amiot & Verges
(1983). '2C13C has the rotational levels of both odd
and even rotational quantum numbers J” in the ground
state in contrast to 2Cy, which has only even numbers
of J” due to the homonuclear molecule nature. As the
expected strengths of the P lines were too weak to be
detected, only the @ and R lines were searched. The
wavelengths of the '2C'3C lines are distributed in the
range of almost the same wavelength range of 12Cy. Al-
though the 12C3C (1,0) Phillips band and the 3C!4N
(0,0) and (1,0) red bands covered in the WIDE spec-
trum were also searched using the line lists from Amiot
& Verges (1983) and Sneden et al. (2014), respectively,
we could not detect any absorption lines of these bands
or put meaningful constraints on the isotope ratio.

As a result, only Q(3) lines were marginally detected
at the velocities of components 2 and 3. To date, the
12C13C molecule has never been detected in the inter-
stellar medium. Figure 6 shows the spectrum of the Q(3)
lines of 12C13C. Their EWs were 1.0 + 0.3 and 0.7 £ 0.3
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Table 6. Oscillator strengths of Co Phillips bands

Reference Method foo X 10° fio X 10° foo/ f1o
Davis, et al. (1984) Experiment 1.38 +0.14 1.70£0.17 0.81 +0.11
Bauer, et al. (1985) Experiment 1.38 1.56 0.89
Schmidt & Bacskay (2007)  Calculation 2.233 2.348 0.951
This study Astronomy 0.96 £+ 0.05

mA for components 2 and 3, respectively. Although
these dips were very weak, the velocities matched with
those of components 2 and 3 for the 12Cy lines. Other Q
and R lines are expected to be weaker or contaminated
with telluric absorption lines and '2C, lines; thus, the
Q(3) line is the most detectable line in our spectrum of
Cyg OB2 No. 12. The multiple line detection for 2C'3C
requires higher S/Ns for this target.

From the EWs of Q(3) lines, we estimated the abun-
dance of '2C'3C molecules. We assumed that the oscil-
lator strength and the rotational distribution of 2C'3C
in the ground state are the same as '2C,. In contrast
to 12Cy, 2C13C can have pure rotational electric dipole
transitions, which can cool down the rotational popu-
lations of '2C'3C, as they have very weak permanent
electric dipole moment. We do not have any informa-
tion regarding the rotational distribution of 2C13C, and
thus we ignore the pure rotational electric dipole tran-
sition of '2C'3C. Because the probability is estimated
to be very low (Krishna Swamy 1987), the difference of
rotational distributions between 12Cqy and 2 CH¥C would
not be so large. However, note that Bakker & Lambert
(1998), who detected the 2C13C absorption band in a
circumstellar shell, found that the lower rotational ex-
citation temperature of '2C'3C, compared with that of
12Cy, is probably due to the radiative cooling of 12C'3C
by the pure rotational electric dipole transition.

On the basis of these assumptions, the 12Cy / 12C13C
ratios for Cyg OB2 No. 12 were estimated to be ~ 25 and
~ 50 for components 2 and 3, respectively. Conversion
of these values into carbon isotope ratios results in 12C /
13C ~ 50 and ~ 100, respectively. Considering the large
uncertainties in the EWs, this is roughly consistent with
the carbon isotope ratios in the interstellar medium mea-
sured by various carbon molecules: 68 & 15 at the solar
galactocentric distance (measurements of CO, CN, and
H>CO in Milam et al. 2005) and 76 42 in the local ISM
(CH™ measurement in Stahl et al. 2008). In addition to
the EW uncertainties, the deviation of the 2C'3C rota-
tional distribution from that of "2Cy, which was assumed
here, can cause additional uncertainties in the resultant
carbon isotope ratio. By taking higher-quality spectra

=

o
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1
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0.98 ~

Normalized flux

0.97 A 0(3)
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Figure 6. Spectrum of the 2C*C Q(3) line. The weak ab-
sorption lines were detected at the velocities of components
2 and 3. The absorption lines seen at about +10 and +16
km s~! are the *2Cy R(16) lines of the components 2 and 3,
respectively.

and detecting multiple rotational lines (especially those
arising from different rotational levels), the carbon iso-
tope ratios of Cy molecules can be investigated more
accurately. Bakker & Lambert (1998) suggested that
the isotopic exchange reaction of Cs molecules is too
slow to alter the 2Cy / 12C13C ratio. The observation
of 12Cy and 2C'3C will give us new information about
the interstellar carbon isotope ratio and related chemical
processes in the regime of translucent clouds.

5. SUMMARY

We reported the first detection of the Cy (0,0) Phillips
band and the CN (0,0) red band in the interstellar
medium. We obtained the NIR high-resolution spec-
trum of Cyg OB2 No. 12 using the WINERED spectro-
graph mounted on the 1.3 m Araki telescope in Kyoto,
Japan. We could detect the (0,0) and (1,0) bands of
Cy and CN with high S/N. In particular, the velocity
components were clearly resolved in the Cy (0,0) band
spectrum (R = 68,000). Our findings are summarized
as follows:
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1. The CN column densities at levels of N = 0
and 1 were estimated to be (6.7 £ 0.3)x 10'3 and
(3.3 £ 0.3)x 10'3 cm™2, respectively. From the
ratio, the rotational excitation temperature and
the CN total column density were calculated as
Tio=3.7£0.3 Kand N(CN) = (8.240.4) x 10
Tyo = 3.0£0.2 K and N(CN) = (1.0140.04)x 104
cm ™2, respectively.

2. From the rotational distribution of Cy, the temper-
atures and densities, (7, n), of components 2 and 3
were estimated to be (30+5 K, 100£7 cm™3) and
(2545 K, 12547 cm~3), respectively. These essen-
tial physical parameters for understanding the in-
terstellar chemistry could be estimated with high
accuracy, due to the large oscillator strength of
the (0,0) band, which allowed us to detect the ro-
tational lines from high rotational levels for each
velocity component.

3. From the line ratios between the Cs (0,0) and
(1,0) Phillips bands, the oscillator strength ratio,
foo/ f10, of the Phillips bands were constrained.
The ratio is estimated to be foo/f10 = 0.96 £0.05,
which is consistent with both theoretical and ex-
perimental values within 1o uncertainties. In or-
der to put stronger constraints on foo/f10 from
the astronomical observations, it is necessary to
obtain high-resolution spectra, in which the veloc-
ity components are resolved for both bands.

4. We marginally detected the Q(3) lines of 2C'3C at
the velocities of components 2 and 3. If these lines
are real, this is the first detection of 2C'3C in the
interstellar medium. Assuming that the oscillator
strength and rotational distributions of 12C3C are
the same as those of 12Cs, the carbon isotope ra-
tio was estimated to be 50-100, which is roughly
consistent with the values in the local interstellar
medium measured from other carbonaceous molec-
ular features.

In this paper, we demonstrated that the absorption
bands of C; and CN in the NIR region can be used to
investigate the physical properties of interstellar clouds.
Thanks to the large oscillator strengths of these NIR
bands, we could improve the accuracy of the physical
parameters estimated from the rotational distributions

of both Cy and CN. On the other hand, the strong
telluric absorption lines that overlapped with the NIR
bands make the analysis complicated and increase the
systematic uncertainties. The removal of telluric ab-
sorption lines is critical for analyzing these NIR bands.
Along with observational improvements, the updated
model of Cy excitation (Casu & Cecchi-Pestellini 2012)
is also important for extracting further information re-
garding interstellar clouds. In addition to these ab-
sorption features of small carbonaceous molecules, many
DIBs, which are considered to originate from large car-
bonaceous molecules such as fullerenes and PAHs, have
been found in the Y and J bands covered in our ob-
servation (Cox et al. 2014; Hamano et al. 2015, 2016).
In particular, the DIBs recently identified as absorption
features of C, are located at about 9600A. In view of
the richness of important molecular features, the wave-
length range of the Y and J bands is crucial to the
study of interstellar carbon chemistry in diffuse clouds.
In the future, it will be important to investigate the re-
lationship between DIBs (including C, features), the
abundances of Cy and CN and the physical parameters
of interstellar clouds (Elyajouri et al. 2018).
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ABSTRACT

We used the WINERED spectrograph to perform near-infrared high-resolution spectroscopy (resolv-
ing power R = 28,000) of 13 young intermediate-mass stars in the Taurus star-forming region. Based
on the presence of near- and mid-infrared continuum emission, young intermediate-mass stars can be
classified into three different evolutionary stages: Phases I, I, and III in the order of evolution. Our
obtained spectra (A = 0.91-1.35 ym) depict He 1 A10830 and P/ lines that are sensitive to magne-
tospheric accretion and winds. We also investigate five sources each for P8 and He 1 lines that were
obtained from previous studies along with our targets. We observe that the PS5 profile morphologies
in Phases I and II corresponded to an extensive variety of emission features; however, these features
are not detected in Phase III. We also observe that the He I profile morphologies are mostly broad
subcontinuum absorption lines in Phase I, narrow subcontinuum absorption lines in Phase II, and cen-
tered subcontinuum absorption features in Phase III. Our results indicate that the profile morphologies
exhibit a progression of the dominant mass flow processes: stellar wind and probably magnetospheric
accretion in the very early stage, magnetospheric accretion and disk wind in the subsequent stage,
and no activities in the final stage. These interpretations further suggest that opacity in protoplane-
tary disks plays an important role in mass flow processes. Results also indicate that He I absorption
features in Phase III sources, associated with chromospheric activities even in such young phases, are
characteristics of intermediate-mass stars.

Keywords: accretion, planetary systems: protoplanetary disks — stars: formation — stars: pre-main-
sequence — stars: winds, outflows — infrared: stars

1. INTRODUCTION clouds are contracted during the collapse, the initial ro-

Stars are formed owing to the gravitationally induced tation of the star-forming cloud is enormously magnified

collapse of cold molecular gas. While the molecular by the conservation of angular momentum. In this pro-
cess, the rotating circumstellar disks are formed, and

majority of the material of a typical star is accreted
Corresponding author: Chikako Yasui through its disk (Hartmann 2009). Although almost all
ck.yasui@nao.ac.jp of the angular momentum (>99%) must be removed
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to form an observable star, we lack a conclusive the-
ory explaining the mechanics of the angular momentum
transfer (“angular momentum problem”, Bodenheimer
1995). As one of the most important processes, this
study focuses on the mass flow processes occurring very
close (radius r < 1AU) to central stars. In this re-
gion, a large population of close-in planetary systems
has been reported, even around young stellar objects
(YSOs) younger than 10 Myr (e.g., Donati et al. 2016).
However, the manner in which planets are formed is still
being debated (Winn & Fabrycky 2015). Because the in-
teraction between the stars and disks at which planets
are formed occurs mainly in the inner disk region, it is
essential to investigate the conditions of this region from
the planet formation viewpoint.

As for mass flow processes, magnetospheric accretion
and outflowing gas have been proposed. Because direct
imaging for separations of less than 1 AU is considered
to be very difficult using the existing instruments, spec-
troscopy has been employed. Traditionally, Ha, NaD,
Ca II H&K, Mg 1T h&k lines have been used for conduct-
ing diagnostics (e.g., Mundt 1984; Calvet & Hartmann
1992). For mass accretion, these diagnostics have per-
mitted the development of a general picture with respect
to various factors, including the mass accretion rate,
evolution, geometry, and stellar mass dependence (e.g.,
Muzerolle et al. 1998b; Hartmann et al. 1998; Muzerolle
et al. 2004; Calvet et al. 2004). However, the actual me-
chanics of outflowing gas have not yet been completely
elucidated. There are at least three possible configu-
rations of wind formation: a disk wind (Ustyugova et
al. 1995), an X-wind (Shu et al. 1994), and a stellar
wind (Hartmann et al. 1982). To distinguish between
different theoretical models, constraints on the nature
or location of the wind-launching region are very impor-
tant. However, the aforementioned traditional spectral
lines exhibit blueshifted absorption superposed on the
broad emission features. This observation signifies the
presence of high-velocity wind close to the star (Ardila
et al. 2002), yielding little information on the nature or
location of the wind-launching region.

Recently, the He 1 10,830 A line has been suggested
as a particularly suitable and sensitive probe of both
mass accretion and outflow (Edwards et al. 2006). Ed-
wards et al. (2006) exhibited that ~70 % of their 39 sam-
ple classical T-Tauri stars (CTTSs) exhibit a blueshifted
subcontinuum absorption that can be assumed to be a
probe of outflow. This is in contrast to He, for which
only ~10% of the stars show a similar type of absorp-
tion component. Additionally, ~50% of their CTTSs
show redshifted absorption below the continuum in He T;
this can be considered to be a probe of mass accretion.

They also highlighted that the direct probes of the out-
flowing gas launch region can be created only by high-
resolution spectroscopy of the He I line. While the tar-
gets for Edwards et al. (2006) were primarily low-mass
stars, Oudmaijer et al. (2011) and Cauley & Johns-Krull
(2014) presented a He I A10830 profile for Herbig Ae/Be
stars (HAeBes), which are intermediate-mass pre-main
sequence stars. The calculated He I model profile (e.g.,
Kwan et al. 2007, Fischer et al. 2008, Kurosawa et al.
2011, Kurosawa & Romanova 2012) suggests that the
mass flow processes occurring in the inner part of the
protoplanetary disks (disk wind, stellar wind, and mag-
netospheric accretion) can be distinguished based on
the He I profile morphologies. Further, the hydrogen
Paschen series can also serve as diagnostics for magne-
tospheric accretion. Because these series lines are of
lower opacity when compared to the Ha lines, they de-
pict signatures of infall of accreting material in a magne-
tospheric funnel flow more clearly, whereas Ha often do
not show such signatures (Muzerolle et al. 2001). Folha
& Emerson (1999, 2001) presented the P line profiles
for 49 T Tauri stars and observed that inverse P Cygni
profile features, indicating the magnetospheric mass ac-
cretion, can be observed at a relatively high frequency
even though the blueshifted absorption features are ab-
sent. Edwards et al. (2006) also presented the P~ line
profiles for 48 T Tauri stars. The calculated model pro-
files of the Paschen lines (e.g., Kurosawa et al. 2011,
Kurosawa & Romanova 2012) suggest that the existence
or absence of magnetospheric accretion can be deter-
mined based on the line morphology; however, these
lines cannot serve as diagnostics for winds.

The progression of the dominant mass flow processes
through stellar evolution should also impose constraints
on the mechanistic theories. Edwards et al. (2006) pro-
posed a progression involving veilings, which are con-
sidered to be correlated with the mass accretion rate
(e.g., Beristain et al. 2001). In particular, these au-
thors suggested that the emission equivalent width of
Py decreases with decreasing veiling. Based on He I
profiles, Kwan et al. (2007) used a comparison of their
theoretical line profiles with the profiles observed by
Edwards et al. (2006) to suggest that the wind signa-
tures of stars with high disk accretion rates are more
likely to indicate stellar wind than disk wind. Further,
although a moderate trend is evident in these factors,
this pattern does not seem to be valid for all the stel-
lar sources. This inconsistency may be attributed to
an extensive variety of disk properties that have been
revealed by recent observational studies, e.g., mass ac-
cretion rate, disk lifetime, and disk mass. The median
disk lifetime has been estimated to be approximately
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3Myr even though the lifetimes vary from less than
1 Myr to a maximum of 10 Myr. The mass accretion rate
and disk mass also exhibit large dispersions, ~=+1dex
(for the mass accretion rate, see Figs. 2 and 3 in Hart-
mann 2008; for the disk mass, see Fig. 5 in Williams &
Cieza 2011 and Fig. 7 in Ansdell et al. 2017). Further-
more, because the entirety of dust and gas in the inner
and outer disks is dispersed almost simultaneously; at
0.5Myr (Williams & Cieza 2011), there appear to be no
clear indicators of the protoplanetary disk evolutionary
stages. However, this picture is obtained from low-mass
stars (S1Mg), which constitute the majority in the
solar neighborhood. Recent observations suggest that
the protoplanetary disks surrounding the intermediate-
mass stars show different evolutionary stages; for the
intermediate-mass stars (21.5 M), only the innermost
disk regions that are traced with the near-infrared (NIR)
K-band (r ~ 0.3 AU) disperse at a very early time as
compared to the outer disks by ~3 to 4 Myr (Yasui et
al. 2014). Therefore, based on the presence of innermost
and outer disks, the intermediate-mass stars can be cate-
gorized into three phases; further, the intermediate-mass
stars should be appropriate targets for investigating the
time variation of dominant mass flow processes. Based
on the He I line profiles, Cauley & Johns-Krull (2014)
suggested that HAe stars exhibit signatures of magne-
tospheric accretion and stellar wind even though they
do not exhibit disk wind. Although these authors have
suggested that these processes are characteristic of the
intermediate-mass stars, this may only be valid for the
Phase T sources to which the HAe stars are compara-
ble. To bridge this gap, it is necessary to observe young
intermediate-mass stars in all the evolutionary phases.
In this study, we present the results of a census of He T
A10830 and PfS in 13 young intermediate-mass stars in
the Taurus star-forming region, which is one of the near-
est active star-forming regions (distance of D = 140 pc;
Kenyon et al. 2008). Given its proximity, this region
can be investigated using X-ray to radio wavelengths,
and the members of Taurus have been more comprehen-
sively identified (from early type stars to brown dwarfs)
than those of any other star-forming region. Given the
young age of the Taurus complex (~1.5 Myr (Barrado y
Navascués & Martin 2003)), most members are still sur-
rounded by circumstellar materials. Therefore, Taurus
is the best target for conducting our first star-formation
study with WINERED (Warm INfrared Echelle spec-
trograph for REalizing Decent infrared high-resolution
spectroscopy). WINERED is a spectrograph of high sen-
sitivity and high resolution (with two resolution modes
of R = 28,000 and R = 70,000), specifically customized
for short NIR bands at 0.9 to 1.35 pum (Yasui et al. 2008).

WINERED received its first light in 2012 May at the
Araki 1.3m telescope and is now attached to the New
Technology Telescope (NTT) (Ikeda et al. 2018); fur-
ther, it is planned to attach WINERED to the Magellan
Telescope. We are continuing to investigate YSOs in the
target star-forming regions, including Tr 37 and NGC
7160. By considering that the lifetime of the protoplan-
etary disks is approximately 10 Myr (e.g., Herndndez et
al. 2008), these regions are considered to be in different
evolutionary phases than Taurus. Tr 37 (~4 Myr) is in
the middle phase, while NGC 7160 (~10Myr) is in the
final phase. Our results for the other regions will be
provided in a future work.

This study can be organized as follows. In Section 2,
we discuss the target selection, observations, and data
reduction. In Section 3, we present the obtained spec-
tra of the Paschen series and He T A\10830 and determine
the excess continuum emission and residual profiles. We
further discuss the properties of the P53 and He I A10830
lines. In Section 4, we discuss the statistics of the line
profile morphologies and present an interpretation of the
profile morphology of PS8 and He I A10830 in different
evolutionary phases of the protoplanetary disks in com-
bination with other intermediate-mass stars that have
been observed in previous studies. We further discuss
the possible progression of dominant mass flow processes
in the evolution of protoplanetary disks. After compar-
ing the results with those of the previous studies, we
finally discuss the implications for theories of mass flow
processes.

2. TARGET SELECTION, OBSERVATION AND
DATA REDUCTION

2.1. Selection and evolutionary phase of targets

We selected target intermediate-mass stars in the Tau-
rus star-forming region. We defined stars within the
mass range of 1.5-7 M, as intermediate-mass stars (Ya-
sui et al. 2014). The intermediate-mass stars were se-
lected in a similar manner to that of Yasui et al. (2014);
assuming a typical age of the Taurus star-forming re-
gion, ~1.5Myr (Barrado y Navascués & Martin 2003),
we obtained the spectral types of cluster members from
the literature. For the lower mass limit, we used a spec-
tral type of K5 corresponding to 1.5 M. Although Ya-
sui et al. (2014) set the upper limit mass at 7 Mg (spec-
tral type B3), even the most massive stars in Taurus pos-
sess masses of ~4 Mg (spectral type B9), which is sub-
stantially lower than the upper mass limit. Among the
candidates selected above, the final targets are limited
to stars with J-band magnitudes of less than 9 mag in
the Two Micron All Sky Survey (2MASS) Point Source
Catalog (PSC; Skrutskie et al. 2006). This criterion is
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required by the limited sensitivity of the Araki 1.3m
telescope’s implementation of WINERED, with which
this study’s spectra can be obtained (see Section 2.2).
Therefore, 13 target intermediate-mass stars were se-
lected. The properties of the selected target stars are
summarized in Table 1.

In a previous study (Yasui et al. 2014), we derived
the intermediate-mass disk fraction in the near-infrared
JHK photometric bands and in the mid-infrared (MIR)
bands for young clusters in the age range of 0 to
~10Myr. Yasui et al. (2014) have defined the region
to the right of the border line! (region highlighted in
orange region in Fig. 1) as the disk excess region on
H — K vs. J — H color—color diagram (Fig. 1); stars
located on the disk excess region are recognized as stars
traced by NIR excess emissions. MIR disk fraction is
derived using Spitzer IRAC [3.6]-[8] photometric bands.
The stars that have SED slope with the MIR bands
(o = dIn\FA/dIn \) of >—2.2 are recognized as stars
traced by MIR excess emissions (Kennedy & Kenyon
2009). In the case of 2.5 Mg-stars, NIR and MIR con-
tinuum emissions trace innermost dust disk (r ~ 0.3 AU)
and outer dust disk (r 2 5AU), respectively. Yasui et
al. (2014) have suggested that in the very early phase,
the intermediate-mass stars disperse only their inner-
most dust disks. They further disperse their outer dust
disks with a time lag of ~3 to 4 Myr. Therefore, the
presence of innermost disks and outer disks surrounding
the intermediate-mass stars can be a clear evolutionary
indicator. Hereafter, we will refer to the three evolu-
tionary phases of “Phase I” that contains stars with
both innermost and outer disks, “Phase II” that con-
tains stars without innermost disks but with outer disks,
and “Phase III” that contains stars without innermost
and outer disks.

