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ABSTRACT

A spectroscopic analysis was carried out to clarify the properties of KIC 11145123 — the
first main-sequence star with a directly measured core-to-surface rotation profile — based on
spectra observed with the High Dispersion Spectrograph (HDS) of the Subaru telescope. The
atmospheric parameters (T = 7600 K, log g = 4.2, & =3.1km s~ ! and [Fe/H] = —0.71 dex),
the radial and rotation velocities, and elemental abundances were obtained by analysing line
strengths and fitting line profiles, which were calculated with a 1D LTE model atmosphere.
The main properties of KIC 11145123 are: (1) a low [Fe/H] = —0.71 £ 0.11 dex and a
high radial velocity of —135.4 & 0.2 km s~!. These are remarkable among late-A stars. Our
best asteroseismic models with this low [Fe/H] have slightly high helium abundance and low
masses of 1.4 M. All of these results strongly suggest that KIC 11145123 is a Population
II blue straggler; (2) the projected rotation velocity confirms the asteroseismically predicted
slow rotation of the star; (3) comparisons of abundance patterns between KIC 11145123 and
Am, Ap, and blue stragglers show that KIC 11145123 is neither an Am star nor an Ap star, but
has abundances consistent with a blue straggler. We conclude that the remarkably long 100-d
rotation period of this star is a consequence of it being a blue straggler, but both pathways for
the formation of blue stragglers — merger and mass loss in a binary system — pose difficulties
for our understanding of the exceedingly slow rotation. In particular, we show that there is no
evidence of any secondary companion star, and we put stringent limits on the possible mass
of any such purported companion through the phase modulation technique.

Key words: techniques: spectroscopic —stars: abundances —stars: atmospheres — stars: indi-
vidual: KIC 11145123 —stars: oscillations — stars: rotation.

modes that are sensitive to the outer core, and p modes that are sen-

1 INTRODUCTION sitive to the near-surface conditions. Both types of pulsation modes

The Kepler mission provided photometry of unprecedented preci-
sion from which the core-to-surface rotation rate of a main-sequence
star was measured for the first time in a model-independent manner
(Kurtz et al. 2014). The A-type star, KIC 11145123, pulsates in g

* E-mail: mth_tsc @tsc.u-tokai.ac.jp (MT); dwkurtz@uclan.ac.uk (DWK);
shibahashi @astron.s.u-tokyo.ac.jp (HS); simon.murphy @sydney.edu.au
(SIM)

t Based on data collected at the Subaru telescope, which is operated by the
National Astronomical Observatory of Japan.

show rotational splitting, from which Kurtz et al. (2014) inferred
nearly rigid rotation with a period near 100 d, and, surprisingly, with
the surface rotating slightly, but significantly, faster than the core.
Gizon et al. (2016) then used the data of Kurtz et al. (2014) to find
differences in the splitting in the frequencies of the quadrupole p
modes in this star that led to the discovery that the star is less oblate
than expected, even for such a slow rotator. Gizon et al. (2016)
speculated that a magnetic field may have suppressed some of the
rotational oblateness, and they announced the star as ‘the roundest
object in the Universe’. Since the work of Kurtz et al. (2014), sim-
ilar analyses have been carried out for other A/F stars (Saio et al.

© 2017 The Authors
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2015; Murphy et al. 2016; Schmid & Aerts 2016), each showing
near-uniform core-to-surface rotation in stars near the terminal age
main-sequence (TAMS).

The results of those papers suggest that if A—F stars typically
rotate nearly rigidly at the end of main sequence, a strong angular
momentum transport mechanism must operate during the main-
sequence evolution to produce such rigid rotation, and a mecha-
nism such as internal gravity waves or mass accretion must exist to
accelerate the rotation rate of the surface beyond that of the core.