The photometric data for 13 target intermediate-mass
stars selected above are shown in Table 1. The data of
NIR bands are obtained from the 2MASS PSC for tar-
gets, whose all JHK band photometric quality flags are
denoted as “A” (signal-to-noise <10 for all JHK bands).
Because AB Aur does not satisfy the condition, we used
NIR data reported by Kenyon & Hartmann (1995). We
plotted our target sources on H — K vs. J — H diagram
in Fig. 1. Only four sources (V892 Tau, AB Aur, IRAS
0410143103, and T Tau) are located in the disk excess
region, suggesting that they have innermost dust disks.
For MIR data, because IRAC photometric data for most
target stars could not be obtained from the IRAC ob-

1 The border line (the dot-dashed line) passes through the point
of (H—Kg,J—H) = (0.2,0) and is parallel to the reddening vector
(shown with gray arrow in Fig. 1).

servations of the Taurus star-forming region (e.g., Hart-
mann et al. 2005), we adopted « values derived using
Spitzer IRS within A = 6-13 um. Nine sources (V892
Tau, AB Aur, IRAS 0410143103, RY Tau, SU Aur, T
Tau, RW Aur, V773 Tau, and UX Tau) have a values
of >—2.2, suggesting that they have outer dust disks.
Therefore, the selected targets cover all the evolution-
ary phases of the protoplanetary disks, with four Phase I
sources, five Phase II sources, and four Phase I1I sources.
Four sources (V892 Tau, AB Aur, IRAS 0410143103,
and T Tau) are categorized into Phase I, five sources
(RY Tau, SU Aur, T Tau, RW Aur, V773 Tau, and
UX Tau) are categorized into Phase II, and four sources
(HP Tau/G2, HD 283572, HBC 388, and V410 Tau)
are categorized into Phase III. Table 2 summarizes ba-
sic disk properties for all the targets, showing classifica-
tion, mass accretion rate, and disk mass. Notably, no
clear distinctive properties are observed between Phase
I and II sources except for aforementioned NIR K-band
excesses.

We indicate that disks around the intermediate-mass
stars necessarily evolve from Phase I to Phase II and,
subsequently, to Phase III, while the disks around the
low-mass stars evolve from Phase I to Phase III, spend-
ing a considerably short time in Phase II (Yasui et al.
2014). It should be noted that HAeBes are categorized
into Phase I sources because they are confirmed to con-
tain NIR K-band excesses. Fig. 1 plots HAe stars in
a sample used by Cauley & Johns-Krull (2014), whose
mass range is roughly comparable to that of our tar-
get intermediate-mass stars and whose He I profile mor-
phologies will be later compared with those of our tar-
gets (Sections 3.4, 3.4, 4.6); the stars are shown with
gray squares. We used NIR data from 2MASS PSC and
rejected four sources (V1578 Cyg, HD 17081, HD 37490,
and Z CMa), which do not have an “A” photometric
quality flag for at least one band in the catalog. Thus, we
confirmed that all sources, except one source, are located
in the disk excess region having large color excesses. The
exception is HD 141569 ((J — H, H — K) = (0.01,0.04)),
which Cauley & Johns-Krull (2014) categorized into po-
tentially misclassified objects and did not include in
their final discussion by indicating that it may not be
a HAe star. Fig. 1 also shows the intermediate-mass
stars in samples reported by Folha & Emerson (2001)
and Edwards et al. (2006) that satisfy the conditions
for selecting intermediate-mass stars in Taurus, but are
excluded from the sample used in this study due to the
limited instrumental sensitivities. They are six sources
and their properties are summarized in Table 3. Four
of these sources (CW Tau, GM Aur, DR Tau, and DS
Tau) are included in both the previous studies, while
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HP Tau and HN Tau are included in only one of these
references (Folha & Emerson 2001 and Edwards et al.
2006). CW Tau, HP Tau, DR Tau, and HN Tau are
categorized into Phase I based on their NIR and MIR
excesses, while GM Aur and DS Tau are categorized into
Phase II. For reference, CTTSs and weak T-Tauri stars
(WTTSs) are almost comparable to Phase I and Phase
III, respectively, in case of low-mass stars (Yasui et al.
2014).

2.2. WINERED spectroscopy and data reduction

We obtained the spectra of selected targets using the
near-infrared (NIR) spectrograph WINERED (Kondo et
al. 2015; Tkeda et al. 2016) attached to the Araki 1.3 m-
telescope at Koyama Astronomical Observatory, Kyoto-
Sangyo University, Japan (Yoshikawa et al. 2012).
WINERED has a 1.7 um cutoff 2048 x 2048 HAWAII-
2RG infrared array with a pixel scale of 0”.8 pixel ™!,
simultaneously covering the wavelength range of 0.91-
1.35um.  We used a 1.65"-width slit, corresponding
to 2 pixels, which proves a spectral resolving power of
R = 28,300 or 11kms~!. Observations were performed
during the following three periods: February to March
2013; November 2013 to January 2014; and September
to October 2014. Seeing was typically ~5”. To avoid
saturation in the emission lines, the exposure time for
each frame was set to a duration ranging from 300 to
1200s. Four to twelve sets of data were obtained for
each target, resulting in a total exposure time of 1200
to 7200s for each target. As the telluric standard stars,
the spectra of bright stars with spectral types of late B
to early A (B9-A2) at similar airmass (Asecz < 0.2)
were obtained in a similar fashion within 2 hours of
target data acquisition on the same night. As the sole
exception, the spectra of an MIIII spectral type star,
HD 1041, as the telluric standard star were obtained for
HP Tau/G2. We summarize the details of the observa-
tion in Table 4.

All the data were reduced by following the standard
procedures using IRAF, including nodding sky subtrac-
tion, dome flat-fielding, and aperture extraction. The
argon lamp spectra that were obtained at the end of
the observing night were used for performing vacuum
wavelength calibration. Each target spectrum was di-
vided by the spectrum of the standard star to rectify
for atmospheric absorption and instrumental response
after the photospheric features of the standard spec-
trum were eliminated (Sameshima et al. 2018). For each
echelle order, the spectra were normalized to 1.0. For
the continuum level at A ~ 12700 A, where there are no
strong photospheric features in synthetic spectra (see
Section 3.2) for all the targets, the estimated signal to

noise ratios (S/N) were ~30 to 110 (see Table 4 for each
target). The spectra around Pd, Py, PS3, and He I (or-
ders of m = 56,51, 44, and 52, respectively), reduced by
following the above procedure, are depicted for all the
targets with respect to the stellar velocities in Figure 2.
The spectra are sorted by spectral type from the early
to late type.

3. RESULTS

The obtained spectra depict several lines, including
those of hydrogen (Paschen series), He I, and metals
(e.g., Fe I, Si I, Mg I). We focus on hydrogen lines and
He I A10830 in this study because these are very sensi-
tive to magnetospheric mass accretion and winds.

3.1. Hydrogen Paschen series

The WINERED wavelength range (A = 0.91-1.35 pm)
covers four hydrogen lines: Pe (A = 9549A), P§ (A =
10052 A), Py (A = 10941A), and PS (A = 128224)
where the numbers in parentheses refer to the vacuum
wavelengths. The spectra of P§, P, and Pg are de-
picted in Figure 2 (panels a, b, and d, respectively).
Although each spectrum appears to show similar fea-
tures across various targets, the S/Ns of the spectra are
higher at longer wavelengths, resulting in the features
of those spectra becoming more prominent. These ten-
dencies are clearly observed in, e.g., RY Tau, SU Aur,
UX Tau, and HP Tau/G2. Consider UX Tau as an ex-
ample. Although the P~ spectrum shown in Edwards
et al. (2006) exhibits no features, the Paj spectrum in
Figure 2 depicts significant features, including double
peaks with centered subcontinuum absorption, thereby
making the diagnostics of magnetospheric accretion pos-
sible. Therefore, we focus on the spectra of P among
four lines in the hydrogen Paschen series in this study.
This approach can help us to detect the possible charac-
teristics of profile morphologies in different evolutionary
phases.

3.2. Remowal of photospheric features: Estimation of
line broadening, radial velocities, and veilings

The observed spectra comprise circumstellar and pho-
tospheric features. To extract the circumstellar features,
it is necessary to eliminate the photospheric features.
The photospheric features are broadened (line broad-
ening, Uhroad), and shifted because of radial velocities
(RVs); further, they also exhibit continuum excesses.
The excess can be referred to as “veiling,” which is de-
fined as the ratio of the excess emission to the underly-
ing stellar photosphere (see Hartigan et al. 1989). We
eliminate the photospheric features using the following
procedure. First, by comparing the observed spectra
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with the synthetic spectra, the stellar properties, line
broadenings, radial velocities RVs, and veilings can be
obtained. We further obtain the circumstellar features
by subtracting the synthetic spectra from the observed
spectra by considering the aforementioned stellar prop-
erties.

For each object, we constructed the synthetic spec-
tra using the analysis program SPTOOL (Takeda 1995;
Takeda & Kawanomoto 2005), which is based on the
ATLASY programs from Kurucz (1993). We adopted
the metal line list in Meléndez & Barbuy (1999) and the
molecular lines from the Vienna Atomic Line Database
(VALD3; Ryabchikova et al. 2015). Further, we as-
sumed solar abundance and spectral type from the lit-
erature (see Table 1). The adopted parameters for the
synthetic spectra, effective temperature (Teg), surface
gravity (log ¢), and microturbulent velocity are provided
below. The effective temperatures were adopted from
Gray (2005) (Table B.1. in Appendix B). In a case that
the spectral types for targets were not listed in Gray
(2005), close spectral types were used (see Table 5, col-
umn 2). The log g was calculated with T.g, stellar mass
(M.,), and stellar luminosity (L.). Because the model
dependence of log g is considered to be very small (Tak-
agi et al. 2011), we used the values of Tyg, My, and L.
from a PMS isochrone model, Siess et al. (2000), by con-
sidering the age of Taurus (1.5 Myr old). The obtained
log g values are 4.1 for spectral type B8, 3.5 for spectral
type KO, and 3.7 for spectral types K3-K5. We adopted
the values of 4.1 for late B to early A type stars (V892
Tau, AB Aur, and TRAS 04101+3103), 3.5 for GO-K1
type stars (HP Tau/G2, RY Tau, SU Aur, HD 283572,
T Tau, and HBC 388), and 3.7 for K3-K5 type stars
(RW Aur, V773 Tau, V410 Tau, and UX Tau). For mi-
croturbulent velocity, we adopted 2kms~! according to
Gray et al. (2001), who observed a tight correlation be-
tween microturbulence and log g in the spectral range of
late A- to early G-type (see Fig. 7 in Gray et al. 2001).

We derived line broadening vpy0ad, radial velocity RV,
and Y- and J-band veilings (yy and ~;, respectively)
for each target by fitting the obtained synthetic spectra
with the observed spectra. First, we roughly estimated
Ubroad> and RV by fitting the obtained synthetic spectra
with the observed spectra using the automatic profile-
fitting program MPFIT (Takeda 1995) included in SP-
TOOL. Note that the veilings are not yet considered at

2 Here, VUproaq is parameterized by FWHM. However, because
the output velocity in MPFIT is a convolution of vh,0aq and the
instrumental broadening, and is parameterized by the e-folding
half width, it is converted to vppoaq according to Takeda et al.
(2008).

this stage. Among the spectra shown in Fig.2 (m = 56,
52, 51, and 44), our fitting procedure used spectra with
interference order m = 52, which included He I A10830,
because these spectra show a large number of relatively
deep lines, with normalized counts of less than 0.7 in
normalized synthetic spectra at vppoaq = 0kms™!. The
deep lines used for the fitting, in the wavelength ranges
of A = 10710-10815A and 10855-10875A, are not af-
fected by the He I A10830 features and do not include
data with very low S/N due to the edges of the spec-
tra. The lines used for the stars with spectral types
G-K2 were Si I (A10730.3, 10752.3, 10787.5, 10789.8,
10871.8, 10872.5), Mg I A10814.1, and C T A10732.5.
For stars with spectral type of K3 or later, the Fe I lines
(A10756.0, 10786.0) were used in addition to the above
lines; however, C I was not used because it was weak in
case of later-type stars. We further derived vproad, RVs,
and vy by comparing several synthetic spectra. The
best fit was determined using the minimum chi-squared
value by varying the three parameters of vproad, RV,
and vy. The synthetic spectra were constructed using
the following limits on each parameter: (1) Uproad val-
ues around initially estimated values with 5km s~ step;
(2) vy values in the range of 0.0 to 2.0 with 0.1 step;
and (3) observed spectra with wavelength shifts for RVs
with 0.1 A step. For the fitting, the same wavelength
range was used as was used in the initial estimate of
Ubroad- When estimating vproada and RV, we also esti-
mated s using spectra with order m = 44 in the same
way as the derivation of vy but in the spectral range of
A = 12620 to 12700 using lines of Fe I A12642.2, Fe I
A12652.2, and Na I A12682.7. The obtained properties
(Ubroad; RV, 7y, and ;) are summarized in Table 5.
Finally, we obtained residual profiles of P and He I by
subtracting synthetic spectra considering the obtained
properties from observed spectra. The profiles relative
to the stellar rest velocities are shown in Figure 3.

We note that we could not estimate vproaq, RV, and
veilings using the above procedure for three early-type
stars with spectral types of late B—early A: V892 Tau,
AB Aur, and IRAS 0401+4-3103. This was due to a lack
of prominent photospheric features in their spectra ex-
cept for H 1. There are only a small number of photo-
spheric features in the spectra for such early-type stars,
and even the existing features become quite broadened
and very shallow due to the large rotation velocities
(e.g., vsini = 116kms~! for AB Aur; 100kms~! for
V897 Tau). Instead, we used synthetic spectra assum-
ing vproada and RV values from the literature, without
considering veilings (vy = 0,y; = 0), for the subtrac-
tion of photospheric features from the observed spectra.
As for vppoaq of AB Aur, only the projected rotation ve-
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locity (vsini) was provided by the literature (Alecian et
al. 2013), vsini = 100kms~!. Nonetheless, we had to
input vVproad, using combinations of v sin ¢ and macrotur-
bulence velocity (vmac), when making synthetic spectra
with SPTOOL. Alecian et al. (2013) assumed a vpac
of 2kms~!, and suggested that in the case that vsins
is larger than 40kms™!, vgac is not a significant pa-
rameter. Therefore, we adopted their vsin¢ values for
Ubroad- Also, for the vppoaq value for V892 Tau, only
vsini (116 kms™!) was provided by the literature (Moo-
ley et al. 2013). Although we could not find the adopted
value of vyac, it should be negligible for vpoaq, consid-
ering the large vsini value. Therefore, we adopted this
value as Uproaq. However, we could not find any liter-
ature references for the vproaq and RV values for IRAS
0410143103. We adopted the average value of RVs for
all target objects in this paper (Table 1 Col. (9)) that
all exist in the Taurus star-forming region, ~20kms—!.
For vprond, we assumed a value of 100kms™!, similar
to those for AB Aur and V892 Tau, considering that
their spectral types are almost the same and their disks
evolutionary phases are the same (Phase I). As for veil-
ings, we could not find any references about veilings for
these three sources. Because the photospheric He I lines
show prominent features only in very early-type stars,
~B5 and earlier (Cauley & Johns-Krull 2014), which
are not included in our targets, variations of synthetic
spectra have little impact on our residual profiles. How-
ever, because photospheric PS lines show very promi-
nent absorption features in late B- and early A-type
stars (our early-type targets), differences between photo-
spheric features in assumed synthetic spectra and those
in actual spectra may have a great impact on the resid-
ual profiles in normalization. We discuss the possible
impact of assuming zero veilings on obtained residual
profiles in Section 3.3.

Estimated vproad, RV, vy, and ~y; values for each
target are summarized in Table 5. WTTSs, compa-
rable to Phase III objects in this paper, are known
to show no veiling (e.g., Edwards et al. 2006), while
correlation between mass accretion rate and veiling for
CTTSs is suggested (e.g., Beristain et al. 2001). For all
four Phase III objects (HP Tau/G2, HD 283572, HBC
388, and V410 Tau), 7y and v, are estimated to be
almost zero although some estimated values are non-
zero (yy = vy = 0.1 for HP Tau/G2; v; = 0.1 for HD
283572). Therefore, taking all results of Phase III ob-
jects into an account, estimated veilings are <0.1, sug-
gesting that veilings are accurately estimated with un-
certainties of ~0.1.

3.3. PpB line profiles

Paschen line emissions are thought to arise primarily
in the magnetospheric accretion column (Hartmann et
al. 2016). Although profiles of Paschen lines in obtained
spectra (Pe, Py, P§, and Pj3) show similar morphologies,
we discuss those of PS that show the most prominent
features, as discussed in § 3.1. In this section, we focus
on the properties of P emission for each source. We
discuss the implications for the profile morphology in
Section 4.

We detected PS in 8 of our 13 targets (all Phase I
sources, and all Phase II sources except V773 Tau),
while these lines are not detected in 5 sources (V773 Tau
and all Phase III sources). The detection rates for Phase
I, II, and IIT objects are 100 % (4/4), 80% (4/5), and
0% (0/4), respectively. In Table 6, we summarize the
PS profile parameters obtained from the residual pro-
files (Figure 3), showing object name in column 1, pro-
file type in column 2, the maximum blueshifted and red-
shifted line velocities (V,?'4¢ and V2¢4) in columns 3 and

max max

4, the velocity of peak emission and absorption (Vlfga‘k

and Vpagk) in columns 5 and 6, the line fluxes relative
to the continuum at the peak emission and absorption
velocities (Fyz, and Fgé’ask) in columns 7 and 8, emis-
sion and absorption equivalent widths (Em. Wy and Ab.
W) in columns 9 and 10, and the type of subcontinuum
absorption in column 11. In column 2, we categorize
residual spectra into morphology groups based on the
classification scheme of Cauley & Johns-Krull (2014).
They divided the line profiles into six groups: (1) P-
Cygni (PC), (2) inverse P-Cygni (IPC), (3) pure ab-
sorption (A), (4) single-peaked emission (E), (5) double-
peaked emission (DP), and (6) featureless (F). We added
a new category, a profile with both blueshifted and red-
shifted subcontinuum absorption but with zero or one
emission peak (hereafter, “BR”). Reipurth et al. (1996)
has reported another well-known classification. The
groups E, PC, and IPC in the classification by Cauley &
Johns-Krull (2014) correspond to type I, type IV B, and
type IV R in the classification of Reipurth et al. (1996),
respectively, and that group DP by Cauley & Johns-
Krull (2014) comprises type II and type III of Reipurth
et al. (1996).

The P profiles for the targets are categorized into the
following four groups; group E, group DP, group IPC,
and group F. The profiles of all the four Phase I sources
(V892 Tau, AB Aur, IRAS 0410143103, and T Tau)
are categorized into group E. They all exhibit approx-
imately symmetric and broad features with [V5i| <
20kms~! for all the sources, and |V2lu¢| and |[VIed| of
>300kms! except for T Tau (|Viax| ~ 250kms™1).
They have slightly redward absorption features judging
from |VPlue| values exceeding |V¢4| by ~50kms~!. In

max max
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addition, the profiles of three of the sources (RY Tau,
SU Aur, and UX Tau) are categorized into group DP.
All the sources in this group have influence from red-
ward absorption, judging from V2, < 0. The profile
for UX Tau shows subcontinuum absorption centered on
the stellar rest velocity. The profile of RW Aur is cate-
gorized into group IPC, which has a very slight subcon-
tinuum feature with F;f:k = 0.96. Finally, the profiles
of the remaining five sources (V773 Tau, HP Tau/G2,
HD 283572, HBC 388, and V410 Tau) are categorized
into group F.

We note the possibility that photospheric features in
P profiles for A- and B-type stars (V892 Tau, AB Aur,
and IRAS 04101+3103) are not completely removed in
residual profiles shown in Fig. 3 because there is no infor-
mation on veilings for the early type stars and we tenta-
tively adopted synthetic spectra assuming zero veilings
as photospheric features (Section 3.2). We checked the
variation of obtained residual profiles assuming the ex-
treme case of high veilings, 2.0, as shown in Table 6 in
parentheses. As a result, we found that variations are
~100kms~'. Although the variations are very large,
their impacts are negligible because the interpretation
of the profile is only based on line morphology and not
line width or intensity (Section 4.2).

3.4. He I X10830 line profiles

He I A10830 line emissions are thought to have a com-
posite origin, including contributions from wind, from
the funnel flow, and from an accretion shock (Edwards
et al. 2006). In this section, we focus on the proper-
ties of He 1 emission for each source. We discuss the
implication of the profile morphology in Section 4.

We detect He 1 A\10830 features with absorption below
the continuum in all of our targets. The detection rates
of He I lines for Phase I, II, and III objects are 100 %
(4/4), 100% (5/5), and 100% (4/4), respectively. In
Table 7, we summarize the He I profile parameters that
are obtained from residual profiles in Fig. 3, in the same
manner as for P profile parameters in Section 3.3. In
column 2, we categorize He I residual spectra into mor-
phology groups in Section 3.3.

The He 1 profiles for the targets are categorized into
five groups, group IPC, group PC, group DP, group
BR, and group A. The profiles of two sources (V892
Tau and RW Aur) are categorized into group IPC;
both exhibit broad features with |VPle| and |Vied| of
>250kms~!. The profiles of three of the sources (AB
Aur, T Tau, and V773 Tau) are categorized into group
PC; the profiles of AB Aur and T Tau exhibit broad fea-
tures with |V.21u¢| and |Ved | > 250kms~!, while that of

V773 Tau has relatively narrow features with |[V.Pu¢| and

|[Vied | < 250kms™!. The profiles of three of the sources
(IRAS 0410143101, RY Tau, and UX Aur) are cate-
gorized into group DP; they exhibit broad features with
|[Vblue| and [Vred | of 2250 kms~!. The profiles of all the
four Phase III sources (HP Tau/G2, HD 283572, HBC
388, and V410 Tau) are considered to be group A; they
demonstrate centered subcontinuum and exhibit narrow
profiles with [V2lu¢| and |Vred | of <150 kms~!. The pro-
file of SU Aur is assigned to a new category, group BR;
it exhibits redshifted and blueshifted subcontinuum ab-
sorption, which is relatively narrow feature with |VPlue

max
and [Vied| < 250kms—!.

max

4. DISCUSSION

Our WINERED data present a variety of profile mor-
phologies in P and He T A10830 lines. In this section,
13 sources observed in this study and the six sources ob-
served in previous studies (among them five sources each
for P and He I; Folha & Emerson 2001, Edwards et al.
2006; see Section 2.1) are considered in combination for
obtaining improved statistical accuracy. The statistics
of the categorized line profile morphologies (Section 4.1)
and the manner in which the profile morphology for each
target provides an insight into magnetospheric accretion
and inner winds (Section 4.2), and the possible pro-
gression of dominant processes thorough the disk evo-
lutionary phases (Section 4.3) are discussed herein. The
suggested progression is compared with previous studies
(Section 4.4). The chromospheric activities in Phase IIT
sources from He I profile morphologies are also evaluated
(Section 4.5). Finally, the implications of the results are
considered for the theories of mass flow processes (Sec-
tion 4.6).

4.1. Profile morphologies
4.1.1. PB line profile morphologies

Among the six additional stars, Folha & Emerson
(2001) presented the P profiles for five of them (CW
Tau, HP Tau, GM Aur, DR Tau, and DS Tau). The
P line profile morphologies for 18 intermediate-mass
stars (the 13 targets observed in the present study and
the five additional targets observed in previous studies)
are considered in combination. Based on the classifica-
tion scheme in Section 3.3, they are categorized into two
groups: two (CW Tau and DR Tau) in group DP and
three (HP Tau, GM Aur, and DS Tau) in group IPC
(see Table 3).

The statistics of the P line profile morphologies for 18
intermediate-mass stars for each evolutionary phase are
summarized in Table 8. The Pf line profiles for Phase
I sources are categorized into three groups: four (V892
Tau, AB Aur, IRAS 0410143103, and T Tau) in group
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E; two (CW Tau and DR Tau) in group DP; and one
(HP Tau) in group IPC. The PJ line profiles for Phase
IT sources are categorized into three groups: three (RY
Tau, SU Aur, and UX Tau) in group DP; three (RW
Aur, GM Aur, and DS Tau) in group IPC; and one
(V773 Tau) in group F. Finally, the P line profiles of
all of the Phase III sources are categorized into group
F. The statistics of Phase III are clearly different from
those of Phase I and II, while those of Phase I and Phase
1T do not appear to differ significantly, except for the fact
that a large fraction of Phase I sources but none of the
Phase II sources are present in group E. Edwards et al.
(2006) reported the P~ profiles for five sources (CW Tau,
GM Aur, DR Tau, DS Tau, and HN Tau) among the
six additional sources noted in Section 2.1. The trends
observed in this profiles are similar to those in the Pj
profiles although the P~ profile features are sometimes
weaker than the PS features (Section 3.1): of the Phase
I sources, among which two are in group E and one is
in group IPC, and of the Phase II sources, among which
one is in group F and one is in group IPC. However, it
should be noted that the profile types are not necessarily
the same for each source between Pg profiles presented
by Folha & Emerson (2001) and Py profiles presented
by Edwards et al. 2006. Considering that the spectra of
P~ and PS show similar features across various targets
in the same observation period (see Section 3.1), the
differences of the profile types can be attributed to the
differences in the observation period; this will be further
discussed in Section 4.3.

We compared P profile morphologies for intermediate-
mass stars and those from previous Paschen line spec-
troscopic observations of YSOs with high spectral res-
olution (Folha & Emerson 2001; Edwards et al. 2006).
These studies’ targets were primarily low-mass® T Tauri
stars. Folha & Emerson (2001) presented P/ line pro-
files for 49 T Tauri stars (44 CTTSs, four WT'TSs, and
one variable star between CTTS and WTTS). Among
them, 45 sources (41 CTTSs, three WI'TSs, and one
variable star between CTTS and WTTS) with sufficient
S/Ns are counted later in this paper?. Edwards et al.
(2006) presented P~ line profiles for 48 T Tauri stars
(39 CTTSs, 6 WI'TSs, and three Class I sources). Al-
though the observations by Edwards et al. (2006) were

3 Some of the targets by Folha & Emerson (2001) and Edwards
et al. (2006) are the same as ours: V773 Tau, RY Tau, T Tau, SU
Aur, and RW Aur in Folha & Emerson (2001); SU Aur, RW Aur,
and UX Tau in Edwards et al. (2006).

4 Folha & Emerson (2001) pointed out that for some sources Pj3
lines are too noisy to allow a reliable classification of their profiles:
three CTTSs (DQ Tau, FX Tau and GH Tau), and one WTTS
(DI Tau).

not for P, the Py morphology of the profile is known to
be reminiscent of the P profile (Edwards et al. 2006).
Folha & Emerson (2001) detected P/ emission in 38 of
41 CTTSs in their sample, while Edwards et al. (2006)
detected P~ emission in 38 of 39 CTTSs in their sam-
ple. For profiles of low-mass stars from previous studies,
redshifted absorption features are common, while none
shows blueshifted absorption features. This is the case
with obtained profiles for intermediate-mass stars in our
sample. For comparison, we show the statistics of pro-
file morphology of Paschen lines for CTTSs by Folha &
Emerson (2001) and Edwards et al. (2006) in Table 8.
For both samples, the occurrence rate of group E is
highest (~50 to 70 %). This tendency is similar to that
for Phase I sources in the intermediate-mass star sam-
ple. Considering that CTTSs are comparable to Phase
I (Section 2.1), this tendency seems to be a natural
consequence. The occurrence rate of group IPC sources
is the second highest for CTTSs in previous studies
conducted by Folha & Emerson (2001) and Edwards et
al. (2006), ~20 to 30%. This is not inconsistent with
those for Phase I and II sources in the intermediate-
mass star sample. Meanwhile, group DP sources are
very rare in CTTSs (S10%), as suggested by Folha
& Emerson (2001), while occurrence rate is relatively
high for Phase I and II sources in the intermediate-mass
star sample (~30-40%). This may be characteristics
for intermediate-mass stars. However, the statistics of
CTTSs do not appear to differ significantly from those
of Phase I and II sources in the intermediate-mass star
sample. Lastly, we also show the statistics of profile
morphology of Paschen lines for WTTSs, which are
comparable to low-mass stars in Phase III, by Folha &
Emerson (2001) (Pg) and Edwards et al. (2006) (P~)
in Table 8. Paschen lines are undetected in almost all
WTTSs, both in Folha & Emerson (2001) and in Ed-
wards et al. (2006), prompting a classification in group
F. This result is consistent with those for our target
intermediate-mass stars in Phase III.

4.1.2. He I line profile morphologies

Among the six additional stars, Edwards et al. (2006)
reported the He I profiles for five of them (CW Tau, GM
Aur, DR Tau, DS Tau, and HN Tau). In this section, the
He T line profile morphologies for 18 intermediate-mass
stars (the 13 targets observed in the present study and
the five additional targets observed in previous studies
are considered. The sources are categorized into four
groups based on the classification scheme in Section 3.3:
two (CW Tau and HN Tau) are assigned to group DP,
one (GM Aur) is assigned to group F, one (DR Tau) is
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assigned to group PC, and one (DS Tau) is assigned to
group BR (see Table 3).

The statistics of the He I line profile morphologies
for the 18 intermediate-mass stars for each evolution-
ary phase are shown in Table 9. The line profiles of
Phase I sources are categorized into three groups: three
(AB Aur, T Tau, and DR Tau) are categorized into
group PC, three (IRAS 0410143103, CW Tau, and
HN Tau) are in group DP, and one (V892 Tau) is in
group IPC. The Phase II sources are categorized into
five groups: two (RY Tau and UX Tau) in group DP,
two (SU Aur and DS Tau) in group BR, one (RW Aur)
in group IPC, one (V773 Tau) in group PC, and one
(GM Aur) in group F. Finally, all the Phase III sources
are categorized into group A. Based on these statistics,
the He T profiles of the sources in Phase I and II are
similar to each other but the profiles of the Phase III
sources are clearly different (all in group A) from those
in the remaining phases. However, in terms of broad-
ness of spectral features, there seem to be clear differ-
ences between Phase I and IT sources: all four Phase
I sources show broad features with |[V2Iu¢| or |Vred | of
>250km s~!, while some Phase II sources (SU Aur and
V773 Tau) show narrow features with |[VPlue| or [Vred |
of <250kms~1.

We compare He T A10830 profile morphologies for
intermediate-mass stars with those from previous He I
spectroscopic observations of YSOs with high spectral
resolution. For these comparisons, we reference Oud-
maijer et al. (2011) and Cauley & Johns-Krull (2014)
for HAeBes (corresponding to intermediate-mass stars
in Phase I) and Edwards et al. (2006) mainly for low-
mass T Tauri stars. As for intermediate-mass stars,
Oudmaijer et al. (2011) detected He I features in 79
out of 90 of their sample HAeBes. Although all of their
spectra are not shown in their paper, the partially shown
observed spectra (not residual profiles) show group PC,
IPC, or DP profiles. Cauley & Johns-Krull (2014) ob-
served 56 HAeBes, 28 HAe stars and 28 HBe stars. For
HAe stars, whose mass range is roughly comparable to
that of our targets in this paper, they detected He I
features in 26 stars. We summarize statistics of pro-
file morphology for their targets in Table 9 based on
their Fig. 4. As a result, the occurrence frequencies of
groups PC and IPC are relatively higher compared to
those of the other types. The statistics of HAe stars
are not inconsistent with those of Phase I and Phase
II sources in the intermediate-mass star sample in this
study. Cauley & Johns-Krull (2014) pointed out that
narrow blueshifted absorption features are not seen in
HAe stars in their sample while broad blueshifted ab-
sorption features are common. This tendency is also

seen in our Phase I sources. Considering that narrow
blueshifted absorption features are seen only in some
Phase IT objects in the sample of intermediate-mass stars
(RY Tau, SU Aur, V773 Tau, and DS Tau), these fea-
tures may be characteristics for Phase IT objects.

As for low-mass stars, Edwards et al. (2006) detected
He T features in 38 of 39 CTTSs in their sample. We
show the statistics of He T profile morphology for low-
mass stars from Edwards et al. (2006) in Table 9. CTTSs
are categorized into almost all profile types. The oc-
currence frequency of group PC is highest, while that
of group BR is second highest. Group PC sources are
observed among both Phase I and II sources in the
intermediate-mass star sample, but group BR sources
are only observed among Phase IT sources. However, the
statistics of CTTSs do not appear to differ significantly
from those of Phase I and II sources in the intermediate-
mass star sample. Edwards et al. (2006) suggested that
broad P Cygni-like profiles are more common among
stars of high veilings (yy > 0.5), while narrow emis-
sion coupled with both blueshifted and redshifted ab-
sorption is more common among stars with low veilings
(vy < 0.2). This tendency aligns with the results of the
intermediate-mass samples for He I profiles: group PC
sources are more common in Phase I, while some sources
with narrow emission and redshifted and blueshifted ab-
sorption features are seen only in Phase II. On the con-
trary, we also show the statistics of He I profile mor-
phology for WT'TSs by Edwards et al. (2006), which are
comparable to low-mass stars in Phase III, in Table 9.
The highest occurrence frequency belongs to group F
(featureless) for four sources, and the second highest is
group E (pure emission) for two sources. This result is
not consistent with those for our target intermediate-
mass stars in Phase III, which will be discussed later
(Section 4.2.3).

4.2. Interpretation of PB and He I line profile
morphologies

Paschen lines exhibit a centered emission peak and a
redshifted absorption that can be used as diagnostics for
magnetospheric accretion, while He 1 profiles show both
blueshifted and redshifted absorptions that can be used
as diagnostics for magnetospheric accretion flows and
inner winds, respectively (Hartmann et al. 2016). We
largely based our interpretations on profile morphology
of P8 and He I line profile rather than line width or
intensity.

4.2.1. Magnetospheric accretion

Both PS and He 1 line profiles show redshifted ab-
sorptions that can be used as diagnostics for magneto-
spheric accretion (e.g., Folha & Emerson 2001, Edwards
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et al. 2006, Fischer et al. 2008, Kurosawa et al. 2011).
First, we diagnose the sources in which sources magne-
tospheric accretions are functioning using the PS line
profiles. The line profiles for RW Aur, HP Tau, GM
Aur, and DS Tau show redshifted subcontinuum fea-
tures, displaying a clear magnetospheric accretion sig-
nature. For nine sources (V892 Tau, AB Aur, IRAS
0410143103, T Tau, RY Tau, SU Aur, UX Tau, CW
Tau, and DR Tau), the observed line profiles show emis-
sion features but do not show redshifted subcontinuum
features. Among them, four sources (V892 Tau, AB
Aur, IRAS 0410143103, and T Tau) are categorized into
group E (pure emission), whereas five sources (RY Tau,
SU Aur, UX Tau, CW Tau, and DR Tau) are catego-
rized into group DP (double-peaked emission). Con-
sidering the sources in group E have |VPlue| > |pred |
and that the sources in group DP, except for CW Tau,
have V22, < 0, they show slight influence from redward
absorption features, suggesting that magnetospheric ac-
cretion activities are functioning. The model Brvy line
profiles® for sources with magnetospheric accretion cal-
culated by Muzerolle et al. (1998a) also show a redward
absorption feature (not subcontinuum features) at incli-
nation angles of <60° (see their Fig. 5). Therefore, the
P/ observed line profiles suggest that magnetospheric
accretion processes are functioning in the eight sources
that exhibit emission features but not redshifted sub-
continuum features, except for CW Tau, in addition to
four sources that do exhibit redshifted subcontinuum
features.

He I can also be used as diagnostics for magneto-
spheric accretion. The observed line profiles for five
sources (V892 Tau, SU Aur, RW Aur, UX Tau, and
DS Tau) show redshifted subcontinuum features, dis-
playing a clear magnetospheric accretion signature. For
the other sources in Phase I and II, except for GM Aur,
the line profiles show He I emissions but do not show the
redshifted subcontinuum features. This seems to suggest
that the activities of magnetospheric accretion are not
functioning. However, Kurosawa et al. (2011) indicated
that wind-related He I emissions are relatively minor,
whereas the magnetosphere is a main emission contrib-
utor (see Fig. 12 in Kurosawa et al. 2011). The line
profiles for three sources (RY Tau, CW Tau, and HN
Tau), which are categorized into group DP, also show
redward absorption features, judging from V7, < 0,
suggesting magnetospheric accretion activities. There-
fore, He I profiles for all Phase I and II sources, except
for GM Aur, suggest magnetospheric activities.

5 Bry line profiles are known to show very similar features to
Pg line profiles (Folha & Emerson 2001).

In summary, all Phase I and II sources suggest mag-
netospheric activities from the observed line profiles of
P and He I although the profile for approximately half
of them (V892 Tau, SU Aur, RW Aur, UX Tau, HP
Tau, GM Aur, and DS Tau) show redshifted subcontin-
uum features in P8 and/or He I lines, which are clear
magnetospheric accretion signatures.

4.2.2. Inner winds

He 1 profiles show both blueshifted and redshifted ab-
sorptions that can be used as diagnostics for magne-
tospheric accretion flows and inner winds, respectively
(Hartmann et al. 2016). Kwan et al. (2007) modeled
blueshifted absorption at He I A10830 in CTTS via scat-
tering of the stellar and veiling continua as a probe of
inner winds, while Kurosawa et al. (2011) presented mul-
tidimensional non-local thermodynamic equilibrium ra-
diative transfer models of hydrogen and helium line pro-
files formed in the magnetospherical accretion and inner
winds of CTTSs, including He 1 A10830 and P/3. Both
models are consistent with the scenario in which the nar-
row blueshifted absorption component of He 1 A10830
seen in observations is caused by a disk wind, and the
wider blueshifted absorption component (the terminal
velocity of the wind up to 400kms~1!) is caused by stel-
lar wind.

In the sample of intermediate-mass stars, the line pro-
files for seven sources (AB Aur, RY Tau, SU Aur, T
Tau, V773 Tau, DR Tau, and DS Tau) have blueshifted
subcontinuum absorption features. Among them, the
line profiles for AB Aur, T Tau, and DR Tau are cat-
egorized into group PC with broad blueshifted subcon-
tinuum absorption (V2lU¢ ~ —300-—400kms~1). They
are consistent with the stellar wind case. The line pro-
files for RY Tau, SU Aur, V773 Tau, and DS Tau show
narrow blueshifted subcontinuum absorption features,
with terminal wind volocities of <150kms~!. They are
consistent with the disk wind case. The stellar wind is
suggested to be functioning in AB Aur, T Tau, and DR
Tau, whereas the disk wind is suggested to be function-
ing in RY Tau, SU Aur, V773 Tau, and DS Tau.

4.2.3. Phase III sources

The observed P profiles show group F features (fea-
tureless), while the observed He 1 profiles for all Phase
[T sources show group A features (pure absorption) with
centered subcontinuum absorption. These features are
not expected in model profiles in the case of disk wind, or
stellar wind (e.g., Kurosawa et al. 2011). This suggests
that these sources have no such activities. Moreover, be-
cause absorption features in He 1 are broader for sources
with larger vhpoad, the lines are more likely to be stellar
intrinsic features than circumstellar features.
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4.3. Progression of dominant processes with evolution
of protoplanetary disks

In Section 4.2, observed PS and He I profiles for
each source were interpreted. In Phase I, three sources
(AB Aur, T Tau, and DR Tau) show features of stel-
lar wind, while the other four sources (V892 Tau, IRAS
0410143103, CW Tau, and HN Tau) show no features of
inner winds. For magnetospheric accretion, only V892
Tau and HP Tau show clear features, while the other
sources show features suggesting the activity. In Phase
I1, four sources (RY Tau, SU Aur, V773 Tau, and DS
Tau) show features of disk wind, while the other three
sources (RW Aur, UX Tau, and GM Aur) show no fea-
tures of inner winds. For magnetospheric accretion, five
sources (SU Aur, RW Aur, UX Tau, GM Aur, and DS
Tau) show clear features, while the other two sources
show the feature suggesting the activities. In Phase III,
no targets show activities of mass accretion, disk winds,
or stellar winds. This suggests that dominant processes
in different evolutionary phases are different, particu-
larly for inner winds. This finding indicates a progres-
sion of dominant mass flow processes with disk evolu-
tion: stellar wind and probably magnetospheric accre-
tion in Phase I, magnetospheric accretion and disk wind
in Phase II, and no activities in Phase III. In particular,
progression is observed for inner winds. The statistics
of the blueshifted absorption types for He I lines, broad
or narrow, which are used for diagnostics of dominant
inner winds, are summarized in Table 9.

However, some points still need to be considered. i)
YSOs tend to be variable, which can make line profiles
differ among observation periods (Bouvier et al. 2003).
Previous studies suggest that the general features of the
observed line profiles do not change between periods
although the lines can show ~10% variabilities (e.g.,
Kurosawa et al. 2005, Edwards et al. 2006). However,
the times between observations were not very long (a
year at longest in the study conducted by Edwards et
al. (2006)). On the contrary, the Pj line profile mor-
phologies reported by Folha & Emerson (2001) and the
P~ line profile morphologies reported by Edwards et al.
(2006) for the same sources show clear difference (e.g.,
those of CW Tau and DR Tau; see Table 3). Consider-
ing that the P~ morphology of the profile is known to
be reminiscent of the P8 profile (Edwards et al. 2006,
see also Section 3.1), the line profiles can vary by ap-
proximately seven rears, reported for the Paschen series,
which has a long time separation (1994-1995 by Folha &
Emerson 2001 and 2001-2002 by Edwards et al. 2006).
Therefore, continuous observation of He 1 is necessary
in the future. ii) The targets in this study are limited
to only 19 sources. 11 sources are excluded due to lim-

ited instrumental sensitivities but they satisfy other con-
ditions for selecting the target intermediate-mass stars
(Section 2.1). A large fraction of the excluded sources
are of the latest spectral type, K5, according to the cri-
teria for selecting the intermediate-mass stars. Because
each spectral type corresponds to a certain range of
star masses and ages, the sources should have marginal
masses between low mass and intermediate mass (Yasui
et al. 2014). Thus, the exclusion may not be necessar-
ily bad to avoid contaminating the sample of low-mass
stars. However, because the excluded sources may al-
ter the statistics, more observations are necessary in the
future. To investigate the universality of the suggested
progression, YSOs of a wide variety of ages and masses
should be observed. iii) The spectral types of Phase
I targets appear earlier (three A- or B- type and five
K- type stars) than those of Phase IT and III targets
(G-K type stars). This bias may impact observed pro-
files, influencing our interpretation of dominant activi-
ties in each source and phase. However, such tendencies
are not necessarily true for all intermediate-mass sources
observed in this study, e.g., the later spectral type of T
Tau (KO) than those of HP Tau/G2 (G0), RY Tau (G1),
SU Aur (G1), and HD 283572 (G5). Also, such tenden-
cies are not seen in the six intermediate-mass stars in
the samples of Folha & Emerson (2001) and Edwards
et al. (2006) (see Section 2.1). Therefore, the differ-
ences in spectral type should not generate a systematic
bias. iv) From Tables 2 and 5, Phase I sources appear
to have larger mass accretion rates. We plotted PS and
He I equivalent widths vs. mass accretion rate for our
intermediate-mass targets with measured mass accretion
rate in Fig. 4. Sources of Phase I and II are indicated
in red and blue, respectively. P emission equivalent
width are shown in the left panel. The figure suggests
that PS emission equivalent widths are moderately cor-
related with mass accretion rate (p = 0.66), as suggested
in Folha & Emerson (2001), and that Phase I sources
seem to have larger mass accretion. This may suggest
that mass accretion rate determines dominant activities
of inner winds. However, such tendencies are not nec-
essarily true for all sources, e.g., T Tau (Phase I) has a
smaller mass accretion rate than that of RY Tau (Phase
IT) for the targets observed in the present study, and the
mass accretion rates of HP Tau and DS Tau (Phase I)
are smaller or comparable to those for Phase II sources.
This is also discussed in Section 4.4 in the context of pre-
vious studies (e.g., Edwards et al. 2006). For reference,
we also plotted the sum of absolute values of emission
and absorption of He I equivalent widths, which is intro-
duced by Edwards et al. (2006), vs. mass accretion rate
(Fig. 4, right panel). This shows that the equivalent val-
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ues of He I are also correlated with mass accretion rate
(p = 0.75), which Edwards et al. (2006) specified using
their sample CTTSs. v) Finally, the weakening of stellar
wind signatures and strengthening of disk wind signa-
tures in Phase IT may be due solely to an overall weak-
ening in stellar wind activities through disk evolution.
Kwan et al. (2007) indicated that excitation conditions
for He I A10830 are more favorable in stellar wind than
in disk wind. In any case, the suggested progression
does not change significantly: stellar winds (and possi-
bly disk winds as well) are active at first, and then disk
winds become relatively active. However, further quan-
titative approaches using the fitting of observed profiles
with model profiles are necessary in future work.

4.4. Comparison of suggested progression of dominant
processes with previous studies

Although we could not find previous results for high-
resolution spectroscopy of young intermediate-mass
stars with both He 1 and Pf, the He I profiles for
HAeBes are presented in Cauley & Johns-Krull (2014).
For HAe stars, whose mass range is roughly compa-
rable to that of our targets, the statistics of their PJ
and He I line profile morphologies are not significantly
different from those of Phase I and II sources, as dis-
cussed in Section 4.1. Cauley & Johns-Krull (2014)
pointed out that in HAe stars, disk winds (evidenced
by narrow blueshifted absorption features) are not func-
tioning, while stellar winds (evidenced by commonly
broad blueshifted absorption features) are functioning.
A summary of the statistics of the He I blueshifted
subcontinuum absorption features for the HAe stars is
presented in Table 9. These results are consistent with
our results for Phase I sources. Admittedly, our data set
has a small sample size (seven Phase I sources). But the
agreement between the results of their large sample (28
HAe stars) and those of our smaller sample reinforces
the suggestion that dominant processes for Phase I are
stellar wind and probably magnetospheric accretion.