The rotation period of KIC 11145123 is exceptionally long for
a late-A star, and an explanation is needed for this slow rotation,
along with the unexpected rigid rotation. Kurtz et al. (2014) posited
some explanations and ruled out the possibility that the star is a
magnetic Ap star because no known Ap star shows both g modes
and low overtone p modes. They also rejected the possibility that
the star is in a binary system synchronously rotating with an orbital
period of 100 d, using the frequency modulation (FM) technique
(Shibahashi & Kurtz 2012). Instead, they suggested that the star
could be either an Am star or a blue straggler, because all Am stars
and many blue stragglers are known to rotate slowly (e.g. Glaspey,
Pritchet & Stetson 1994; Lovisi et al. 2013a,b).

To investigate their suggestion and clarify the properties of
KIC 11145123, we performed a spectroscopic analysis of this star
based on high-dispersion spectra obtained with the Subaru tele-
scope. We also found new asteroseismic models based on our im-
proved knowledge of the star’s fundamental parameters and abun-
dances. We find from the abundances and space velocity that the star
is Population II, and our asteroseismic analysis requires some mass
loss during the lifetime of the star, hence is consistent with the slow
rotation. A remaining puzzle is the mechanism of that mass loss,
since we are able to constrain any possible companion to sub-stellar
mass, hence the star is not currently in a suitable binary to explain
its earlier mass loss.

2 SPECTROSCOPIC OBSERVATIONS AND
DATA REDUCTION

Our target, KIC 11145123, was observed with the High Dispersion
Spectrograph (HDS; Noguchi et al. 2002) on the Subaru telescope
on 2015 July 3. Echelle spectra were obtained in a standard StdYc
setup covering the wavelength range of 4390-7120 A, and using
the image slicer #3 with 1 x 1 binning, which yields a wavelength
resolution of 160 000. Four spectra were obtained, each with an
exposure time of 2000 s, yielding a total exposure time of 8000 s.
Basic data and the derived atmospheric parameters for our target
are shown in Table 1, along with the parameters of our best astero-
seismic model derived in Section 6.

Standard data reduction procedures (bias subtraction, background
subtraction, cosmic ray removal, flat-fielding, extraction of 1D spec-
tra, wavelength calibration, co-addition of spectra, combination into
a single spectrum and normalization) were carried out with the IRAF
échelle package.' The resultant spectra consist of a blue part with
wavelength coverage of 4400-5720 A, and a red part with 5800-
7120 A. Signal-to-noise ratios (S/N) were measured on peak con-
tinua of each order, and found for both blue and red parts to be
100-120. To make a Doppler correction, the radial velocity was

!'IRAF is distributed by the National Optical Astronomy Observatory, which

is operated by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science Foundation.
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Table 1. Fundamental data and model parameters of
KIC 11145123.

Right ascension (J2000.0) 19h41mp5s

Declination (J2000.0) +48°45'15”

Kp (mag)* 13.123
Spectroscopically derived parameters

Tetr (K) 7590 89,
log g (cgs) 422 +0.13
& (kms™!) 3.14+0.5
[Fe/H] —0.71 £0.11
Vi (km s™1) —1354+£02
Asteroseismically derived parameters
M (mass) 1.4 Mo
X (H fraction) 0.70
Y (He fraction) 0.297
Z (metal fraction) 0.003

*Kp is the white light Kepler magnitude taken from the re-
vised KIC (Huber et al. 2014).

measured using 64 Fe1 and 24 Fe 11 lines. The radial velocity aver-
aged with weights of line numbers is V, = —145.4 + 0.2 km s!,
giving a heliocentric radial velocity of V;, = —135.4 £ 0.2 km s/,

as listed in Table 1.

3 ATMOSPHERIC PARAMETERS

The parameters of the atmospheric model of our target, effective
temperature (7.), surface gravity (log g), microturbulence (£) and
metallicity ([Fe/H]),> were determined by following the principle
and algorithm of iteration procedures described in Takeda, Ohkubo
& Sadakane (2002). Their iteration procedures are based on the
equivalent widths (W,) and abundances determined from each of
the selected Fe1 and Fe lines, and find a final solution for the
atmospheric parameters in the (7., log g, £) parameter space by
adjusting the three parameters from their initial values by small
amounts. Each perturbation also results in a new [Fe/H].