Previous authors have posited alternative mechanisms
for the progression of dominant processes. Edwards et
al. (2006) mainly focused on veilings as an indicator of
disk evolutionary phases, since veilings are suggested to
be correlated with mass accretion rate. Kwan et al.
(2007) used a comparison of their theoretical line pro-
files with observed profiles from Edwards et al. (2006).
They identified 11 and 15 CTTSs having blueshifted
absorption features that resemble the disk wind mod-
els and stellar wind models, respectively. A summary
of the statistics of the He 1 absorption features for
CTTSs is presented in Table 9. Edwards et al. (2006)
suggested that stars with high disk accretion rates are

more likely to have stellar wind signatures than disk
wind signatures. However, note that CTTSs in all veil-
ing groups show morphological features of group PC,
with broad with broad redshifted absorption suggest-
ing stellar wind, even with the lowest observed veiling,
vy < 0.2. In addition, all groups show profiles with
narrow absorption features suggesting disk wind, even
with the highest observed veiling, vy > 0.5 (see Fig. 10
in Edwards et al. 2006). This set of observations sug-
gests that the trend is not so significant. We find this
unsurprising, since the veiling, and thus the mass accre-
tion rate, will not necessarily be a clear indicator of disk
evolution as discussed in Section 2.1. As a result, a clear
progression of profile morphologies with veilings is not
observed.

4.5. Chromospheric activities in Phase III sources

In Section 4.2.3, Phase III sources were suggested to
show no activities for mass accretion or inner winds.
This is consistent with WTTSs reported in Edwards et
al. (2006). WTTSs are known to exhibit high levels of
chromospheric and coronal features (Stelzer et al. 2013),
which persist at the age of ~50 to 100 Myr (Stauffer et
al. 1994). The chromospheric profile has often been ob-
served as emission lines in X-ray and optical lines such
as Ha, HB, Ca 1II, and Na I lines. Chromospheric ac-
tivities are also recognized from He I A10830 absorption
lines (e.g., Vaughan & Zirin 1968), and are suggested
to persist for star ages as advanced as those of Pop II
stars (Takeda & Takada-Hidai 2011). We suggest that
He 1 absorption features detected here are most likely
to be chromospheric features, considering that Phase
IIT sources are almost comparable to WT'TSs (Yasui et
al. 2014) and that the observed He 1 features in this
paper are suggested to be stellar intrinsic features (see
Section 4.2.3). Note that the centered subcontinuum
absorption features are not necessarily indicative of the
chromospheric activities. When the features are accom-
panied by emissions, the profiles are categorized into
group DP (e.g., IRAS 04101+3103). Cauley & Johns-
Krull (2014) suggested that the profiles are most likely
to be formed because of Keplerian rotation very close to
the stellar surface. Also, it should be noted that the pho-
tospheric features have little impact on the He I residual
profiles. Fig. 5 shows synthetic spectra, observed spec-
tra, and residual profiles for all four Phase III sources.
Three photospheric features are observed in the spectral
region, Mg I A10814.1 and Si T (A10830.1 and A\10846.8);
among them, only Si I A10830.1 profiles appear to cover
He 1 profile. However, the line is very shallow for HP
Tau/G2, HD 283572, and V410 Tau due to the large
Ubroad, ~100km s~!, while the line barely covers the He I
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profile for HBC 388 due to the small vproad, 25 kms™.
Fig. 5 suggests that the photospheric features are mod-
erately removed by subtracting synthetic spectra from
observed spectra (Section 3.2).

The He I line is a transition between lower metastable
level of 23S and the upper level of 23P. Two mecha-
nism have been proposed for populating the upper lev-
els of He I: photoionization-recombination (PR) mech-
anism via EUV and X-ray radiations (Goldberg 1939)
and electron collisions from the ground level (Andretta
& Jones 1997). The existence or nonexistence of correla-
tion between He I absorption and X-ray luminosity can
discern which process is dominant (Zarro & Zirin 1986);
the correlation exists when PR mechanism is dominant,
while the correlation is absent when collisional excita-
tion is dominant. We show fractional X-ray luminosi-
ties (Lx/Lwol) vs. He I absorption equivalent widths
(EWs) for all Phase III sources in Fig. 6. EWs are ob-
tained from Table 7, whereas Lx /Ly is obtained from
previous studies (Giidel et al. 2007, Wichmann et al.
1996). All Phase IIT sources have Lx/Lpo in the very
small range of —3.4——3.5, whereas EWs span within
~0.5-1.5. For comparison, we also show the results from
Zarro & Zirin (1986) in Fig. 6, who presented the cor-
relation in dwarfs and giants. Thus, EW and Lx/Lpol
are not correlated in Phase III sources, suggesting that
the dominant mechanism for these sources is electron
collisions rather than PR mechanism. Phase I and II
sources are plotted in Fig. 6 for reference although we
could not find any literature references for the value of
IRAS 04101+3103.

The He I absorption features associated with chromo-
spheric activities had not been previously reported for
YSOs, to our knowledge. In Edwards et al. (2006), no
WTTSs show He 1 absorption features although He 1
line profiles for two WT'TSs show emission features (see
Section 3.4) and these authors surmised that these fea-
tures arise in active chromosphere or very weak accre-
tion. We suggest that the features detected even in such
young phases are characteristics of intermediate-mass
stars, considering that these authors’ targets were pri-
marily low-mass stars and that all of our intermediate-
mass star targets in Phase III show the He I absorption
features. This pattern may be due solely to a positive
correlation between stellar mass and X-ray luminosities
(Giidel et al. 2007), which can be correlated with chro-
mospheric activities. We show Lx /Lo values of the
WTTSs in Edwards et al. (2006) in Fig. 6 (gray squares).
The Lx/Lyo values for the WI'TSs (—3.4-—2.9; Giidel
et al. 2007, Bertout et al. 2007, Yang et al. 2012, Kastner
et al. 2016, Kastner et al. 2004), which are comparable
to those of our Phase III sources. Therefore, the rea-

son for the detection of He I chromospheric absorption
features only in our intermediate-mass targets in Phase
IIT is not likely the correlation between stellar mass and
X-ray luminosities.

Correlations of chromospheric and higher-temperature
features with stellar age, magnetic field, and rotation
period properties have been previously reported (Lin-
sky 2017). For the first factor, the He I absorption
features are not seen in the sample WTTSs of Edwards
et al. (2006), which are also the sources in the same
star forming-region as our targets, i.e., the Taurus star-
forming region. Therefore, the stellar age does not seem
to be the cause for the He I detection in Phase IIT
sources. For the second factor, although there are only
limited number of derivation of magnetic fields, there
seem to be no significant differences between those for
our Phase III sources and WTTSs reported in Edwards
et al. (2006): ~0.5-1.5kG for HBC 388 and V410 Tau
(Basri et al. 1992, Skelly et al. 2010), ~0.5-2kG for
LkCa 4, V891 Tau, and V827 Tau (Donati et al. 2014,
Donati et al. 2015, Giardino et al. 2006). Therefore, the
magnetic field may not likely to be the cause for the
He T detection in Phase IIT sources. For the last fac-
tor, i.e., rotation, Phase III sources generally have large
vsini, ~100kms~! (Table 5), while WTTSs in the
sample of Edwards et al. (2006) generally have small
vsini values, <20kms™ (Rebull et al. 2004). Most
theoretical models of stellar magnetic dynamos predict
increasing magnetic flux emerging through stellar pho-
tospheres with larger rotation velocities (Linsky 2017).
This suggests that the larger rotation velocities may be
the possible cause for the detection of He I absorptions
in Phase III sources.

4.6. Implication to theories of mass flow processes

Although configurations of mass flow processes around
central stars have been proposed, we do not yet have a
conclusive theory explaining angular momentum trans-
port in the star formation process. From the suggested
progression of dominant mass flow processes with evolu-
tion of protoplanetary disks in Section 4.3, we discuss
what factors determine which processes dominate, or
in which physical conditions one dominates the other.
These connections may help put useful constraints on
current theories.

Before launching into this discussion, it is necessary
to pay attention to whether intermediate-mass stars can
be regarded as simply massive T Tauri stars. Cauley &
Johns-Krull (2014) presented high-resolution He I obser-
vations of HAeBes, which correspond to intermediate-
mass stars in Phase 1. They suggested that HAe stars,
whose mass range is roughly comparable to that of our
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targets, cannot be regarded as massive CTTSs because
they do not show signatures of magnetospheric accretion
and inner winds in the same manner as CTTSs: HAe
stars show signatures of magnetospheric accretion and
stellar winds but do not show signatures of disk winds®.
They pointed out the possibility that the magneto-
spheres might be smaller, based on the paucity of de-
tected magnetic fields for HAeBes, compared to CTTSs.
They confirmed small magnetospheres from their results
that maximum absorption velocities in the redshifted
absorption profiles in their sample are a smaller frac-
tion of the system escape velocity than in CTTSs. They
suggested that the small magnetospheres may be less
efficient at driving disk winds compared to CTTS mag-
netospheres. The similar trends are also suggested for
CTTSs by Kwan et al. (2007): stars with the highest
disk accretion rates are less likely to have redshifted
absorption from magnetospheric funnel flows. They
suggested that their disks have small magnetospheres,
which may set up favorable conditions for stellar wind
rather than disk wind. The maximum redshifted absorp-
tion velocities in all obtained He I line profiles of both
Phase I and II sources in our intermediate-mass targets
having redshifted absorption features are estimated to
be as small as those of HAe stars, <400kms~!. Assum-
ing stellar radii of our targets (stellar mass of 21.5 Mg)
based on the isochrone model at the age of 1.5 Myr by
Siess et al. (2000), escape velocities of our targets are
calculated to be >500kms~!. The fraction of the sys-
tem escape velocity estimated with the above veloci-
ties (i.e., the maximum redshifted absorption velocities
and escape velocities) for our targets is smaller than for
CTTSs, corresponding to ballistic infall from distances
of <2 Rs toward central stars. This is again consis-
tent with that for HAe stars (see Fig. 5 in Cauley &
Johns-Krull 2014). This suggests that magnetospheres
of intermediate-mass stars are generally smaller than
those of CTTSs. Nonetheless, signatures of disk winds
are seen in Phase I sources although the same trends
(signatures of stellar winds) as seen in HAe stars are
seen in Phase I sources. This suggests that the lack of
disk wind signatures in HAe stars is not a characteristic
for intermediate-mass stars, but only for HAe stars, or
Phase I sources. Further, there should be another factor
that functions more effectively than magnetosphere size
for determining dominant mass flow processes.

The inner part of a protoplanetary disk in Phase II
has low opacity and is where most dust settling/growth

6 Cauley & Johns-Krull (2014) suggested that HBe stars, in
general, do not show signatures of magnetospheric accretion and
disk winds, whereas show signatures of stellar winds.

is expected to be occurring. In contrast, the inner disk
in Phase I has high opacity but without substantial dust
settling/growth (Yasui et al. 2014). Due to the low opac-
ity in Phase II, radiation from central stars can pene-
trate deeply into disks, and thus the ionization fraction
should be higher. This may be the reason why disk
winds are active in Phase II. This interpretation is con-
sistent with the theory of disk wind in which a sufficient
magnetic field and ionization fraction launch magneto-
centrifugal winds over a significant range of radii in the
disk, from an inner truncation radius out to several AU
(Ouyed & Pudritz 1997). In addition, Phase III stars,
having already lost their entire dust disks, show profiles
with no signature of accretion or of inner winds. The
absence of these signatures in Phase III, along with the
presence of these signatures in Phase I and II, is con-
sistent with the previous suggestion that inner winds
(stellar winds and disk winds) are accretion-driven.

5. CONCLUSION

We performed near-infrared high-resolution (R =
28,000) spectroscopy of 13 young intermediate-mass
stars in the Taurus star-forming region with WINERED.
Our obtained spectra (A = 0.91-1.35 um) depict He 1
A10830 and PG lines that are sensitive to magneto-
spheric accretion and winds. We investigate five sources
each for P8 and He I lines from previous studies, in
addition to the 13 targets observed in this study. Based
on the presence of near- and mid-infrared continuum
emission, young intermediate-mass stars can be classi-
fied into three different evolutionary stages: Phases I,
IT, and III in the order of evolution.

1. Phase I and II sources exhibit a variety of profile
morphologies in P/, while all Phase III sources
are in group F (i.e., they are featureless). The
statistics of the P/ profile morphologies for Phase
I and Phase II sources are not significantly differ-
ent except that almost half of Phase I sources show
group E features, while none of Phase II sources
exhibit the features. The statistics of Phase I
and II sources are not inconsistent with those of
low-mass CTTSs. Furthermore, the morphology
statistics for Phase III sources are consistent with
those of low-mass WTTSs.

2. Phase I and II sources also show variety of He 1
profile morphologies. The profile morphologies of
Phase T and Phase II sources are mostly broad
subcontinuum absorption lines and narrow sub-
continuum absorption lines, respectively; however,
the statistics of these profile morphologies are not
significntly different and are comparable to those
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of low-mass CTTSs. On the contrary, all Phase
IIT sources are in group A (i.e., they exhibit pure
absorption) with centered subcontinuum absorp-
tion features, inconsistent with the characteristics
of low-mass WTTSs.

3. By comparing observed PS and He I line profiles
with model profiles, dominant mass flow processes
are suggested to be stellar wind and probably mag-
netospheric accretion in Phase I; magnetospheric
accretion and disk wind in Phase IT; and no activ-
ities in Phase III.

4. The different dominant processes in different
phases indicate a clear progression of dominant
mass flow processes with disk evolution. However,
because this study may not contain a statisti-
cally significant number of sources, more statisti-
cal studies are necessary to draw a firm conclusion.

5. The mass flow processes in HAe stars are consis-
tent with Phase I, with stellar wind as the domi-
nant process. As for the progression of mass flow

processes, the trends in veilings found by other au-
thors do not seem so significant compared to that
suggested in this paper based on disk evolutionary
phase. Although the absence of activities in Phase
III is consistent with previous studies for low-mass
WTTSs, we note that He I line profiles do show
chromospheric activities in these sources.

6. Disk wind signatures are seen in Phase II sources,
despite their smaller magnetospheres, which was
suggested to be the reason for the absence of the
signature in HAe stars by other authors. Alterna-
tively, we suggest that opacity in protoplanetary
disks plays an important role in determining dom-
inant mass flow processes.
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of the VALD database, operated at Uppsala University,
the Institute of Astronomy RAS in Moscow, and the
University of Vienna.
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MASS FLOW PROCESSES AROUND YOUNG INTERMEDIATE-MASS STARS

Table 1. Target list and photometric data.

Object RA Decl. SpT J H KS QMIR
(J2000.0) (J2000.0) (mag) (mag) (mag)

(1) 2) () “4) () (6) (7) ®)
V892 Tau 04:18:40.62 +28:19:15.5 B9 8.5 6.6 6.2 1.75
AB Aur 04:55:45.85  +30:33:04.3 A0  6.3* 5.5% 4.5% —0.79
TRAS 0410143103 04:13:20.02 +31:10:47.3 Al 9.2 8.7 8.1 0.97
HP Tau/G2 04:35:54.15 +22:54:13.6 GO 8.1 7.5 7.2 —0.43
RY Tau 04:21:57.41 +28:26:35.6 G1 7.2 6.1 5.4 —0.16
SU Aur 04:55:59.38  +30:34:01.5 G1 7.2 6.6 6.0 —0.32
HD 283572 04:21:58.84 428:18:06.5 G5 7.4 7.0 6.9 —2.85
T Tau 04:21:59.43  +19:32:06.4 KO 7.2 6.2 5.3 —0.56
HBC 388 04:27:10.57 417:50:42.6 K1 8.8 8.4 8.3 —2.78
RW Aur 05:07:49.57 +30:24:05.2 K3 84 7.6 7.0 —0.67
V773 Tau 04:14:12.92  428:12:12.3 K3 7.5 6.6 6.2 —1.10
V410 Tau 04:18:31.11  428:27:16.1 K3 8.4 7.8 7.6 —2.78
UX Tau 04:30:03.99 +18:13:49.4 K5 8.6 8.0 7.6 —1.99

19

Col. (4) Spectral types from Furlan et al. (2006, 2011). Cols. (5)—(7) NIR magnitude from the 2MASS Point Source Catalog,
7). Magnitudes for AB Aur are obtained from a study

J-band (Col.

5), H-band (Col.
reported by Kenyon & Hartmann (1995), shown with *. Col.

presented in Furlan et al. (2006).

6), and Kgs-band magnitude (Col.
(8) SED slope (o = dInAFA/dIn\) with Spitzer IRS 6-13 pm

Table 2. Disk properties of target YSOs.

Object Phase SED C/WTTS i M Misic
(deg.) (1078 Mg yr™ 1) (M)
1) (2) (3) (4) (5) 6 (7>
V892 Tau T W 60 (Mo08), 59 (Hal0) 10.5 (DNB18), 7.2 (Liull) 0.009
AB Aur 1 11 C <45 (Gr99), 22 (Co05), 40 (Tal2) 14.1 (GNTHO06), 1.8 (DB11), 39 (DNB18)  0.004
TRAS 0410143103 I 11 C
HP Tau/G2 111 111 W 50 (We87), 67 (Bo95)
RY Tau 11 11 C 86 (Mu03), 66 (1510) 6.4-9.2 (Ca04 0402
SU Aur 11 11 C 62 (Ak02), 86 (Mu03) 0.5-0.6 (Ca04 0.0009
HD 283572 111 111 w 35 (St98), 48 (W102) 60 (JBB94) <0.0004
T Tau 1 11 C 19 (HRB97), 20 (Ar02) 3.1-5.7 (Ca04) 3.2 (WGO1) 0.008
HBC 388 111 111 W 45 (Ar02 <0.9 (WG <0.0003
RW Aur 11 11 C 40 (Ar02 2.0 (In13) 0.004
V773 Tau 11 11 w 34 (Sil6) 0.15 (Sil6) 0.0005
V410 Tau 111 111 W 54 (Ha95), 70 (JBM94, St94, RS96), <0.16 (WGO01) <0.0004
80 (He89), 90 (Bo95)
UX Tau I 11 C 35 (Anll) 1.1 (Esl0) 0.005
Notes.

Col. (2) Phase of dust disk (Phase I/II/III) from Yasui et al. (2014) (see Section 2.1). Col. (3) SED classification type (Class
I/II/III). Col. (4) Accretion-based classification type (CTTS or WTTS). Col. (5) Inclination angles. Note that the angles for
Phase III sources are often estimated with stellar rotation periods and stellar rotational velocities, while those for Phase I and
II sources are estimated from observations of their disks. Col. (6) Mass accretion rate. Col. (7) Dust disk masses derived by
Andrews & Williams (2005).

References.

Mo08: Monnier et al. (2008), Hal0: Hamidouche (2010), DNB18: Dong et al. (2018), Liull: Liu et al. 2011, Gr99: Grady et
al. (1999), Co05: Corder et al. (2005), Tal2: Tang et al. (2012), GNTHO06: Garcia Lopez et al. (2006), DB11: Donehew &
Brittain (2011), We87: Weaver (1987), Bo95: Bouvier et al. (1995), Mu03: Muzerolle et al. (2003), Is10: Isella et al. (2010),
Ca04: Calvet et al. (2004), Ak02: Akeson et al. (2002), St98: Strassmeier et al. (1998), Wi02: Wittkowski et al. (2002), JBB94:
Joncour et al. (1994a), HRBI7: Herbst et al. (1997), Ar02: Ardila et al. (2002), WG01: White & Ghez (2001), In13: Ingleby
et al. (2013), Sil6: Simon et al. (2016), Ha95: Hatzes (1995), JBM94: Joncour et al. (1994b), St94: Strassmeier (1994), RS96:
Rice & Strassmeier (1996), He89: Herbst (1989), Anll: Andrews et al. (2011), Es10: Espaillat et al. (2010).
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Table 3. Intermediate-mass stars in the samples of previous studies (Folha & Emerson 2001; Edwards et al. 2006) and their
properties.

Object SpT  Phase PS (Py) Hel
Data  Group Abs. Type Data Group Abs. Type
(1) 2 B “4) 6 (6) (M ¥ 9)
CW Tau K3 I v(v)) DP (E) e (400) v DP
HP Tau K3 1 v IPC r
GM Aur K3 1II vV(v) IPC (F) r(...) v F
DR Tau K5 I v(v) DP (IPC) .. (1) v PC b
DS Tau K5 1II vV(v) IPC (IPC) r (r) v BR b, r
HN Tau K5 I v) (E) (...) v DP

Notes.

Col. (2): Spectral types from Furlan et al. (2006, 2011). Col. (3): Phase of dust disk (Phase I/II/III) from Yasui et al. (2014)
(see Section 2.1). Cols. (4)—(6): Properties of the P line profiles with those of P~ profiles (shown in parenthes). The tick marks
in Col. 4 mean that the corresponding spectra are available in Folha & Emerson (2001) for P2 and Edwards et al. (2006) for
Pv. Col. (5): Morphology groups based on the classification scheme in Section 3.3. Col. (6): Type of subcontinuum absorption
(blue, red, or centered subcontinuum absorption, denoted by b, r, and ¢, respectively). Cols. (7)—(9): Properties of He I line
profiles; the tick marks in Col. 7 indicate that the corresponding spectra are available in Edwards et al. (2006). Col. (8):
Morphology groups based on the classification scheme in Section 3.3. Col. (9): Type of subcontinuum absorption (blue, red, or
centered subcontinuum absorption, denoted by b, r, and ¢, respectively).

Table 4. Summary of WINERED Observations.

Object Obs date Airmass Exp time S/N¢  Standard®
(YYYY/MM/DD) (sec z) (s)
V892 Tau 2013/12/08 1.0-1.1 4800 (600 x 8) 58 HR 104 (A2Vs)
AB Aur 2013/02/22 1.2 1200 (300 x 4) 82 HIP53910 (A1V)
IRAS 0410143103 2014/09/28 1L1-1.2 3000 (300 x 10) 59  HR 196 (A2Vs)
HP Tau/G2 2013/12/04 1.0 2400 (600 x 4) 54 HD 1041 (M1III)
RY Tau 2013/02/23 1.3-1.4 1200 (300 x 4) 43 HIP58001 (AOVe+K2V)
2013/02/23 1.5-1.8 1200 (300 x 4) HIP23179 (A1V)
SU Aur 2013/03/03 1.82.5 1800 (300 x 6) 34  HIP76267 (AOV)
HD 283572 2013/11/30 1.0 2400 (600 x 4) 113 omi Aur (A2Vp)
T Tau 2013/12/02 1.2-1.3 7200 (1200 x 6) 94  HR 196 (A2Vs)
HBC 388 2014/10/15 1.2-1.3 2400 (600 x 4) 84 HR 922 (B9V)
RW Aur 2013/12/03 1.0 4800 (600 x 8) 55  HRIT736 (A2V)
V773 Tau 2013/11/28 1.0-1.1 5400 (600 x 9) 74 50 Cas (A2V)
V410 Tau 2013/12/08 1.1-1.3 3600 (600 x 6) 33  HR 104 (A2Vs)
UX Tau 2013/12/12 1.3 7200 (600 x 12) 37 50 Cas (A2V)

Notes.

“The pixel-to-pixel S/N of the continuum level at A ~ 12700 A. For RY Tau, the value (43) is from combined spectra of all 8
frames.

bStandard stars used for telluric correction. The spectral type for each standard star is shown in parentheses.
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Table 5. Obtained properties from the fit of the synthetic spectra.

Object SpT Ubroad RV Y VT
(kms™!)  (kms™t)

(1) (2) (3) (4) (5) (6)
V892 Tau A0 (B9) (100%) (16.0%)

AB Aur A0 (A0) (116°) (24.7°%)

IRAS 0410143103 A0 (A1) (100) (20)

HP Tau/G2 GO (G0) 120 15.1 0.1 01
RY Tau GO (G1) 65 22.9 04 0.3
SU Aur GO0 (G1) 85 23.9 0.3 0.2
HD 283572 G5 (G5) 105 17.9 0.0 0.1
T Tau KO (K0) 35 21.8 09 0.5
HBC 388 KO (K1) 25 15.7 0.0 0.0
RW Aur K3 (K3) 35 13.5 1.0 0.2
V773 Tau K3 (K3) 60 5.6 04 0.3
V410 Tau K3 (K3) 130 26.2 0.0 0.0
UX Tau K5 (K5) 25 12.5 0.6 1.0

Notes.

Col. (2) Spectral types of target objects used for synthetic spectra. Spectral types from the literature are shown in parentheses.
Col. (3) Line broadening measured in velocity units. For V892 Tau and AB Aur, values from the literature are assumed, shown
in parentheses. For IRAS 0410143103, 100kms™" is assumed, shown in parenthesis (see more detail in the main text). Col.
(4) Radial velocities. For V892 Tau and AB Aur, values from the literature are assumed. For IRAS 0410143103, the average
RV value for all targets, 20 kms ™!, is assumed (see more detail in the main text). Col. (5) Y-band veiling. Col. (6) J-band veiling.

References.
“Mooley et al. (2013), *Bertout & Genova (2006), Alecian et al. (2013).

Table 6. Pj profile parameters.

Object Profile type  V,PIue vred Vo VDS e FADS Em. Wy Ab. Wy  Ab. Type
km s~ 1) km s~ 1) gkm s™h Ekm s™h gA) EA)

(1) (2) 3 ) 5) 6) (7) (8) 9) 10) (1)

V892 Tau E —350 (—250) 250 (200 20 2.01 (1.64) ... 8.93 (5.74) ...

AB Aur E —400 (—350) 400 (300)  —20 3.39 (2.69 19.0 (13.1

TRAS 0410143103 E —500 (—350) 400 (350) 5 . 1.98 (1.57 12.2 (7.2)

HP Tau/G2 F .

RY Tau DP 400 300 ~100 1.27 4,00

sUAur DP —300 250 —100 1.22 229

A28 E 2950 350 =15 o 356 e 9115

HRC 388 i
‘Aur PC 400 150 50 305 1.99 0.96 10.36 .20 ¥

16} au P =250 250 =35 L 1.29 L 1.68

Notes.

Col. (2) Profile type based on classification scheme in Section 3.3 (see main text in the detail). Cols. (3) and (4): The
maximum blueshifted and redshifted line velocities. For V892 Tau, AB Aur, and IRAS 0410143103, estimated values assuming
vy = s = 0.0 are shown, while those assuming vy = 2.0, 77 = 2.0 are shown in parentheses. Cols. (5) and (6): The velocity of
peak emission and absorption. Cols. (7) and (8): The line fluxes relative to the continuum at the peak emission and absorption
velocities. Cols. (9) and (10): Emission and absorption equivalent widths. Col. (11): The type of subcontinuum absorption:
blue, red, or centered subcontinuum absorption are marked by the letter b, r, and c, respectively.
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Table 7. He I Profile parameters.

i blue red em abs em abs

Object Profile type V1.1 Vinax Vpedk Vpedk Fpeak Fpeak Em. W Ab. W Ab. Type
gkm s71)  (kms™h) Ekm s Ekm s™h gA) EA)

(1) (2) 3) (4) 5) 6) (7) (8) 9) 10) (11)
V892 TdL\ IPC —250 200 —155 1.19 0. 0.18 0.09 T
AB PC —400 400 45 —225 1.29 0.79 2.71 0.98 b
IRAS 04101+3103 DP —450 350 —230 0 1.16 0.85 1.12 0.48 c
HP Tau/G2 A —150 150 ~0 . 0.75 . 1.50 c
RY Tau DP —400 300 —155 —40 1.41 0.79 3.03 0.32 b
SU Aur BR —200 250 —95 .. 0.47 . 2.32 b, r
HD 283572 A —100 100 ~0 0.83 .. 0.82 c

Tau PC —300 400 —10 —185 2.31 0.13 7.47 3.98 b
HBC 388 A —100 50 0.78 . 0.51 c

A IPC —400 350 —140 60 1.81 0.76 432 1.73 r

V773 Tau PC —100 250 30 —15 1.49 0.70 1.32 0.44 b
V410 Tau A —160 120 ~0 0.69 1.06 c
UX Tau DP —300 250 —85 50 1.71 0.74 369 0.33 r

Notes.

Col. (1): Object name. Col. (2): Profile type based on classification scheme in Section 3.3 (see main text in the detail).
Cols. (3) and (4): The maximum blueshifted and redshifted line velocities. Cols. (5) and (6): the velocity of peak emission
and absorption. Cols. (7) and (8): The line fluxes relative to the continuum at the peak emission and absorption velocities.
Cols. (9) and (10): Emission and absorption equivalent widths. Col. (11): The type of subcontinuum absorption: blue, red, or
centered subcontinuum absorption are marked by the letter b, r, and c, respectively.

Table 8. Statistics summary of PS features.

nt Tt }: DP PC 1PC A F BR Reference
Phaso 10 o eTma8% U 29% Ez 73 0% (0/7 14% 51/73 0% (0/7) 0% (0/7) 0% (0/7)  This study, FEOI
Phase 11 0% 50/75 43% (3/7 0% (0/7 43% (3)7 0% (0/7 14% (1/7) 0% (0/7 This study, FEOL
Phase IIT 0% 0% (0/4) 0% (0/4 0% (0/4) 0% (0/4 100% (4/4) 0% (0/4 This study, FEO1
ygRass starg o (20{41) 12% (5/41) 0% §0/41) 32% (13{41) 0% §0/41) 7% (3/41) 0% §0/41) FEO1
WTTS 0% (0/3 0% (0/3) 0% (0/3) % (0/3 0% (0/3)"  100% (3/3) 0% (0/3) FEO1
CTTS (Pr)° 69% (27/39) 3% (1/39) 0% (0/39) 21% (8/39) 0% (0/39) 8% (3/39) 0% (0/39) Ed06
WTTS (P1)¢  17% (1/6) 0% (0/6) 0% (0/6) 0% (0/6) 0% (0/6)  83% (5/6) 0% (0/6) Ed06

Notes.

“The line profiles for 41 CTTSs in a sample of Folha & Emerson (2001) with sufficient S/Ns were used (see main text in detail).
®The PS line profiles for all CTTSs except for 12 sources (DR Tau, RW Aur A, DS Tau, YY Ori, AA Tau, GI Tau, CI Tau,
BM And, RW Aur B, SU Aur, UX Tau, and GM Aur) are categorized into group E. The line profiles for the 12 sources are as
follows: group DP: SU Aur; group IPC: DR Tau, RW Aur A, DS Tau, YY Ori, AA Tau, GI Tau, BM And, and RW Aur B;
Group F: CI Tau, UX Tau, and GM Aur.

“The Pg line profiles for all WTTSs except for V826 Tau are categorized into group F. Although classification is difficult for
V826 Tau due to very subtle features (W < 0.3 A), we categorize it into group E.

References.

FEO1: Folha & Emerson (2001), Ed06: Edwards et al. (2006).

Table 9. Statistics summary of He 1 features and blueshifted absorption types.

Spectral type Blue abs. type Reference
T termedlat a S ~tars DP PC 1PC A B BR Broad Narrow
Phaso 0% 00 13 % (3/73 43 % 23/7) 14 % 21/7) 0% (0/7 0% (0/7) 0% (0/7) 43% (3/7) 0% (0/7) | This study, EA06
Phase II 0% 0/7 29 % (2/7 14% (1/7) 14% (1/7) 0% (0/7 14% (1/7)  29% (2/7) 0% 0/7% 57% (4/7) | This study, EA06
Phase 111 0% (0/4) 0% (0/4)" 0% (0/4) QRO L%y 0% /) 0% (0/) 0% (0/4) 0% (0/4)" | This study
HAe 7% (2/28)  11% (5/28)  36% (10/28)  33% (0/28) 7% (2/28) 7% (2/28) 0% (0/28) 36 (10/28) 0 (0/28) CJi4
L t
TSR T8 U s0)  21% (8/39)  36% (14/39)  13% (5/39) 0% (0/39) 3% (1/39) 26% (10/39) | 38 (15/39) 28 (11/39) | Ed06
WTTS?  33% (2/6) 0% (0/6) 0% (0/6) 0% (0/6) 0% (0/6)  67% (4/6) 0% (0/6) 0 (0/6) 0 (0/6) Ed06

Notes.

%The line profiles for CTTSs are categorized as follows: group E: BP Tau; group DP: CW Tau, RW Aur A, HN Tau, DS Tau,
GK Tau, UZ Tau E, V836 Tau, UX Tau; group PC: DR Tau, AS 353A, DL Tau, HL Tau, DG Tau, DF Tau, DO Tau, GG Tau,
GW Ori, DE Tau, DD Tau, DQ Tau, TW Hya, XZ Tau; group IPC: AA Tau, BM And, RW Aur B, LkCa8, DN Tau; group F:
GM Aur; group BR: DK Tau, HK Tau, UY Aur, YY Ori, CI Tau, CY Tau, FP Tau, GI Tau, UZ Tau W, SU Aur

®The line profiles for all WI'TSs except for V826 Tau and TWA 14 are categorized into group F, while those for V826 Tau and
TWA 14 are categorized into group E.

Reference:

CJ14: Cauley & Johns-Krull (2014); Ed06: Edwards et al. (2006)
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Figure 1. H — Kg vs. J — H color—color diagram. The dwarf track (Bessell & Brett 1988) is shown with a black line, while
the reddening vector (Rieke & Lebofsky 1985) for Ay = 5mag is shown with the gray arrow. The border line, which is parallel
to the reddening vector and distinguishes HAeBe stars from other objects, is shown with a dot-dashed line. The region to the
right of the border line (orange color) is defined as the “excess region” for intermediate-mass stars (Yasui et al. 2014). Target
intermediate-mass stars in this paper are shown with filled circles: Phase I, II, and III sources are shown with red, blue, and
black, respectively. Six additional intermediate-mass stars in the samples of Folha & Emerson (2001) and Edwards et al. (2006)
are denoted by small symbols with the same colors as the targets observed in the present study. HAe stars in a sample of Cauley
& Johns-Krull (2014) are shown with gray filled squares.
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(b) He I vasur Q—@)AIP7 (d) Pg
15 [V8o2 Tau 2 Fveez 'T!a'u' - o2 -r'au "
15 F

-500 0 500 -500 0 500 -500 0 500 -500 0 500
v [km s71] v [km s71] v [km 7] v [km s71]

Figure 2. Spectral regions of P§ (a), He I A10830 (b), Pv (c), and P3 (d). Fluxes are normalized to the continuum. Velocities
are relative to the stellar rest velocities. The spectra are sorted by spectral type, from early to late type. Spectra for Phase I,
II, and III sources are shown with red, blue, and black, respectively. Photospheric features are marked with vertical lines in the
panels for HBC 388. Note that the plot range has been widened for some objects with strong features.
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Figure 3. Residual P profiles (top) and He I profiles (bottom). Velocities are relative to the stellar rest velocities. Spectra
for Phase I, II, and III sources are shown in top, middle and bottom panels, respectively.
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Figure 4. Equivalent width vs. mass accretion rate. The target intermediate-mass stars in this study are presented by large
filled circles. Phase I, II, and III sources are shown with red, blue, and black, respectively. Six additional intermediate-mass
stars in the samples of Folha & Emerson (2001) and Edwards et al. (2006) are denoted by small symbols with the same colors
as that of the targets observed in the present study. The mass accretion rates for the targets observed in the present study are
shown in Table 2, that for HP Tau is reported by Johns-Krull, & Gafford (2002), and those for the five remaining additional
sources are reported by Edwards et al. (2006). Left: P/ emission equivalent width and mass accretion rate. Equivalent widths
for the targets observed in the present study are shown in Table 6. The error bars of Phase I sources are for V892 Tau and
AB Aur, showing the equivalent widths in the case of v = 0.0 and 2.0 (Section 3.3). The equivalent widths for the additional
sources are from Folha & Emerson (2001); those for HP Tau, GM Aur, and DS Tau (showing PC profiles) are obtained from
Table 6 in that article and those for CW Tau and DR Tau are roughly estimated from Figure 1 in that article. Right: Sum
of absolute values of emission plus absorption He I equivalent widths vs. mass accretion rate. The equivalent widths for the
targets observed in the present study are shown in Table 7 and those for the additional sources are from Table 1 of the study
by Edwards et al. (2006).
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ABSTRACT

Stellar absorption lines of heavy elements can give us various insights into the chemical evolution of
the Galaxy and nearby galaxies. Recently developed spectrographs for the near-infrared wavelengths
are becoming more and more powerful for producing a large number of high-quality spectra, but
identification and characterization of the absorption lines in the infrared range remain to be fulfilled.
We searched for lines of the elements heavier than the iron group, i.e., those heavier than Ni, in
the Y (9760-11100A) and J (11600-13200A) bands. We considered the lines in three catalogs, i.e.,
Vienna Atomic Line Database (VALD), the compilation by R. Kurucz, and the list published in 1999 by
Meléndez & Barbuy. Candidate lines were selected based on synthetic spectra and the confirmation was
done by using WINERED spectra of 13 supergiants and giants within FGK spectral types (spanning
4000-7200K in the effective temperature). We have detected lines of Zn I, Sr 11, Y 1II, Zr I, Ba II,
Sm II, Eu II, and Dy II, in the order of atomic number. Although the number of the lines is small, 23
in total, they are potentially useful diagnostic lines of the Galactic chemical evolution, especially in
the regions for which interstellar extinction hampers detailed chemical analyses with spectra in shorter
wavelengths. We also report the detection of lines whose presence was not predicted by the synthetic
spectra created with the above three line lists.

Keywords: line: identification — techniques: spectroscopic — stars: abundances — supergiants —

infrared: stars

1. INTRODUCTION

The identification of stellar absorption lines in the
near-infrared range is not complete compared to the
established lists of lines in the optical (see, e.g.,
Andreasen et al. 2016). In this work, we focus on the el-

Corresponding author: Noriyuki Matsunaga
matsunaga@astron.s.u-tokyo.ac.jp

ements with the atomic number Z > 29, i.e., those heav-
ier than the iron group elements of which the heaviest
is Ni. Those heavy elements are useful for studying the
detailed chemical evolution of the Galaxy (McWilliam
1997; Sneden et al. 2008; Delgado Mena et al. 2017), al-
though their absorption lines are rather limited. The
so-called neutron-capture (n-capture) elements usually
stand for the elements with Z > 31 (e.g., Sneden et al.
2008), and they are mostly synthesized in the presence
of excessive neutrons. Depending on the density of
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neutrons and the resultant time scale of the n-capture
process, compared with the time scale of the S decay,
the n-capture nucleosynthesis has two main modes, s-
process (slow) and r-process (rapid), and they occur at
different astronomical sites. In contrast, Cu (Z = 29)
and Zn (Z = 30) are often included in the “iron peak”
elements and not in the n-capture elements; the origins
of these two elements are, however, considered to be
multiplex and complicated (Delgado Mena et al. 2017).
We will further discuss, in the Discussion (Section 4.1),
the groups of the heavy elements and the insights that
can be yielded by the elements with absorption lines
confirmed in this study.

We here investigate the absorption lines that appear in
near-infrared spectra of FGK-type stars, in particular,
supergiants. We have two main reasons for considering
supergiants: (i) many absorption lines are expected to
be strong in stars with low surface gravity as we see
below, and (ii) their high luminosities are advantageous
as stellar tracers of the Galaxy and nearby galaxies. In
particular, Cepheid variable stars are supergiants within
the range of FGK types, aged at 10-300 Myr, and they
are useful for studying the Galactic disk because their
distances and ages can be accurately estimated (see,
e.g., the review by Matsunaga et al. 2018). For example,
da Silva et al. (2016) investigated abundances of five n-
capture elements (Y, La, Ce, Nd, and Eu) in hundreds
of Cepheids, of which 73 were observed by the authors
themselves. They used optical high-resolution spectra
for measuring six Y 11, six La II, three Ce II, six Nd II,
and two Eu II lines which are located between 4500 and
8000 A (see also Lemasle et al. 2013). In addition, mea-
surements of the heavy elements in Cepheids and super-
giants, based on the line list of Kovtyukh & Andrievsky
(1999), are found in a series of papers by Luck and
collaborators (Luck et al. 2011; Luck, & Lambert 2011;
Luck 2018, and references therein). The number of the
lines used in the previous studies is not so large, and yet
they provide us with valuable information on the chem-
ical enrichment of the Galactic disk. Identification and
characterization are less advanced for absorption lines
in the infrared range, but many efforts have gradually
increased the lines available for measuring stellar abun-
dances.

Meléndez & Barbuy (1999; hereinafter referred to as
MB99) used the solar spectrum (Kitt Peak Solar Atlas;
Wallace et al. 1996, and references therein) to compile
the oscillator strengths, loggf, and other parameters
of the 978 lines that they identified between 10000 and
13400 A, a part of the YJ bands, in addition to the 1240
lines in the H band. We use this MB99 line list as a
starting point of our line selection in addition to Vienna

Atomic Line Database (VALD; Ryabchikova et al. 2015)
and the compilation by R. Kurucz (KURZ; updated at
his web site!). The latter two give more general compi-
lations of absorption lines including those purely based
on theoretical calculations.

In the recent decade, high-resolution spectrographs
covering infrared wavelengths have been used to ex-
plore absorption lines including weak ones. For exam-
ple, dozens of absorption lines of the heavy elements
(Z > 29) have been found (e.g., Hasselquist et al. 2016;
Cunha et al. 2017; Afsar et al. 2018; Bécek Topcu et al.
2019; Chojnowski et al. 2019) with high-quality spec-
tra from the APOGEE survey (Majewski et al. 2017)
and IGRINS (Park et al. 2014), although they do not
cover the Y.J bands of our interest. In contrast, GI-
ANO (Oliva et al. 2012) covers the Y.J bands in addi-
tion to H and K. Origlia et al. (2013, 2016) measured Sr
abundances using one or two lines with GIANO Y-band
spectra. These two studies by Origlia et al. targeted red
supergiants in stellar clusters. In contrast, Caffau et al.
(2016) investigated GIANO spectra of FG-type dwarfs
and found three Sr I lines in the Y band. Some warmer
stars provide us with unique data useful for identifying
various absorption lines. Hubrig et al. (2012) reported
one Sr II line and one Dy II line in the Y band in one or
more peculiar A-type stars by investigating the spectra
from CRIRES (Kaeufl et al. 2004).

The studies mentioned in the preceding paragraph
mark important progress in the identification and char-
acterization of absorption lines in the near infrared,
but the current list of confirmed lines is clearly in-
complete. In this paper, we investigate the lines of
the heavy elements with Z > 29 seen in the observed
spectra, covering the Y.J bands, collected with the
near-infrared spectrograph, WINERED.? It is a high-
resolution echelle spectrograph covering the wavelength
range of 0.90-1.35 um with the resolving power of 28000
or higher (Ikeda et al. 2016; Otsubo et al. 2016). We
use WINERED spectra of supergiants and giants with
various effective temperatures, Tog, between 4000 and
7200 K. The dependency on the temperature varies from
line to line, and the set of the WINERED spectra en-
ables us to check whether the absorption at the wave-
length of each candidate line depends on Teg as expected
for the particular line. The purpose of this study is to
confirm the absorption lines of the heavy elements that
are seen in the Y J-band spectra of FGK-type stars.

2. SPECTRAL DATA

1 http://kurucz.harvard.edu/linelists/gfnew/
2 http://merlot.kyoto-su.ac.jp/LIH/WINERED/
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2.1. Observational spectra

We investigate Y .J-band spectra of 13 stars, super-
giants and giants. Their spectra were obtained in 2015
and 2016 with WINERED attached to the 1.3 m Araki
Telescope at Koyama Astronomical Observatory in Ky-
oto, Japan. The spectral resolution of WINERED with
the setting of the WIDE mode and the 100 pm slit is
around 28000 (Tkeda et al. 2016). We observed dozens
of supergiants, giants, and dwarfs whose temperatures
were derived making use of the line-depth ratios by
Kovtyukh et al. (2003, 2006) and Kovtyukh (2007). The
entire set of the spectra for these objects will be con-
sidered for discussing the line-depth ratios (Jian et al.,
in preparation), but a part of the spectra of super-
giants and giants are used in this study (Table 1). We
use the stellar parameters, including Teg, taken from
Luck (2014) and Hekker & Meléndez (2007) because
they obtained the four necessary parameters, i.e., Teg,
log g, [Fe/H], and the microturbulence (&), altogether.
Their measurements are based on high-resolution spec-
tra (R > 40000), and the obtained parameters are pre-
cise enough for our purpose; in fact, the spectra synthe-
sized with the given parameters reproduce the observed
spectra at around the 1% level as we see below. Fig-
ure 1 presents the distribution of the 13 objects on the
(Tesr, log g) plane.