In this procedure we selected 67 Fe 1and 15 Fe i1 lines from Westin
et al. (2000), and also six Fe 1 lines from Takeda et al. (2005). The
gf-values of these Fe lines were also adopted from these sources. To
analyse the Fe lines, we used the sprooL software package developed
by Y. Takeda,> which is based on Kurucz’s atLas9 1D LTE model
atmospheres and wIDTH9 program for abundance analysis (Kurucz
1993). The program spsHow was used to measure W, by Gaussian
profile fitting in most cases, but by direct integration in others, and
the program wiDTH was used to derive abundances from the W, of
selected Fe lines. The selected lines of Fe1 and Fen are given in
Appendix A in Tables Al and A2 along with the atomic constants
and measured equivalent widths.

We obtained our solution for the atmospheric parameters using
a standard iterative method as follows. We began with atmospheric
parameters for our starting model selected from the Kepler Input
Catalogue (KIC) as revised by Huber et al. (2014). At each iteration
we initially kept T, and log g fixed, and determined & by insisting
that the abundances derived from the Fe1lines were independent of
the corresponding W, . This resulted in a new [Fe/H] that was used
to determine T.g under the requirement of excitation equilibrium,
which specifies that the Fe1 abundances are independent of the

2 [X/Y] = log (X/Y)star — log (X/Y)( is used throughout the paper.
3 http://optik2.mtk.nao.ac.jp/takeda/sptool/
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lower excitation potential, x. The final step in the iteration was to
evaluate log g under the requirement of ionization equilibrium, such
that the Fe abundance derived from Fe1and Fe 11 lines are equal. The
next iteration used the parameters thus obtained as the new starting
model, until convergence was reached. The best-fitting parameters
are: Tor = 7590759 K, logg =4.22 4+ 0.13,£ =3.1 £ 0.5km s~
and [Fe/H] = —0.71 £ 0.11.

As a check of these parameters, we calculated the reduced chi-
squared statistic, x2, for 16 models created from the four parameters
perturbed by their uncertainties. We adopted the set of observed W,
of 67 Ferand 21 Fen lines from Tables Al and A2, and calculated
W, of each line for each model with 88 degrees of freedom. None
of those 16 models had sz lower than that of the best-fitting model,
for which we found x2 = 3.20.

4 ROTATION VELOCITY

The exceptionally long rotation period near 100 d of KIC 11145123
derived asteroseismically by Kurtz et al. (2014) to predict a surface
equatorial rotation velocity of veq = 1 km s™', implying vsini <
1 km s~ !. However, observational measures of v sin i are made from
line broadening, which includes macroturbulent broadening, as well
as pulsational broadening from both the p modes and the g modes
in this star. These additional broadening mechanisms are discussed,
modelled and evaluated by Murphy et al. (2016) in the context of
another relatively slowly rotating y Dor star, KIC 7661054, where
they find that the combination of the pulsational and macroturbulent
broadening is of the order of several km s~!, and certainly less
than a total of 10 km s~!. It is common usage to give the line
broadening measurement as if it were only v sin f, and this is a good
approximation for moderate to fast rotating stars. However, when
the equatorial rotation velocity is of the order of a few km s~!, then
it is necessary to be aware that the line broadening originates from
these multiple sources.

A-type stars with normal abundances in general rotate relatively
fast, with vsini > 100 km s~'. Even the chemically peculiar Ap
and Am stars, which generally have vsini < 100 km s~!, still of-
ten show equatorial rotation velocities of tens of km s~!. Thus,
the asteroseismic prediction that the total line broadening from ro-
tation, pulsation and macroturbulence of vsini < 10 km s~! for
KIC 11145123 is a strong prediction that is easily falsified, should
it be incorrect — in particular, should the rotation period be sig-
nificantly less than the 100 d measured asteroseismically by Kurtz
et al. (2014). Therefore, to test for the predicted slow rotation of
our target, we performed line profile fitting to derive the convolved
line broadening velocities.