All the observed spectra were reduced by following the
standard procedure adopted in the WINERED pipeline
(Hamano et al., in preparation) that was established
using PyRAF,® which calls IRAF tasks* from Python
scripts.  The reduction steps include sky subtraction,
scattered light subtraction, flat-fielding (using a halogen
lamp with an integrating sphere), geometric transfor-
mation, aperture extraction, and wavelength calibration
based on Th—Ar lamp spectra. In addition, small wave-
length shifts® between individual exposures were cor-
rected, if necessary, before they were combined to give
an averaged one-dimensional spectrum for each target.
Throughout this paper, we use air wavelengths rather
than vacuum wavelengths. Then, the one-dimensional
spectrum was normalized at the continuum level, and
the telluric correction was performed as described in

3 PyRAF is a product of the Space Telescope Science Institute,
which is operated by AURA for NASA.

4 IRAF is distributed by the National Optical Astronomy Ob-
servatories, which are operated by the Association of Universi-
ties for Research in Astronomy, Inc., under cooperative agreement
with the National Science Foundation.

5 The wavelength shifts are, at least partly, due to the instability
of the instrument caused by varying ambient temperature, and we
made an instrumental upgrade to minimize such shifts in late 2016.
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Figure 1. Stellar parameters used for spectral synthesis.
The effective temperatures, Tes, and the surface gravities,
log g, of our targets (Table 1) are indicated by star symbols,
the open symbol for those with logg < 1.5 and the filled
symbol for those with logg > 1.5. The gray ‘4’ symbol
indicates the grid of (Teg,logg) used for a set of synthetic
spectra (Section 2.2).

Sameshima et al. (2018a) using the WINERED spec-
trum of an A0V star taken at the same night.

It is worthwhile to add remarks on some objects. Be-
cause they are bright, there were studies with optical
spectra dating back decades ago, e.g., Steel (1945) for
HD 20902 (« Per). In particular, HD 194093 (or v Cyg)
is an interesting supergiant. Since the early discovery by
Adams & Joy (1926, 1927), it is known that the spec-
trum of v Cyg is rich in rare-earth lines, e.g., Eu and
Dy (see, also, Roach 1942). The star v Cyg is located
close to the so-called v-Cygni supernova remnant, but
Johnson (1975) found that they are not connected with
each other.

2.2. Synthetic spectra

We used MOOG (the version released in February
2017 Sneden et al. 2012) to create synthetic spectra for
selecting and confirming absorption lines of the heavy el-
ements. We adopted the 1D plane-parallel atmosphere
models compiled by R. Kurucz.® The local thermal equi-
librium (LTE) is assumed in the models we used and any
part of the spectral synthesis. We considered two sets of
stellar parameters. Those for the first set are listed in
Table 1 and used for making direct comparisons between
the synthetic and observed spectra. We estimated the
broadening of individual objects (vp, in the full width
at half maximum) including the instrumental resolution

6 We adopted the files named amXX.dat or apXX.dat where
XX is to be replaced by two digits indicating the abun-
dances, not the original ones available in Kurucz (1993), from
http://kurucz.harvard.edu/grids/.
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Table 1. Observed objects and their parameters

HD Name  Sp. Type T logg [Fe/H] £ Ref. Obs. Date Vp 5
(K) (dex) (dex) (kms™') (UT) (kms™')

25291 HR 1242 FOII 7171 2.19  +0.03 1.67 1 2015.10.28 12.65 1.103
20902 « Per F51Ib 6579 1.76  40.15 3.65 1 2015.10.26 25.61 1.694
194093 v Cyg F81Ib 6212 1.35 +40.05 4.02 1 2015.10.26 16.64 1.386
204867 B Aqr GO1Ib 5511 1.54 40.03 3.39 1 2015.10.26 17.60 1.535
26630 u Per GOIb 5418  1.74  40.09 3.02 1 2015.10.28 17.93  1.362
159181 5 Dra G2Ib-Ila 5291 1.87 +40.15 2.72 1 2016.02.03 18.10 1.198
77912 HR 3612 GT71la 5001 2.03 +0.12 2.16 1 2016.03.21 14.27  1.012
27697 0 Tau G9.51II 5000 3.00 +0.08 1.50 2 2015.10.25 12.31 0.957
19787 6 Ari G9.51IIb 4875  3.05 +0.09 1.68 2 2016.03.11 12.07 0.917
208606 HR 8374 G8Ib 4731 1.18  +0.25 3.49 1 2015.10.31 17.05 0.896
9900 HR 461 KOII 4552 1.35  +0.19 2.46 1 2015.10.31 13.51 0.815
206778 € Peg K2Ib-IT 4165 0.50 —0.01 2.96 1 2015.10.31 14.73  1.409
52005 HR 2615 K31Ib 4077  0.19 —0.07 2.76 1 2015.10.28 14.18 1.557

NOTE—Parameters of each target are taken from one of the two references, Ref. 1=Luck (2014) and Ref. 2=Hekker & Meléndez
(2007). In the last two columns, vy indicates the broadening width including the instrumental profile which corresponds to
~10.7kms™ ", and v indicates the factor we used to convert the depths (see Section 3.2). Spectral types are taken from the

SIMBAD database.

based on several isolated lines in the observed spectra.
For the second set, we used the Teg and log g values on
the grid indicated by the ‘+’ points in Figure 1 together
with the following parameters fixed: the microturbu-
lence ¢ = 2kms™!, the broadening v, = 10.7kms™!,
and the chemical abundances to be solar (Asplund et al.
2009). The fixed microturbulence and broadening are
not optimal for stars with broad ranges of Teg and log g.
The ¢ of 2kms™! is typical for red giants, but ¢ tends
to be larger for stars with higher luminosity (Gray et al.
2001). The macroturbulence (vmac), or broadening in
general, also shows the dependency on the luminosity
class (Gray & Toner 1986). Likewise, both £ and vpac
depend on Tug (e.g., Ryabchikova et al. 2016). This in-
fers that the predicted line strengths in the second set
of the synthetic spectra may be biased especially for
dwarfs and supergiants. Nevertheless, those synthetic
spectra useful to predict where absorption lines in ques-
tion get significant or deep in the parameter space of
(Tesr,log g). Incidentally, the absorption lines we dis-
cuss here are mostly shallow and not strongly saturated;
therefore, £ does not affect our predictions so much.
For both of the sets mentioned above, we assumed
the solar abundance ratios of Asplund et al. (2009),
log €pe, 0 = 7.50 dex for [Fe/H] = 0 and other ‘Pho-
tosphere’ abundances listed in their Table 1, except
the carbon abundance. We changed [C/H] by some
amounts, between —0.31 and 0.28 dex, in order to get

better agreements of CN lines between the synthetic
and observed spectra. The observed spectra in the
lower temperature range show many CN lines, and those
lines are not well reproduced by the synthetic spectra of
many stars without the changes. This may be caused
by the surface abundance ratios modified by the first
dredge-up (Luck, & Lambert 1985; Takeda et al. 2013;
Lyubimkov et al. 2015). The purpose of this adjustment
is merely to get the synthetic spectra that match better
with the observed ones. The [C/H] values we used are
not necessarily accurate estimates of the carbon abun-
dances; therefore, we do not give the [C/H] used for
individual objects. In contrast, [C/H] is fixed to be so-
lar in the second set of synthetic spectra for the grid of
(Test, log g).

In order to assess the absorption of target lines even if
they are contaminated by other lines, we consider four
kinds of synthetic spectra: (i) normal ones with all lines
included, (ii) those with lines of only one species (i.e.,
each atom or atomic ion) included, (iii) those with only
one target line included, and (iv) those with the tar-
get lines excluded. We consider the log gf values and
other parameters of a given target line in each of the
three lists. For other atomic lines, we adopted the lines
and their parameters in KURZ when we considered tar-
get lines in the KURZ list, but we used the VALD line
list for considering target lines in VALD or those in
MB99. The KURZ list we used is the version compiled
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on 2017 Oct 8, while we downloaded the VALD3 list
to use on 2019 August 27. For molecular lines, we used
those listed in VALD, in which lines of Co, CH, CN, CO,
and OH molecules are included within the wavelength
range of our interest. Only CN lines appear significant
in the temperature ranges we investigate. In addition,
we adopted FeH lines compiled by Plez (private com-
munication; see also Onehag et al. 2012). We adopted
the FeH’s dissociation energy of 1.59eV, at 273.15K,
from Schultz & Armentrout (1991). The FeH lines ap-
pear only in a few objects with the lowest temperatures.

In comparing the observed and synthetic spectra of
the 13 objects, we noticed dozens of absorption lines
which are well visible in the observed spectra but not
predicted in the synthetic ones. We list such lines and
discuss their characteristics in Appendix B.

3. DETECTION OF ABSORPTION LINES
3.1. Line selection

We searched for absorption lines of elements heav-
ier than the iron group elements in the three line lists,
KURZ, VALD, and MB99. Combining the three lists,
our target elements are from Cu to Th, i.e., 29 < Z < 90,
with some gaps. We limited ourselves to the ionization
states between I (neutral) and III (doubly ionized). We
also limited the wavelength ranges to 9760-11100 and
11600-13200 A, corresponding to the orders of 51-57th
(Y band) and 43-48th (J band) of WINERED.

In the given wavelength ranges, MB99 lists 19 lines
of 6 species in total, i.e., Zn I, Ge I, Sr II, Y 1I, La II,
and Eu II. MB99 covers the wavelengths longer than
10000 A only. MB99 actually lists 20 lines of our tar-
get species between 10000 and 13400 A, but one of the
lines, Ge I 11125.12, falls within the gap of the target
in the wavelength range. There is dense and strong tel-
luric absorption around the Ge I line (see, e.g., Fig. 4
in Sameshima et al. 2018a), and we neglected this line.
We consider the 19 lines in MB99 in the next selection
step.

In contrast to MB99, VALD and KURZ list large num-
bers of absorption lines for various elements between Cu
and Th. Hundreds of lines are listed for some elements,
but we cannot expect to see so many lines of these heavy
elements in real stellar spectra as we confirm below.
Before we compare the observed spectra with the syn-
thetic ones, we limited the number of candidate lines for
each species using the synthetic spectra. We considered
the spectra for the grid of (Tug,log g) with lines of only
one species included at each time (see Section 2.2). We
picked up lines that become deeper than 0.02 in depth
in at least one of the synthetic spectra at all the grid

points. 67 lines of 9 species in KURZ and 63 lines of 14
species in VALD were found to be candidates.

There are many overlaps between the lines selected
with the three line lists, and there are 108 different lines
of 14 species in total; 40, 35, and 5 lines are listed only
in KURZ, VALD, and MB99, respectively. All of the 5
lines selected from MB99 only are of Ge I. In the follow-
ing, we consider whether these lines appear significant
in the observed spectra or not and, if detected, examine
their temperature dependence in comparison with the
synthetic spectra.

3.2. Measurements

A significant fraction of the lines we investigate are
expected to be blended with other absorption lines even
if they exist, and it is difficult to measure the equivalent
widths. We therefore consider depths, ie., d = 1 —
f(Ae), where f(Ac) is the flux at the line center, A, in
normalized spectra.

In order to make direct comparisons between the
depths in the observed and synthetic spectra, we per-
form the normalization to adjust the continuum levels
of the two kinds of spectra. The reduction performed by
the standard pipeline software for WINERED includes
the continuum normalization (see, e.g., Section 3.1 in
Taniguchi et al. 2018). Although the synthetic spectra
we created for individual objects show reasonable agree-
ments between the observed and synthetic spectra, there
are noticeable deviations especially within absorption
lines. Such deviations can be attributed to inaccurate
log g f values (Andreasen et al. 2016; Kondo et al. 2019)
and maybe to inaccurate abundances assumed. More-
over, narrow flat parts outside apparent absorption lines
are found to be lower than the unity in some spectral
regions of the synthetic spectra, but the normal contin-
uum procedure applied to the observed spectra adjusts
such regions to be around 1. We therefore match the
continuum levels of the observed and synthetic spectra
around each target line as follows.

First, we searched for velocity offsets to fix small off-
sets in the wavelength scale, if any, by minimizing the
residuals between the observed and synthetic spectra.
For each target line at the wavelength of A, the resid-
uals were calculated for spectral parts around the line
center. We used the width of +£300kms~"! for the ob-
jects with Tog < 5200K and the width of +1000kms—!
for the others for this wavelength adjustment. The large
width for the warmer stars was necessary to accommo-
date many absorption lines which enable us to estimate
the offset precisely. When we compare the observed and
synthetic spectra, the synthetic spectra were pixelized
to match the pixels of the observed spectra by integrat-
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ing the normalized flux within the wavelength range of
each pixel of the latter, and fsyn indicates the counts
of thus digitized spectra. We corrected the observed
spectra produced by the pipeline for the velocity offsets;
fobs,0 indicates the counts of the observed spectra after
this correction.

Second, we considered the pixel-by-pixel ratio between
each observed spectrum and the corresponding synthetic
ONe, Torg = fobs,0/ fsyn, for adjusting the continuum level
of the former to that of the latter. For the normalization
around each target line, we used the adjacent parts on
both sides of the line, i.e., Ace — Ao < A < A¢ — A and
Ae + A1 < A< A + Ag, where Ay and A, are the wave-
length steps corresponding to the velocity of 15kms™!
and 100kms™!, at around A, respectively. The ratio
shows deviations from 1 caused by various errors includ-
ing the offset and slope in the pre-normalized continuum
level of fobs,0 and imperfect reproduction of the stellar
spectrum in fiyn. The ratio, as a function of pixel, of
the adjacent parts around each target line was fitted as
a linear trend, a(A — A¢) + b, by minimizing

Y2 = wauu {rorg(Ni) — a(A; — Ac) — b}27 (1)
Ai

where the summation is taken over the pixels, A\;, within
the adjacent ranges mentioned above. The pixels within
+15km s 'around the center were not included. We
introduced two weight terms, wy and wy,

wp = e, )
Wy =exp (_P\%z)\p\) . (3)

The former depends on the count of fqyn; the pixels with
flux closer to the continuum are more weighted than the
pixels within strong absorption. The latter, wy, gives
higher weights to the pixels closer to the target line in
wavelength than to those more separated. Admittedly,
we have no solid mathematical background to use the
weights as given in Equations (2) and (3). Neverthe-
less, after some experiments, we found that they tend
to give reasonable results even if the observed spectra
show deviations from the synthetic one such as lines with
clearly different depths. Next, we divided the original
observed spectra by the fitted linear trend to obtain the
re-normalized spectra, fobs(A) = fobs,0(A)/[a(A=Ac)+b].
We also calculated the weighted standard deviation of
the residual between the observed and synthetic spec-
tra,

5= {wswn [fovs(A) = fem }
e= 5 . 4)
WFwx

This e serves as the error in depth when we compare the
depths of the line in the observed and synthetic spec-
tra. The residual is attributed to various factors includ-
ing pixel-to-pixel errors in the observed spectra, the in-
consistency between the observed and synthetic spectra,
and the error in the normalization. The median of the
e values calculated for individual ranges around the tar-
get lines is ~0.01 or smaller for most of the 13 objects.
For the two objects with T, < 4200 K, however, the
median e values are nearly 0.02. We note that the error
estimates described here do not include the uncertainty
concerning the target lines themselves because the nor-
malization and the calculations of e were done without
considering the pixels within A; = 15kms~! around the
lines. The residuals at the target wavelengths, if signifi-
cant, would tell us the inconsistency between the depths
observed and those predicted with the line lists.

Then, we measured the depths, d, at the line wave-
length, A., by linearly interpolating the two adjacent
piXGlS, A; and )\i+17 with \; < A\, < )\7;_;,_1; dops and dsyn
indicate the depths measured with fons and fsyn, respec-
tively. While the two depths of each target line can be
directly compared with each other for each object, the
depths for different objects are affected by differences in
various stellar parameters. Here we consider the indica-
tor, d* = ~d, i.e., the depths multiplied by the factor
which compensates the effects of stellar metallicity and
line width,

~ = 10~ [Fe/H] (—vb ) , (5)

Vinst

where the first term compensates the metallicity effect
and the second term converts the depths in spectra
broadened by the width of v, (~ \/vZ,. +vi,,) into
those in the spectra merely broadened by the instrumen-
tal line width, v, = 10.7kms™!, of the WIDE mode
of WINERED (i.e., with the broadening by macrotur-
bulence, vpac, ignored). The v factor for each target
is listed in Table 1. It should be noted that d* does
not necessarily agree with the depth of a line in the
spectrum of a star with [Fe/H] = 0dex broadened by
the instrumental width if the line is blended with other
lines. Nevertheless, the conversion from d to d* makes
it easier to compare the depths of 13 targets directly
and examine the dependence on Tog. The d* may still
be affected by logg and £&. We will take into account
the effect of log g by considering the depths in the syn-
thetic spectra obtained for the grid of (Teug,logg) that
was described in Section 2.2. On the other hand, £ has
little impact on shallow lines for which we need precise
measurements for confirming the line identification.
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Finally, we evaluate the indicator that measures the
absorption of the target lines themselves. As mentioned
in Section 2.2, we synthesized the spectra with the tar-
get lines excluded. Their depths at the wavelengths in
question are also measured and denoted as dsyni. They
are expected to be zero if there is no blending line, but
they are often not zero. By subtracting dsynt from the
normal depth, we can estimate the contribution of a tar-
get line to absorption. We calculated this indicator, «,
for the depths in both observed and synthetic spectra;
Qobs = dobs - dsynT and Qgyn = dsyn - dsynT- If Qobs
is large with respect to e, the absorption by the target
line is suggested to be significant. When we compare
the measurements for the 13 objects, we consider the
conversion by considering the effects of metallicity and
broadening, a* = d* — df . = v(d — dsynt), where a*
and d* are considered for both the observed and syn-
thetic spectra. In addition, we use f = dsynt/dsyn as
the estimate of the blend; 3 varies from 0 (no blend) to
1 (fully contaminated). We define 8 = 1 when dgy,, = 0,
but we are not interested in such cases because our pur-
pose is to confirm or reject predicted lines.

3.3. Results

We measured the depths, dons and dgyn, and also the
errors, e, for the 108 candidate lines, selected in Sec-
tion 3.1, in the spectra of the 13 objects. While many
lines were not seen, there are dozens of lines show-
ing large aops/e values. We considered the lines with
Qobs/€ > 2 to be significant unless they are affected by
spurious noises too much. Then, we examined the d*,
o, and f3 plotted against T,g (Figure 2) and checked if
the dependence on T is consistent with the expectation
from the synthetic spectra. For some lines, the gravity
effect on the depths measured for the targets with dif-
ferent log g is significant, and we took it into account
by comparing the Teg trends expected for the two log g
values, 0.5 and 2.5, illustrated in Figure 2. In addition,
we checked the appearance of the spectra, comparing
the synthetic spectra with the target lines removed with
the observed spectra (see Figure 3), as well as how the
telluric absorption could have left noises after the cor-
rection.

Among the 108 lines we examined in the observed
spectra (Section 3.1), we detected 23 lines (Table 2).
Figure 3 presents the spectra of some stars with the
line detected. We here summarize the characteristics
of the lines we identified, but more details on the lines
of individual species are given in Appendix A. We de-
tected two Zn I, three Sr II, and five Y II lines listed
in all the three lists, KURZ, VALD, and MB99, but
no other lines of these species were confirmed. We also

Zn 1 11054.26 R, log gf=—0.50 (MB99)
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Figure 2. The temperature dependency of the line depths
and blends. The species and wavelength of the line together
with the loggf and its source (KURZ, VALD, or MB99)
are labeled at the top. The top two panels plot the depths,
d*, and the contribution of the target lines themselves, a*,
against Teg. Both d* and o™ are after the correction of metal-
licity and broadening (see Section 3.2). Star symbols indicate
the measurements with the observed spectra of 13 objects;
the open symbol for those with logg < 1.5 and the filled
symbol for those with log g > 1.5. Open and filled circles in-
dicate the values obtained with the synthetic spectra for the
objects with logg < 1.5 (open) and those with logg > 1.5
(filled). The ‘x’ symbol in the top panel indicates the depths
in the synthetic spectra with the target lines excluded. The
green and blue curves in the panels (a) and (b) indicate the
Tew trend of the target line itself expected for stars with 0.5
and 2.5, respectively, in log g, while the dot—dashed and solid
curves in the panel (a) indicate the corresponding trends
of the depth including blends. In the third panel, we plot
log o, — log agy,, =~ 0 and the error against Tog for the 13
objects. The star symbols in the panel (c) are accompanied
by circles or triangles if we found significant (aons/e > 2)
or marginal (1 < aops/e < 2) detection. The last panel
shows the blends, [, for the synthetic spectra of stars with
log g = 0.5 (dot—dashed) and 2.5 (solid). The complete figure
set (23 images) is available in the online journal.

detected one MB99 line of Eu II (10019.52A) together
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with Eu IT 9898.27 and 10165.56 that are not included
in MB99. In addition, among the candidate lines which
are not in MB99, we identified four Zr I, one Ba II, two
Ce 11, two Sm II, and one Dy II lines.

A few lines have been already reported in previous
papers, besides MB99, based on high-resolution spec-
tra. Although the temperature of the object is different
from ours, Sameshima et al. (2018b) identified the two
Sr 1I lines at 10327.31 and 10914.89 A in a WINERED
spectrum of an A0 V-type star. The same lines were
used for measuring abundances of red supergiants by
Origlia et al. (2013), and the one at 10914.89 A was
also identified by Hubrig et al. (2012) in peculiar A-type
stars. In addition to these Sr II lines, we also confirmed
the one at 10036.65A (a strong line listed in MB99).
The Dy II line at 10835.94 A reported by Hubrig et al.
(2012) with spectra of peculiar A-type stars was not
confirmed in any of our targets.

The 85 lines We could not confirm 85 candidate lines
in the observed spectra. They include some lines listed
in MB99: Zn I 13196.62, La II 11874.19, and six Ge I
lines (see the notes on the individual elements in the
Appendix). We found that there may be absorption by
some of the unconfirmed lines, but rejected them either
because the lines are not deep enough to be confirmed
(aobs/e < 25 e.g., Ce 11 9774.63) or the telluric absorp-
tion seems to leave spurious noises (e.g., Sm 1T 9788.96).
In addition, we found quite strong absorption at the
wavelength of Dy II 10305.36, but did not conclude that
the line was confirmed because the observed Tog trend
is not consistent with the prediction. The Dy II line, if
exists, is at least contaminated by an unidentified line.

We examined logaf,, — logaf, and judged if the
log g f values given in the line lists reproduce the depths
of significant lines (log o, — log g, =~ 0) or not. The
superscript ¢ in Table 2 indicates that the measured
depths differ from those predicted with the given log g f
by ~0.3 dex or more. We note, however, that our con-
clusions on the loggf cannot be final because we only
made comparisons with the synthetic spectra created
with the solar [X/Fe] values assumed.

4. DISCUSSION
4.1. Astronomical implications

In the following, we discuss the implications that in-
dividual elements with the detected line(s) may give to
the chemical evolution of the Galaxy and nearby galax-
ies. We here focus on the chemical imprints one would
find in Galactic-disk stars of around the solar metal-
licity. For stars with different metallicities or those in
different systems, some elements may be explained by
different origins. For example, Ba is an s-process ele-

Table 2. Absorption lines identified in the observed spectra

Aair EP loggf (dex)
(&) (eV)  KURZ VALD MB99

Znl  11054.26  5.796 —0.20 —0.30 —0.50
Znl  13053.60 6.655 +0.39 +0.34 +0.13
SrII  10036.65 1.805 —1.22 —1.31 —1.10
SrII  10327.31 1.839 —025 —0.35 —0.40
Sri 10914.89  1.805 —0.57 —0.64 —0.59
YII 1010552 1.721 —1.63 —1.89 —1.89
YII  10186.46 1.839 —2.65¢ —2.65° —1.97
YII 1024522 1.738 —1.82 —1.82 —1.91
YII 1032970 1.748 —151 —1.76 —1.71
YII  10605.15 1.738 —1.71 —1.96 —1.89
Zr1 9822.56  0.623 —1.44 —1.20 —
Zr 1 10654.18  1.582 —1.32 — —
7r1 11612.67 1.366 —0.88 — —
7r1 11658.07  1.396 —0.56 — —
Ball 13057.72° 5.251 +40.34° +0.34° —

Species

Cell 9805.49 0.322 — —3.23¢ —
Cell 9853.11 0.704 — =249 —
Sm 1T 9850.67 1.971 —  —0.46° —
Sm IT 9936.51 1.890 — —=0.61 —

Eull 9898.30 2.108 —-0.76° —0.07 —
BEuII 10019.52  2.091 —-0.66° —0.66° —0.30
BEuII 10165.56  2.108 —0.78 —0.78 —
Dy II 10523.39  1.946 — =045 —

®The wavelength in the KURZ list, 13053.559 A, is slightly
different from the counterparts in the VALD, 13053.627 A,
and the MB99, 13053.64 A.

bThe wavelength in the KURZ list, 13057.716 A, is shorter
than the counterpart in the VALD, 13058.015 A.

€ The measured depths differ from those predicted with the
given log gf by ~0.3 dex or more.

ment at around the solar metallicity but the contribu-
tion of the r-process gets stronger at the low-metallicity
range (Burris et al. 2000). Moreover, there are pro-
posed n-capture processes that show patterns differ-
ent from those of the main s- and r-processes (e.g.,
Burris et al. 2009; Hampel et al. 2016). Our main tar-
gets, supergiants, are young and expected to be rela-
tively metal rich, and previous explanations on the ori-
gins of the heavy elements in the Sun and the Solar
system (Burris et al. 2000; Sneden et al. 2008) gives at
least an approximate idea on the origins of individual
elements in the supergiants.
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Figure 3. Spectra around the absorption lines detected. The species and the air wavelength, indicated by the vertical line,

of each line are labeled at the top of each panel. The red and gray curves respectively indicate the observed spectra and the
spectra synthesized without the target line included. The complete figure set (23 panels) is available in the online journal.

Zn is often included in the iron peak elements and con-
sidered as the heaviest one of this group. In fact, in a
broad range of the metallicity down to [Fe/H] ~ —2 dex,
Zn in stars in the solar neighborhood shows a con-
centration around [Zn/Fe]= 0 and thus seems to be
created along with Fe and other iron peak elements
(Sneden et al. 1991). However, it has become clear that
systematic differences in the [Zn/Fe] trends are found
in different systems (thin and thick disks, bulge, halo,
and dwarf galaxies) thanks to the efforts of various au-
thors (Duffau et al. 2017; Ji & Frebel 2018; Hirai et al.
2018, and references therein). The origins of Zn remain
still elusive and its implication to the Galactic chemical
evolution may be unique compared with other better-
understood elements (see, e.g., Tsujimoto & Nishimura
2018).

The s-process elements are created mainly in low- and
intermediate-mass Asymptotic Giant Branch (AGB)
stars. Good reviews on the process are found, e.g., in
Busso et al. (1999) and Karakas, & Lattanzio (2014).
Sr, Y, and Zr are grouped as light s-process elements,
although they show slightly different trends from each
other in disk stars (Delgado Mena et al. 2017). Ba and
Ce are often called heavy s-process elements together
with Nd. The abundance trends of the three heavy s-
process elements are, however, not necessarily common.
For example, Andrievsky et al. (2013, 2014) reported
that the radial gradient of Ba has a negligible slope,
while Lemasle et al. (2013) and da Silva et al. (2016)
found significant slopes of the gradient for the other

heavy s-process elements, Ce and Nd, as well as for
Y and Zr, i.e., light s-process elements. As noted by
Andrievsky et al. (2014) and Luck (2014), only strong
Ba lines were used with non-LTE calculations, which
may leave significant uncertainties. Readers are re-
ferred to other studies such as D’Orazi et al. (2009),
Bensby et al. (2014), and references therein concern-
ing the Ba abundances by using the strong lines in
the optical, but their targets are dwarfs and giants.
Ba II 13058.01 found in this study is, in contrast, ex-
pected to be weak; therefore, this line may add an
important constraint on the Ba abundances. On the
other hand, the three Sr II lines in the Y band are very
strong and the same problem of the non-LTE effect may
prevent us from obtaining accurate Sr abundances.

Eu is representative of r-process elements. Sm and
Dy are considered to be mainly formed through the -
process around the solar metallicity (Burris et al. 2000).
The contribution of the s-process to Sm can be larger,
especially for some isotopes, but the trend of Sm seen
in the disk stars with about the solar metallicity is simi-
lar to that of Eu (Battistini, & Bensby 2016). After the
discovery of the gravitational wave and the electromag-
netic counterpart of GW 170817 (Abbott et al. 2017), it
has become more evident that the neutron star merg-
ers accompanied by kilonovae are major contributors
to r-process elements (Smartt et al. 2017; Tanaka et al.
2017). However, explaining the chemical evolution of
r-process abundances seen in disk stars requires further
investigations concerning some complications due, e.g.,
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to the delay-time distributions of the neutron star merg-
ers (Hotokezaka et al. 2018), the initial mass functions
(Tsujimoto, & Baba 2019), and potential contribution
from other origins (Siegel et al. 2019). New observa-
tional constraints on the r-process enrichment can be
expected if the near-infrared diagnostic lines of Eu and
Dy are used for measuring the abundances of stars in
unexplored regions of the Galactic disk behind severe
interstellar extinction.

4.2. FExpected targets

The lines we report here will be useful diagnostic lines
of detailed chemical abundances available in the Y.J
bands. In order to give a rough idea on the (7., log g)
range in which the detected lines are seen, we present in
Figure 4 the contours of agyy = dsyn — dsynt based on the
synthetic spectra obtained for the (Teg,logg) grid (see
Figure 1). Some lines are blended and may be difficult
to measure the abundances even if a gets significant.
Also, note that the depths refer to those expected for
the spectra with the WINERED resolution, R = 28000,
for stars with the solar metallicity, [Fe/H] = 0dex, and
sufficiently small broadening. Nevertheless, the contours
will be useful, e.g., for selecting the targets to study the
abundances discussed in this paper and making the ob-
servational plans to achieve the detection of the lines.

Only two species (Zn I and Zr 1) among the 9 with
the lines detected are neutral. In contrast, the oth-
ers are singly ionized. The first ionization potentials
of the elements with the detected lines are low, 5.2—
6.2eV, compared to Zn (9.4eV) and Zr (6.6eV). The
lines of the ionized species are sensitive to logg and
strong in low-gravity stars as expected. Furthermore,
Figure 4 indicates that supergiants with Teg ~ 5000 K
and logg < 1.5dex show the strongest absorption of
the lines of Sr 11, Y 11, Ba II, Sm II, Eu II, and Dy II.
The contours of Zn 1 are similar to those of the above
species to some extent, the peak being around 5000 K
and stronger towards the lower surface gravity, but the
sensitivity to the gravity is not so high as the ionized
species. In contrast, the lines of Ce II require both
low temperature, Teg < 4000 K, and low surface grav-
ity, logg < 1, to be significant. In the case of Zr I,
the line strengths grow rapidly towards low T,g but are
insensitive to surface gravity.

Cepheids have intermediate temperatures, 4500-
6500K, and low surface gravities, logg < 1.5dex (see,
e.g., Genovali et al. 2014).  Their locations on the
Hertzsprung-Russell diagram (HRD) thus agree with
the peaks of the strengths for most of the lines re-
ported in this paper, although Zr T may be seen only in
Cepheids with the lowest Teg among this group of pul-

Zn 1 11054.26 &, log gf=—0.50 (MB99)
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Figure 4. Contours of the predicted depths of the lines we
detected. The species and wavelength of the line together
with the log g f and its source (KURZ, VALD, or MB99) are
labeled in the top of each panel. The contours of asyn for the
levels indicated within each panel are created based on the
synthetic spectra with the solar abundance and the broad-
ening vy, = 10.7kms™ ! for the grid of (Tug,log g) illustrated
in Figure 1. We note that the grid lacks the points indicated
by the ‘x’ symbol. The star symbols (open if logg < 1.5
and filled if log g > 1.5) indicate the observed targets in this
study, and they are accompanied by circles or triangles if we
found significant (aobs/e > 2) or marginal (1 < aops/e < 2)
detection of the line. The complete figure set (23 images) is
available in the online journal.

sating stars in the Cepheid instability strip. Therefore,
Y J-band spectra of Cepheids would allow us to measure
various heavy elements including both s- and r-process
elements and also those with mixed origins such as Zn.

Cepheids are young, 10-300 Myr old, and provide
valuable information on chemical abundances of the
present Galaxy. It is known that their metallicities
are anti-correlated with the distances from the Galac-
tic center (Rgc), known as the abundance gradient
(Genovali et al. 2014). Observing Cepheids in a wide
range of Rgc thus allows investigating the abundance
patterns from the metal-rich end ([Fe/H]~ +0.2 at
Rge < 6kpe) to the metal-poor end ([Fe/H]< —0.3
at Rgc > 14kpce) of the current Galactic disk. The
youth of Cepheids offers a crucial advantage in study-
ing the disk chemical evolution. The radial migration of
the disk (Sellwood & Binney 2002) affects the current
abundance distribution of various elements for stars in
the disk (e.g., see a recent study on the r-process abun-
dance in the solar neighborhood by Tsujimoto, & Baba
2019). Cepheids are, however, considered to be located
almost at their birth positions in terms of Rgc and
tell us, at least approximately, the current abundances
of star-forming gas. Recent large-scale surveys have
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found a large number of new Cepheids spread in a large
range of Rge (Udalski et al. 2018; Chen et al. 2019;
Dékany et al. 2019; Skowron et al. 2019), and some of
them are heavily reddened in the Galactic disk. Near-
infrared spectroscopic observations are desired to obtain
their abundances.

Bright red giants, roughly Teg < 5000K and
1 < logg < 2dex, are often targeted for investigat-
ing the heavy elements in nearby dwarf galaxies (e.g.,
McWilliam et al. 2013; Ji et al. 2016; Ji & Frebel 2018).
Sr IT and Zr I lines are expected to be strong, while Y II
lines are probably weak, < 0.05 in depth. Some Eu II
lines may also be seen but the abundance measurements
would require high signal-to-noise ratios with the typ-
ical depths expected to be around ~0.02 or smaller.
Observing the lines of other heavy elements would be
even more challenging. Bright red giants are important
because they are usually the easiest targets in stellar sys-
tems like the Galactic bulge and dwarf galaxies which
are dominated by old stars. Measuring their Eu abun-
dances, if possible, would be very useful for studying
the chemical evolution of those systems together with
the s-process abundances traced with Sr and Zr.

At the lower parts of the Hertzsprung-Russell dia-
gram, logg < 3, only a small fraction of the lines re-
ported in this study are expected to be visible. The
three Sr II lines are expected to be still strong, = 0.2,
for a wide range of Tog. In fact, Caffau et al. (2016) de-
tected the three lines and estimated the abundances by
taking into account the non-LTE effect. The two Zn I
lines may be seen in stars with intermediate tempera-
tures around 5500 K, while Zr I 9822.56 is expected to
be visible only in late-type stars with Tog < 5000 K.
None of the other species is probably significant unless
the abundances are highly enhanced.

5. SUMMARY

We identified 23 lines of 9 elements heavier than the
iron group elements, i.e., Zn, Sr, Y, Zr, Ba, Ce, Sm, Eu,
and Dy, using the Y J-band WINERED spectra of 13
supergiants and giants. Besides the lines we detected,
significantly more lines of the targeted heavy elements
were selected based on KURZ and/or VALD but not de-
tected. We also found lines that are clearly present in

the observed spectra but are not predicted in the syn-
thetic counterparts (Appendix B). It is vital to establish
the list of lines of various elements in the infrared range.

Although we have identified the absorption lines of
rare heavy elements, including newly detected lines,
there remains a lot to be done. Further searches for new
lines should be performed. Our search was done by using
WINERED spectra with the resolution of 28000 with the
typical S/N around 200-300. It would be useful to make
a more complete survey of the relevant absorption lines
by using spectra with higher resolution and/or higher
quality, although the resolution of 28000 is high enough
to resolve the intrinsic line profiles of many supergiants.
Solid estimates of log gf values are also important for
abundance measurements with these lines especially be-
cause the numbers of lines are small. For this purpose,
our targets and dataset are not optimal. For example,
relatively metal-poor stars with enhanced abundances of
s-process or r-process elements (e.g., Sneden et al. 2008;
Bisterzo et al. 2011) would be good calibrators because
the lines of the enhanced elements can be measured with
reduced line contamination.
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operated at Uppsala University, the Institute of Astron-
omy RAS in Moscow, and the University of Vienna. We
thank the referee, Prof. Robert Kurucz, for comments
that helped us to improve this paper.
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Software Branch at STScI 2012), MOOG (February 2017
version; Sneden et al. 2012).

APPENDIX

A. IDENTIFICATION OF LINES OF INDIVIDUAL ELEMENTS

Here we describe the identification (or the failure of confirmation) of the lines of the heavy elements using the
WINERED spectra of 13 objects (Table 1). We examined 108 lines of 14 species in total. Table 2 lists the 23 detected

lines.
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e 7n (Zine, Z = 30) — We investigated four Zn I lines using the observed spectra. The line at 13150.5 A

(13150.464 A in KURZ and 13150.533 A in VALD) is not included in MB99, but the other three are included.
We clearly detected two lines at 11054.26 and 13053.60 A, which are free from blends at most of the Thg range
we investigated. For each line of them, the loggf values in KURZ and VALD are consistent within 0.1 dex,
but the loggf in MB99 is different by 0.15-0.3dex. The loggf values in MB99 seem to give better agreements
between the predicted and measured depths for both of the lines although the differences between the three lists
are not large. Among the two lines that were not confirmed, Zn I 13150.5 is dominated by the strong blending
line, Al 1 13150.75. The other one, Zn 1 13196.6, also suffers from significant blends especially at lower T,
if exists, and it tends to be affected by telluric lines too. KURZ and VALD list slightly different wavelengths,
within 0.1 A, for the two undetected lines but these lines are not detected in the observed spectra in any case.

Ga (Gallium, Z = 31) — We investigated two Ga I lines, included in both KURZ and VALD, using the observed
spectra. Neither of them is included in MB99 although their wavelengths are longer than 10000 A. They were
predicted to be significant, = 0.02, only at the lowest temperatures, Tog < 4000 K. Moreover, both of them are
strongly blended with other lines (= 80 %), and we could confirm none of the Ga I lines. Around the wavelength
of Ga111949.23, Ti I 11949.55 gives strong absorption at lower Tog and Ca IT 11949.74 gives strong absorption
at higher Tog. Around Ga I 12109.85, SiI 12110.66 gets stronger towards the lower Teg.

Ge (Germanium, Z = 32) — We investigated eight Ge I lines using the observed spectra. All of them are located
at longer than 10000 A. One line at 11714.75 A is listed in all the three lists. In addition, three lines are listed
only in KURZ and VALD, while four lines only in MB99. The Ge I lines are expected to get strongest at around
4500 K, but most of the lines we investigated do not reach 0.05 in oy, according to the loggf values available
in the lists. Some lines are expected to be strongly blended while others are not, but we could not confirm any
of the Ge I lines. The «, . we obtained are consistent with zero for almost all of the objects expected to show

the Ga absorption, which indicates that the log gf values are at least smaller than expected.

Sr (Strontium, Z = 38) — We investigated nine Sr II lines using the observed spectra. Three of them (10036.65,
10327.31, and 10914.89 A) are listed in all the three line lists. These lines are strong and there are almost no
blends. The log gf values in the three lists are more-or-less consistent with each other, within 0.2 dex, and they
give reasonable agreements between the observed and synthetic spectra. We note that these three lines are very
deep and the departures from the predicted depths may well be caused by the factors, other than inaccurate log g f
values, that were not taken into account in our simple spectral synthesis (e.g., the non-LTE effect). In contrast,
we could confirm no other Sr II lines. The reduced spectra of a couple of objects present a hint of Sr IT 12974.38,
but telluric absorption lines around this wavelength seem to give spurious noise on the spectra. We also found
NON-Zero Gebs/e for Sr 11 12013.96 in a few objects, but the dependency of the depth on Tes and logg is not
consistent with predicted for this line. There is one Fe I line at 12013.88 A, and the a,ps we measured could be
explained by the error in oscillator strength of this line with a log g f larger than listed. For Sr II 13121.96, two
entries with different log g f values, 0.692 and —0.609dex, are listed in VALD with the same wavelength and the
same excitation potential (EP). Including or excluding the shallower one with log gf = —0.609 does not change
the synthetic spectra significantly and, in any case, the absorption was not confirmed in the observed spectra.

Y (Yttrium, Z = 39) — We investigated two Y T and five Y II lines using the observed spectra. The Y T lines
are not included in MB99, while it lists all the Y II lines. The Y I lines were predicted to be visible at very low
temperatures, around 3500 K, but still shallow, ~0.03; we could not confirm them in the observed spectra. In
contrast, we detected all the five Y II lines. All of them except Y II 10605.15 are significantly blended at least
at Teg < 5000K, but the Y II lines are expected to get deepest at 5000-5500K and this dependency on Teg
can be well traced with our measurements. The log g f values in MB99 reproduce the observed depths better for
Y 11 10186.46, while the log g f values in the three lists are at least roughly consistent with each other and they

predict reasonable depths for the other four lines.

Zr (Zirconium, Z = 40) — We investigated 40 Zr T lines using the observed spectra. Two lines are listed in
both KURZ and VALD, while the other 38 lines are found in KURZ only. None of them is listed in MB99.
We confirmed four lines in a few objects at low Teg without significant blends. One of them is listed in both
KURZ and VALD, while the others are given in KURZ only. The log ¢ f values in the KURZ list give reasonable
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predictions of the depths observed where the detection is significant. We note that the observed and synthetic
spectra show poor agreements around Zr I 10654.18 (see the online material for Figure 3). The absorption
line observed at around 10657.4 A is listed as an unknown one in Table 3. In addition, the observed spectra
show broad and stronger absorption than the synthetic ones at around 10652 A, which indicates that more than
one lines contribute to the observed absorption but the line lists used for the synthetic spectra give too low
log g f values or completely miss necessary lines. A part of the inconsistency can be explained by the low log g f
values, approximately —2.8 dex, of Fe I 10652.24 (EP=5.478¢V) in KURZ and VALD, whose log gf in MB99 is
significantly higher, —1.79dex. At least one other line is necessary to explain the wide absorption observed, and
CN 10651.796 but with log g f higher than given in VALD would probably explain the absorption in combination
with the Fe I line.

Ba (Barium, Z = 56) — We investigated one Ba II line using the observed spectra. This line is listed in KURZ
and VALD but not in MB99. The wavelengths in the former two catalogs are slightly different, 13057.716 A
in KURZ and 13058.015A in VALD. Synthetic spectra indicate: (i) The line gets deepest at around 5300 K.
(ii) Tt becomes shallower and shallower with increasing log g, and the d* never reaches 0.01 at logg > 2.5 dex.
(iii) There are strong blends throughout the temperature range from 4000 to 8000K; 30 % or higher (reaching
almost 100 %) at < 4,500K and log g = 0.5dex, and 50 % or higher at log g = 2.5dex. The absorption by this
Ba 11 line is supported by the observed spectra of a few objects with T > 5000 K where the blends are moderate.
The overall result indicates that the detection of this line is solid, but the confirmation based on more spectra is
desirable. The observed depths, where significant, are larger than predicted based on the synthetic spectra by a
factor of ~3, although this may be because we assumed the solar abundance ratio of Ba to the metallicity, i.e.,
[Ba/Fe]= 0.

La (Lanthanum, Z = 57) — We investigated one La II line, 11874.19 A, using the observed spectra. This line
is included in both VALD and MB99 but not in KURZ. Based on the synthetic spectra, the line is expected
to be as deep as 0.05 in many objects at Teg < 6000 K and reach ~0.2 in depth in the two lowest-Teg objects.
However, the depths we measured are consistent with zero for most objects and we could not confirm this line
in any of the observed spectra.

Ce (Cerium, Z = 58) — We investigated 22 Ce II lines using the observed spectra. All of these are at A < 10000 A
and listed in VALD, but not included in KURZ or MB99. Most of the lines are expected to be significantly
blended with other lines. We detected two lines at 9805.49 A and 9853.11 A; they are also blended with other
lines, but clearly appear in the shoulders of the contaminating lines. The observed depths of the two lines,
where significant, are larger than predicted based on the synthetic spectra by a factor of ~5. There may be a
couple of other Ce II lines visible in the observed spectra, although we could not conclude that they are real. In
the case of Ce IT 9774.63, the spectra of the two objects with the lowest T,g show absorption, but their agps/e
values, 1.5-1.8, suggest that the detection is marginal. While no significant blend of stellar lines is expected, the
telluric absorption may disturb the observed spectra at around this line. The aqps/e values for Ce II 9889.47
are significant for a couple of objects with low T,g, but strong blending lines, Fe I 9889.035 and CN 9890.1513,
prevent us from confirming it. There seems to be an absorption line at the wavelength of Ce II 9949.45 in a
few objects, but it looks more significant in stars with intermediate Tog, 5000-6500 K. Such Tog dependency is
inconsistent with the Tug trend of the Ce II line predicted with the synthetic spectra.