The line profile fittings were made based on the final model
atmosphere, using the program MpFIT in the SPTOOL software package
under the following assumptions as described by Takeda, Sato &
Murata (2008):

(1) The observed spectrum is a convolution of the modelled in-
trinsic spectrum and the total macrobroadening function, fr.

(2) fr is a convolution of three functions: the instrumental broad-
ening f;; the projected rotation broadening, f;; and the macroturbu-
lence broadening (which includes the pulsational broadening), f,,.
Thus, fr = f; % f; *fm (* denotes convolution).

(3) We approximate these broadening functions with the same
Gaussian form, parametrized by the e-folding half-width (vy) as
fi o< exp(—v?/v?), where k represents any of the suffixes. These
broadening parameters are thus related as v = vZ + v? + v2,.

Table 2. The measured values of vt and vy, for four
lines derived from the observed spectrum of our target,
KIC 11145123. The lines are listed in order of increasing
W), making the correlation between W, and vy, obvious.

Line Wy vT Urm
mA kms~! kms™!
Fe14637 17.8 6.00 5.89 £ 1.15
Cru 4554 33.0 6.69 6.59 £ 0.43
Cru 4634 42.0 6.75 6.66 £ 0.33
Tin 4563 174.2 7.54 7.45 £ 0.07

(4) The combined broadening function, fi,, of the projected ro-
tation broadening and macroturbulence broadening functions is de-
fined as fim = f; *fm, together with the relation of the combined
broadening parameter, vy, = 1/v2 — v2 = /v2 + V2.

The instrumental broadening was estimated to be v; = c¢y/
(2v/In2R) = 1.13 km s™', where ¢, is the speed of light and R
the spectral resolution (160 000), which is derived from measure-
ments of the full width at half-maximum of emission lines of the
Th—Ar comparison spectrum.

4.1 Confirmation of an argument by Landstreet et al. (2009)

To confirm the validity of our fitting procedure to obtain vt and vy,
we first made a test calculation for the lines studied by Landstreet
et al. (2009) to test in KIC 11145123 their argument that for stars
with T less than about 10000 K, vsini is dependent on line
strengths, W;, so that the signatures of local velocity fields may
become more evident in stronger lines.

They used 10 selected lines of Cr, Tim, Fer and Fen to inves-
tigate the atmospheric velocity fields in a sample of sharp-lined
main-sequence A stars. They found eight main-sequence A stars
with Ter <10000 K in which evidence of velocity fields is directly
detected in line profiles showing depressed blue wings and a dis-
crepancy between observed and theoretical line shapes (see their
table 2). Among these A stars, v sini values were also estimated;
they found that the measured v sini is smaller when derived from
weak lines than from strong lines, indicating a dependence of v sin i
on line strengths. They speculated that velocity fields are probably
convective motions reaching the atmosphere.

To confirm the dependence of v sin i on line strengths, we adopted
four lines (Cri 4554.99 A and 4634.07 A, Tin 4563.76 A and Fe1
4637.50 A) used by Landstreet et al. (2009), and measured W, of
these lines in the observed spectrum of our target. The values of v
and v, were derived from profile fittings to these lines, based on
the atmospheric model of our target. The gf values of these lines
were adopted from Castelli & Hubrig (2004). The uncertainties of
vm were estimated from the simulations of profile fittings to each
line for several values of vr.