Sm (Samarium, Z = 62) — We investigated four Sm II lines using the observed spectra. They are listed in
VALD, but KURZ includes none. One of them is at A > 10000 A but not listed in MB99. We found that all the
four lines may be present but it is not easy to make firm conclusions. The predicted depths of these lines are
rather small; « is expected to be smaller than ~0.03 in our objects except the two with the lowest Tog, ~4100 K.
In the low-Teg objects, however, larger depths are predicted to be accompanied by severe blends, and we could
not confirm any Sm II line significantly. In contrast, we made significant and marginal detections of some lines
in warmer objects. For Sm II 9850.67 and 9936.51 (included in Table 2), the significant absorption was found in
two objects for the former and in three objects for the latter in addition to marginal detections in a few more
objects. The aops/e for Sm I1 10083.34 was ~2.5 for the coolest objects, HD 52005, and marginal, 1-2, in a few
objects. However, this line is significantly blended with Cr I 10083.18, and the T, trend of the a,ps is similar to
that of the contaminating line. We could not confirm the presence of this Sm IT line. We also found that agps/e
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for Sm IT 9788.96 is not zero for some objects; larger than 2 for HD 20902 and 1-2 for HD 194093 and HD 204867.
In this case, however, the dependency of the absorption on Teg and logg is inconsistent with the prediction
based on the synthetic spectra. In addition, this line is located where the telluric absorption is relatively strong
(Sameshima et al. 2018a). In this paper, we conclude that we detected the two lines, Sm 11 9850.67 and 9936.51,
but further confirmation and characterization based on spectra of higher resolution and/or higher quality are
desired for all the four candidate lines.

e Eu (Europium, Z = 63) — We investigated five Eu II lines using the observed spectra. The one at 10019.52 A is
listed in MB99. We detected this line in addition to two new lines at 9898.30 and 10165.56 A. For all of them,
the detection is clearest in HD 194093, which is enhanced in rare-earth elements as mentioned in Section 2.1. We
also found that the three lines are significant or at least marginally significant in HD 204867, while they were
marginally detected in a few more objects. For Eu IT 10019.52, apps/e are approximately 8 and 4 for HD 194093
and HD 204867, respectively. The loggf in MB99 seems to predict the observed depths slightly better than
the values in KURZ and VALD. The synthetic spectra predict that Fe I 11019.79 and Si I 10020.07 similarly
contaminate the Eu II line for the two objects. While the Fe I line is included in both VALD and MB99 and its
EP and loggf are consistent in the two lists, the SiT line is not included in MB99. The latter is much weaker
than suggested with the VALD list even if it exists, and this explains the inconsistency between the observed
and synthetic spectra presented in Figure 3 (see the panel for Eu IT 10019.52 available as the online material).
For the other two lines detected, 9898.30 and 10165.56 A, there are telluric lines that may disturb the detection
of the Eu II lines. We examined the spectra before and after the telluric correction together with the telluric
spectra and also the target spectra of individual exposures, and they suggest that the Eu II lines are real. The
other two lines at 10034.22 and 10142.99 A were not detected.

e Dy (Dysprosium, Z = 66) — We investigated four Dy II lines, listed in VALD only, using the observed spectra.
None of them are found in MB99 although three are located at A > 10000 A. The KURZ list does not include
those lines either. We clearly detected the line at 10523.39 A in several objects although the overall fits between
the observed and synthetic spectra tend to be poor in the surrounding wavelength range. For this line, the log g f
in VALD predicts reasonable depths that are comparable with the measured. We found clear absorption at the
wavelength of Dy II 10305.36 in many objects. The absorption line looks reasonably isolated except the objects
with the lowest Tog. However, the measured depths are significantly larger than predicted by ~0.8 dex in the
logarithm of depth. Moreover, the temperature dependency of the depths does not follow the prediction well.
In fact, the trend of o is similar to some of the unidentified lines, discussed in Section B, that get stronger
towards the lower temperature, while Dy II should get strongest at around 5000 K. Although this Dy II line may
exist, there seems to be an unidentified line, at almost the same wavelength, which makes it hard to confirm the
Dy II line. We cannot include this line in the list of confirmed lines. The other two lines, Dy II 9763.05 and
10835.94, were not detected.

e Er (Erbium, Z = 68) — We investigated one Er II line using the observed spectra. This line at 11059.56 A is not
listed in KURZ or MB99. According to the prediction based on the synthetic spectra, the line is shallow across
the temperature range we investigated. The depth may be as deep as ~0.03 only in stars with T,g ~ 5000 K and
log g < 0.5, but such objects were not included in this study and we could not detect this line in any object.

B. DETECTION OF UNIDENTIFIED LINES

Some lines are clearly significant in the observed spectra but not found in the synthetic spectra. Table 3 lists such
unidentified lines whose depths are sufficiently large, ~0.05 or more, at least in a few objects and show systematic
trends with Teg. Spectra of five objects, regardless of the significance in each object, around the wavelengths of
the unidentified lines are presented in Figure 5 with which one can trace the Tug trend of each line between 4000
and 7200 K. The KURZ list was used for the synthetic spectra in Figure 5, but none of the KURZ, VALD, and MB
lists has the unidentified lines. Many of the lines get deeper towards the lower (or higher) end of the Tos range we
investigated, but some lines show a peak within the temperature range of our targets or a rather flat trend (e.g., 9994.9
and 12571.1A).
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Table 3. Absorption lines not predicted by the synthetic spectra

Xair (A) Comments

Y band

9994.9 Blended at Tog < 5000 K by a couple of CN lines (the strongest is at 9995.10 A), but there is an unknown line
which gets strongest at around 5500 K.

10071.8 Stronger towards the lower temperature.

10133.5 Stronger towards the lower temperature. Maybe this is the Fe I line listed in both KURZ and VALD at a
different wavelength, 10134.21 A, that has no counterpart in the observed spectra (see text).

10163.6  Synthetic spectra have almost no absorption at around 4500-5000 K, but a clear line was detected.
Fe IT 10163.606 may be present in some objects, but it is expected to be significant only at > 5000 K.

10185.5 Stronger towards the lower temperature.
10243.7 Stronger towards the lower temperature.
10271.2  Stronger towards the lower temperature.

10273.1  Stronger towards the lower temperature. There are two lines, CN 10272.93 A and Ca I 10273.68 A, blending
with this unknown line, but they cannot explain the absorption detected.

10277.3  Stronger towards the lower temperature.
10305.3 Stronger towards the lower temperature.
10338.5  Stronger towards the lower temperature.
10387.1 Stronger towards the lower temperature.
10427.3  Stronger towards the lower temperature.

10434.0  There are a couple of contaminating CN lines dominant at 2 5000 K, but this unknown line is stronger towards
the higher temperature. It is probably C 1 10433.35 listed in KURZ (but not in VALD) which is not seen in
the observed spectra at the given wavelength.

10476.5 Synthetic spectra have almost no absorption at Teg = 4500 K, but there is a clear line whose depth seems to
show a peak at ~5000 K. This line may be a CN line (see text).

10512.8 Stronger towards the lower temperature.

10542.5 Synthetic spectra have almost no absorption at Tex = 4500 K, but there is a clear line whose depth seems to
show a peak at 4500-5000 K.

10549.5 Blended with N I 10549.64 at Teg 2 6000 K and with Cr I 10550.095 at Teg < 4500 K, but there is clearly a
line, unexpected in the synthetic spectra, whose depth seems to show a peak at the intermediate Tes range.

10587.1 Strongest at around 4500-5000 K.

10625.4 Stronger towards the lower temperature. Synthetic spectra have almost no absorption at this wavelength at
the entire Teg range. The observed absorption resembles Fe I 10622.592 in the synthetic spectra although the
latter is not confirmed in the observed spectra.

10657.4  Stronger towards the lower temperature.

10696.5 Observed spectra seem to show two lines not visible in the synthetic spectra. One of them gets stronger
towards the lower temperature, while the other is seen at around 6000 K.

11050.3  Stronger towards the lower temperature and seen at only Teg < 5000 K.
11083.7 Stronger towards the lower temperature and seen at only Teg < 5000 K.

J band
11742.0 Stronger towards the lower temperature and seen at only Teg < 5000 K.
11784.9 Stronger towards the lower temperature.
11833.0 Stronger towards the lower temperature.

11910.6  Stronger towards the lower temperature and seen at only Teg < 5000 K. At the higher Teg, in contrast, a weak
line of C I is visible at 11910.62 A.

11923.2 Stronger towards the lower temperature.

Table 3 continued
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Table 3 (continued)

Stronger towards the lower temperature and seen at only Tex < 5000 K. At the higher Teg, in contrast, a weak

Blended with CN 12291.332, but clearly present in a wide range of T.g and stronger towards the lower

Blended with a couple of CN lines at Teg < 5000 K, but there is a line showing a different trend with a peak

The Tog trend seems consistent with that of the combination of two lines of NiTI at 12655.38 and 12655.60 A

Blended with TiT 12738.383 together with other weaker lines, but there is a clear line, at the shoulder of the

Aair (A) Comments
12097.5

line of C 1 is visible at 12097.49 A.
12290.7

temperature.
12351.8 Strongest at around the intermediate temperatures, ~5000 K.
12357.9 Stronger towards the lower temperature.
12457.0 Seems to be stronger towards the lower temperature, but the Tes dependency is weak.
12476.9 Strongest at around 5000 K.
12499.8

at ~5000 K.
12571.1 The Tug trend seems flat for a wide Teg range, 4000-5500 K.
12635.0 Strongest at around the intermediate temperatures, ~5000 K.
12658.9

listed in both KURZ and VALD (see text).
12737.8

TiTI line, which is unexpected in the synthetic spectra.
12884.8  Stronger towards the lower temperature.
12916.3 Stronger towards the lower temperature.
13016.4 Stronger towards the lower temperature.
13088.8

There are strong telluric absorption lines around this wavelength, but there is a reasonably strong line which

shows a well-behaved trend with the temperature, getting stronger towards the lower temperature.

Table 3 does not include lines which appear both in the
observed and synthetic spectra consistently even if the
predicted depths are significantly shallower than those
in the observed. For example, the observed spectra
show a clear line at 10516.1 A which is almost invisible
in the spectra synthesized with KURZ or VALD. This
line is probably Ca 1 10516.14 (EP=4.74¢eV, loggf =
—0.52dex) as listed in MB99. VALD and KURZ also
list this line but give a significantly smaller log g f value,
—1.438dex. If we use the loggf in MB99 for the spec-
tral synthesis, the line observed is explained reasonably
well. Therefore, we do not include this line in Table 3.
In fact, inconsistency in line strengths between the ob-
served and synthetic spectra is found in many lines,
e.g., Mg 1 12456.935 and a pair of N T 12461.25 and
CN 12460.83 that give different contribution according
to Teg, showing much stronger absorption in the ob-
served; they are outside the scope of this paper and not
included in Table 3.

As long as one of the three lists (KURZ, VALD, and
MB99) gives good identification of the observed fea-
ture, Table 3 does not include such a line even if the
other two lists cannot explain the feature. For exam-
ple, we found that Fe I 10452.75 (EP=3.88¢eV) is listed

in MB99 but not in KURZ and VALD. While warmer
stars (Tog 2 5000 K) show a C I line listed in all the line
lists almost at the same wavelength, the absorption in
low-Teg stars requires the Fe I line in MB99. Moreover,
this line was included in the abundance measurements
by Kondo et al. (2019) and gave [Fe/H] values within
0.03 dex of the final results based on dozens of Fe I lines.
In the case of ST 10635.97 listed in MB99, in contrast,
KURZ and VALD list this line with the wavelength of
10633.08 A. The observed spectra show the absorption
at around the wavelength given in MB99. The EP and
log gf of this line are consistent in all the three lists,
and the predicted depths as a function of T,g agree with
those observed.

For some of the unidentified lines in Table 3, differ-
ent lines at almost the same wavelength were confirmed
in both observed and synthetic ones at a particular Teg
range but the observed spectra show unexpected absorp-
tion with a completely different trend against the tem-
perature, which indicates the presence of the unidenti-
fied lines. At around 10434.0 A, for example, a CN line
is seen at lower temperatures, Teg < 5500K, and this
line appears in both the observed and synthetic spectra.
However, we found another line, which is the unidenti-
fied line we report, growing with increasing Te.
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Absorption lines that were not predicted in the synthetic spectra (Table 3). The red and gray curves indicate the

observed and synthetic spectra, respectively. The wavelength of each line is indicated by the vertical line and labeled at the top
of each panel. The spectra of five stars with different T, (increasing from top to bottom) are presented, even if the given line
is not seen in each star, to show its dependence on Teg. The complete figure set (45 panels) is available in the online journal.

Some lines in Table 3 seem to have counterparts in
some line lists but at different wavelengths (and no list
gives the observed wavelength). In the following, we
give remarks on such lines that seem to give the corre-
sponding absorption, in the observed spectra, at shifted
wavelengths and show the consistent Teg trends as pre-
dicted.

10133.5A — The Fe I line listed in KURZ and VALD
with the wavelength of 10134.21 A roughly follows the
Tesr trend of the absorption at 10133.5 A in the observed
spectra. The observed spectra do not show the absorp-
tion at 10134.21 A. The predicted Teg trend of the Fe I
line is slightly different by itself from the observed at the
lowest temperatures around 4000 K, but this deviation
may be explained by the blend with Ti I 10133.39 and

some molecular lines. No line is listed in MB99 around
this wavelength.

10476.5A — The observed Teg trend may be ex-
plained by a CN line. There is, in fact, one CN line at
10475.295 A, listed in KURZ and VALD, which appears
rather shallow in the observed spectra even if it exists.
Maybe the wavelength in VALD should be replaced by
10476.5A or, instead, there is another CN line which
gives the observed wavelength and strengths. No line is
listed in MB99 around this wavelength.

12658.9 A — Interestingly, the feature predicted with
two NiT lines at 12655.38 and 12655.60 A shows the Tyg
trend consistent with the observed, but no significant
absorption was observed in our 13 targets at the given
wavelengths. The two Ni I lines, present in both KURZ
and VALD, seem to give similar contributions to the
feature, although MB99 lists only one line at 12655.60 A.
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BHE  RADUERIT—RICEBR 2O RGO EBLUTHE LTV 528, Bl R & ik L
THIBIRRLT 7 A A 2 MTER SN DREENEW 2 L BN EBEOLLE IS ~DEERE L 72 -
TWo. ZHIIFSMRBIIEEE O & 5 I A2 L L T 2ISH TRIC KR E 2RRE E 72 5 72
W, TOMRKE L Thhvbiid, 8, R, EROT TR —-OEBIZEL T I v
I (2= 74 L) TEAET2E /7 UV vy ZREFEREZREL TV D, ZORDEGE
K e LT, 3MOKmED» OB REREL, THRHI LD IHERICEIT 51k
RERTAT 21T - 72, £ ORI, FRIZ I DHIREEL O BT O Z CTRITERAIERE 2 1R L,
ZHFTMHABR BHEFF SN TWD Z & 2R Lz, ZOBENE, KD IRIMRR SCBLT
KE~DOICHPHF SN D.

Abstract : Although reflective optical system can realize ideal optical design in theory, it is not
always the optimum choice compared to refractive optical system because high surface accuracy of
the mirrors and complex optical alignment are demanded. This issue tends to be serious, in particular,
for cryogenic optics, which are widely used for infrared instruments. Here we propose a monolithic
reflective optical system, in which all components including the mirror surfaces, the mirror cell, and
the optical bench are made of a ceramic with very low coefficient of thermal expansion (cordierite),
to fully overcome the problems of the reflective system. For a demonstration, we fabricated a test
optical system, consisting of three spherical mirrors and evaluated its optical performance in the
visible wavelength with an interferometer. As the result, we confirmed that the diffraction-limited
optical performance is achieved only with a mechanical assembling in the room temperature and
that the performance is kept even after the cooldown to 80 K. This new technique may become a

key technique for infrared astronomical instruments in the next generation.

Key Words: reflective optics, cryogenic, athermal, ceramic, cordierite, infrared astronomy, high-

resolution spectroscopy
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BN ZAT ) T LI EREY T4 A FEFHITED
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Table 1.  Physical properties (at room temperature) of typical materials utilized for mirrors for astronomical instruments (CTE at 23+5°C and
around 80K are shown for low thermal expansion materials; ULE, Zerodur, Clearceram, and Cordierite).
CTE: Thermal Young’s Density: p
[10°K™"] conductivity: & Ka modulus: E E/p Ref.
RT 80K [Wnm! K] Wm'] [10° MPa] [10kgm?]  [MPam’kg!]

Fused silica 0.56 1.37 24e6 73 2.20 33 6)
ULE 0.04+0.01 -097 1.27 3e7 66 2.20 31 7,8)
Zerodur 0.05£0.01 -0.18 1.52 3e7 89 2.54 35 7,9)
Clearceram 0.03+0.03 0.11 1.50 5e7 89 2.55 35 7,10)
CVD-SiC 24 146 6.1¢7 466 3.21 145 6)
Cordierite 0.02+0.05 -I1.1 4.68 2¢8 140 2.55 55 7,11)
Alminum (6061-T6) 23 171 7.4¢6 69 2.71 25 6)
Be (0-30) 11 208 1.9¢7 303 1.85 164 12)
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Fig. 1 Optical layout of the test cordierite optical system. Three spherical
mirrors (M1, M2, and M3) constitute the Offner relay system.
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Fig. 2 Test optical system made entirely of cordierite by Kyocera. CO-
720 for mirrors and CO220 for other structures. Mirrors are
coated with Au. This system was assembled simply with
mechanical accuracy. Note that screws and helical coil inserts are
made of invar and SUS, respectively.
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Fig. 3 Scheme of the wavefront error measurement. A convex mirror
made of cordierite was added to the test optical system.
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Fig. 4 Experimental set up for measuring the wavefront error at cryogenic
temperatures. Note that the bright circular pattern in the fringe,
which comes from the cryostat window, was masked out for the
analysis (see the top-left inset).
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Fig. 5 Temperature change of the test optical system after the start of
cooling. Wavefront errors were measured at temperatures
indicated by arrows. The numbers [1-4] correspond to those in
Fig. 6.

T, CWS D DIEEIEANEFE DR TN D,

7 TAF ALy MOBIREREZTEAN L TRHEEBRAL T B 5
RETONFa = FOIREEE(LE Fig 5 \ORT. HF2=y b
TN ZTONDH 2 Atk E CIRRIREROMifRARL T, Ehbl

BARIMEF RS 88528525 (20195) "5 DER#H

_88_



MRl =RIE OHE L CEARICHHR S 72, 23— 5 1 hOBMSRERIT
BV EIEE R (Table 1), HEEITIGHT 2 5 2 THIFERZI
HINTHAEIRTRE CH D Z L DR CE T2,
3.2 fE8

WAHET B00K), MHEMKEE (80K), FHiRdH (00K), LT
FiRfg (300 K) IZBWTHIE Lz % Fig. 6 (7”7, ZZTR
L7~ > AETHGE, i, 7 74 A A% v MEOW ERR
ZELEEN TV D TZDIEEDNETH 03, WT ORIz T
H AR DV o 2 [EHRA O FPERE (PV</4, ms<
M14) ZERLLTRY, LvbHEIE B00K) 22 HAKE 80K) ~d
WHRBRE TR~ v 7D/ — 2 HIFE A EZ LTz b
DD, ZAVEHEIRE S ATz THEOREEE ORI T O 2 TRk e T 7
A A b MERREREE T b EHRAM R AR 2 E 7 —~
W] PRFIZEHTE WL L 2ERT 2 HOTH S,

722l FRRHIRR S CQWiR~ > 7 DT IR BB b g,
ZOJRE LT, fiiEafio~Y = h 2N Tnd Z AR L T

WHEBZTND. a—U T4 MIMHIT 2 L T0RRBIEEL,

SRR SO B EEFUSERET 5. ZORIED FRIERE T
FERITIITUTR ST, B 7 LRI CTRERRIRIE DN L5 THENE
ND. FEE, a—T T A MIRERORES R A M L TN T -
ToRHITERIC £ o C, iR ICRERE o 7 Ry m v — 4 —
DITERE LD Z & ZfEl TE QN D, a2 bl 35
IR RSB O YRR TUI R IHATE 5 LULTiEdH D
R, AEIOFEFIE 1 [EOBYA 27 UZNTTh D, FEEEo#Y
AV MIEDE AT U AOFEZHOWTHRENLETH Y, 5l

=N
-
@

SN TOMREFRZ HED TN D.

4 FLHERE

Fex 13, RADEFROM R A R RBTIED T 2 &£ O TE DN R

LLTa—vJA MUt/ ) vy 7 FUPEFREREL, £OBR%E
DTG, ZONFROAREERET D=y F & L
THT7 5% % 0T 3 HokimRafEL, £9a&7 ha
V) RTINS E ORI O CRIFTIRA RS AR R C
BERLTE TWD 2 &, HBRBICH T b2 O RAWVERE A HERT
LCWD 2 EaMER Lz, DIERHNT, PO FEZ G2
B A 7 VR, HENC X o TEADA CIT < WS IEORR2
EHBUEETTCTH 5.

a—U 74 MEE U vy 7 REPEFRPNE LS UL, ek
SNBIRLEE O R DB ) Fd—Hi S s avh L, <1
| ETIRA7Z L 918, WHEIDSWE Tl IR MRBIIEEE-F TS 1
(2o TR LWIREEZS L2 5 RIS DY RICR & 787
L= ZN—% b1 b9 2 LI SID . RO EE) B IR
DIDFEEL AL o T2, 23— T A MOTRENEIRES 7 A &
e THEAPEA &y (Table 1), TARDIEFEZALAVINS U &V D Ky
HMbH Y 2, BEALDKD LI OAGHALEL I B> TSNS
RSO FFEAOINFE L 72D, Fox & LT, HEEE
EROHSNEEEA~OIGH A F—IZBR L T 5. BHEE)0oN
P& 10 m DM ESHEETCIIHHEDET: (AO) BAROEERIZ X v Uik
SR E TR OGO L O I27>TEY, £om
JREDOR T +—~ v MOMRRHERAE R L, K0 IRREF (OrET

[a] 200K [4] 300K

Fig. 6 Upper: Variation of wavefront map (A = 0.633 pum) of the test optical system through the thermal cycle. The maps include the wavefront errors
contributed from other mirrors and lenses in the path. The masked region corresponds to the bright circular fringe pattern (see Fig. 4). The time
sequence is same as in Fig. 5. The diffraction-limited performance was kept even at the cryogenic temperature. Lower: Difference of the wavefront

maps relative to [1].
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