The results are shown in Table 2, where the values of v, are
noticeably dependent on W, indicating that vsini depends on
line strengths as argued by Landstreet et al. (2009). Because our
target has To = 7590f§20 K, the comparison with the sample in
Landstreet et al. (2009) is valid. Consequently, we verified our fit-
ting procedure and arrived at the conclusion that v,,,, corresponding
to v sin , is least influenced by local velocity fields in the weak line
limit as W; — 0 mA.
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Figure 1. An example of the typical profile fitting for the Fe1 5569 A line
with W, =444 mA. Open circles are the observations; the solid line shows
the theoretical profile converged after five iterations. The converged solution
gives vt = 6.7 km s~ and vy = 6.6 km s~!, and also the abundance of
log Fe1=6.73.
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Figure 2. The values of vy, derived from 51 Fe1lines are plotted as a func-
tion of W, together with the error bars of both W, (assuming a 10 per cent
error) and vry. A least-squares fit is derived taking these error bars into ac-
count. The best fit is depicted in a red line with the intercept of 5.94 km s~1,
and the fits corresponding to £1o errors are shown in the blue lines with
the intercepts of 5.76 and 6.13km s~!, respectively.

4.2 Investigating line broadening and the rotational velocity

To disentangle the line-broadening contributions, we selected 51
lines from the 67 lines used in Section 3 by adopting those with the
least-blended (most symmetric) profiles. The profile fitting calcula-
tions yielded the results of vt and then v,;,. An example of the typical
fitting is shown for the Fe1 5569 A line with its W) = 44.4 mA in
Fig. 1. The converged solution of fitting gives v;, = 6.6 km s~! and
an abundance of log Fe1 = 6.73, which agrees well with the final
abundance of log Fe = 6.79 (corresponding to [Fe/H] = —0.71),
demonstrating that our fitting procedure works well.

The behaviour of v, derived from 51 lines is shown as a func-
tion of W, in Fig. 2. When we estimate the rotation velocity v,
from the projected rotation velocity v,sini, we must separate the
macroturbulence v,, from v,y,. The separation procedure requires a
sophisticated approach such as the one adopted by Gray (2014), who
analysed v sin i of five early-A slow rotators by deriving the radial-
tangential macroturbulence (¢ ) from the Fourier transforms of the
observed line profiles, based on spectra with very high S/N of 370—
1840. His sample stars had v sini = 6.0-26.2 km s~!, along with
Crr = 5.7-2.0 km s~!. For example, o Peg had v sini = 6.0 km s™!
and ¢gy = 5.7 km s7!; o Dra had vsini = 26.2 km s~' and
Crr =2.0km s~'. From these results, Gray suggested that even with

The remarkable star KIC 11145123 4911

the relatively large uncertainties in ¢ rr, there may be a connection
between ¢gr and v sin i, in that larger rotation may result in smaller
macroturbulence. However, with the radial-tangential macroturbu-
lence formulation having being set up with solar granulation in
mind, Gray was cautious of its application to A stars without large
convective envelopes. Taking into account his discussions (Gray
2014) and the lower quality (S/N = 100-120) of our spectrum, we
did not attempt to separate vy, from v,. Since vy, < 8 km s7!
(Fig. 2), ¢rr may account for the majority of vy,.

Following the suggestion described in Section 4.1 that vy, is least
influenced by local velocity fields in the weak-line limit as W) —
0 mA, we adopted the intercept of the vy, axis of the linear least-
squares fit shown in Fig. 2, vy = 5.9 £ 0.2 km s~!, as the apparent
projected rotation velocity, v,sini. The error bar is the error in the
value of the intercept taking into account errors in both coordinates.

It is found that v,y 0 =5.9 km s~! is consistent with v, shown in
Table 2 for the lines of Cr1, Tinm and Fe 1. We also calculated v,,, for
19 lines of Fe1, and found the intercept value of the least-squares
fit to the plot of vy, versus W, to be 7.0 &= 0.3 km s~!, which is in
acceptable agreement with v, = 5.9 £ 0.2km s~!. Hence we are
confident of the validity of choosing Fe 1 lines for the determination
of the rotation velocity.

Our apparent projected rotation velocity v, sini = 5.9 +
0.2 km s~' confirms that our target is a very slow rotator, as Kurtz
et al. (2014) found asteroseismically. The v, sini = 1 km s~! pre-
dicted by Kurtz et al. (2014) is well-supported. We therefore suggest
that the difference between our measured v, sini and their predic-
tion is significant for exploring macroturbulence and the pulsational
velocity fields in the atmosphere of this star.

5 ABUNDANCE ANALYSIS

Abundances for the selected elements were determined using the
spTooL software package based on the final model atmosphere. Its
SPsHOW program was used to measure W, of lines of the elements
by Gaussian profile fitting in most cases, but direct integration in
others, and the program wiDTH was used to derive abundances from
W,.. Atomic data of wavelengths, x, and log gf values are based on
Kurucz & Bell (1995), but when updated log gf values were avail-
able from Castelli & Hubrig (2004), those were adopted instead.
Table B1 in the Appendix shows the atomic data, W, , and the abun-
dances derived from each line together with the average abundances
for each ion and the number of lines used.

We searched for a magnetic field by applying the method of
Mathys (1990), which uses the ratio of the strengths of the Fen
6147.7 A and 6149.2 A lines to estimate the mean magnetic field
modulus (H). Within the errors, we found no significant difference
in strength between these two magnetically sensitive Fen lines,
hence our analysis proceeded with the assumption of no magnetic
broadening. It should be noted, however, that within the errors we
cannot rule out a magnetic field strength of the order of 1 kG.

We treated the Li doublet as a single line because only an upper
limit for equivalent width could be measured, as noted in Table B1.
The upper limit of W, was estimated to be 0.4 mA by the Cayrel
(1988) formula for §x = 0.014 A, w = 6708 A/R (at spectroscopic
resolution R = 160 000) and S/N=110.

The abundances of other doublet or triplet lines were obtained
using the program MprFIT via Gaussian profile fitting (denoted as
‘doublet fit’ or ‘triplet fit’ in Table B1.) When hyperfine splitting
(HfS) components and relative isotopic fractions of odd nuclei are
both available and significant for a given line, the Gaussian profile
fitting takes the HfS components and relative isotopic fractions
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Table 3. Summary of abundances of each element. Average abundances of log X for element X are given in the thrid column. Standard
deviations of each log X, uncertainties due to error bars of Tefr , log g, and & (labelled tg€ in Column 7), and total uncertainties are given in
the sixth, seventh and eighth columns, respectively. The numbers of doublet or triplet lines, and lines of hyperfine structure (HfS) fit used to
derive the abundances, are given in the remarks column. The uncertain abundances are noted as ‘uncertain’ in the remarks. Solar abundances
from Asplund et al. (2009) are listed in the last column.

Code Ton log X [X/H] [X/Fe] Std. dev. Error Total No. of Remark Sun
average lo tg€ error lines
3.00 Lit <1.38 <0.33 <1.04 e s S 1 One doublet 1.05
6.00 Ci1 7.82 —0.61 0.10 0.15 0.05 0.16 10 Two doublets 8.43
8.00 O1 8.38 —0.31 0.40 0.09 0.09 0.13 3 Three triplets 8.69
11.00 Nat 5.75 —-0.49 0.22 0.04 0.04 0.06 4 One doublet 6.24
12.00 Mg1 7.13 —0.47 0.24 0.04 0.06 0.07 3 7.60
12.01 Mgu 7.29 —0.31 0.40 e 0.11 0.11 1 One triplet 7.60
14.00 Sit 7.05 —0.46 0.25 0.22 0.04 0.22 14 7.51
14.01 Sin 7.03 —0.48 0.23 0.07 0.08 0.11 3 7.51
16.00 St 6.87 —0.25 0.46 0.08 0.03 0.09 8 One doublet, three triplets 7.12
20.00 Cal 5.95 —0.39 0.32 0.12 0.07 0.14 25 6.34
20.01 Can 6.02 —0.32 0.39 0.09 0.06 0.11 3 6.34
21.01 Scn 2.80 —0.35 0.36 0.15 0.06 0.16 9 Four HIFS fit 3.15
22.00 Tit 4.59 —0.36 0.35 0.11 0.06 0.13 15 4.95
22.01 Tin 4.59 —0.36 0.35 0.18 0.06 0.19 32 4.95
24.00 Cri 4.90 —0.74 —0.03 0.11 0.07 0.13 14 5.64
24.01 Cru 4.96 —0.68 0.03 0.12 0.05 0.13 21 5.64
25.00 Mn1 4.57 —0.86 —0.15 0.05 0.06 0.08 7 Two HfS fit 5.43
26.00 Fe1 6.79 —0.71 0.00 0.10 0.08 0.13 67 7.50
26.01 Fen 6.79 —0.71 0.00 0.14 0.08 0.16 21 7.50
28.00 Ni1 5.70 —0.52 0.19 0.10 0.06 0.12 41 6.22
29.00 Cu1 3.56 —0.63 0.08 0.05 0.07 0.09 2 Uncertain 4.19
30.00 Zn1 4.15 —0.41 0.30 0.03 0.06 0.07 3 4.56
39.01 Y 1.87 —0.34 0.37 0.06 0.07 0.09 7 2.21
40.01 Zru 2.38 —0.20 0.51 e 0.06 0.06 1 Uncertain 2.58
56.01 Ban 1.58 —0.60 0.11 0.04 0.15 0.15 4 Four HFS fit 2.18
58.01 Cen 1.26 —0.32 0.39 e 0.08 0.08 1 Uncertain 1.58
60.01 Ndu 0.91 —0.51 0.21 . 0.09 0.09 1 Uncertain 1.41

L e s L e e s e s s s e s

into account. Test calculations demonstrated that lines with relative
isotopic fractions less than 0.1, or with W; <20 mA, yield negligible
differences that are less than 0.02 dex between abundances with and L ?
without HfS components and isotopic fractions. We adopted HfS 0 - B -
components and isotopic fractions from Kurucz (2011)* for Scu
and Mn 1, and from McWilliam (1998) for Bau. The corresponding | i %i E °
lines are labelled as ‘HfS fit’ in Table B1. The resulting abundances L E
of each element are summarized in Table 3. -1 .
To illustrate the abundance pattern relative to the Sun, we de- L
picted [X/H] against atomic number in the top panel of Fig. 3. 0 10 20 30 40 50 60
All elements show clear underabundances in the range —0.2 to Atomic Number (Z)
—0.9 dex, except for Li, which is derived with an upper limit, only.
The systematic underabundances are consistent with the remarkably
deficient Fe abundance, [Fe/H] = —0.71 dex, most unusual among 1__ : i
main-sequence A stars with very slow rotation, almost all of which
are Am or Ap stars. Thus, the observed pattern is not characteristic
of Am or Ap stars, where Fe-peak and rare-earth elements are over-
abundant (e.g. Smith 1971; Adelman 1973) — often dramatically
So. -
The abundances of volatile elements, namely C and O, are also
important for distinguishing metal-poor stars from the chemically T R R R B A
peculiar class of A Boo stars, which have Fe-peak elements that 10 20 30 40 30 60
are underabundant, but volatile elements that are solar (Stiirenburg
1993). Since we observe the volatile elements to be sub-solar in
KIC 11145123, we conclude it is not a A Boo star, either.

[XH]
e

i
H-@+—

Lo

= =

LI e e e B S S L S e e s s B B
T T T T T T

[X/Fe]
o
.
H-@&+
e+
= 2

Atomic Number (Z)

Figure 3. Top panel: [X/H] against atomic number for KIC 11145123.
Except for Li, which is derived as an upper limit only, the systematic un-
derabundances are consistent with the remarkably deficient Fe abundance,
[Fe/H] = —0.71 dex. Bottom panel: [X/Fe] against atomic number for
4 http://kurucz.harvard.edu/linelists/gfhyperall/ KIC 11145123.
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The abundance pattern relative to Fe is shown in the bottom
panel of Fig. 3, where enhancements of [X/Fe] ~ 0.1-0.5 dex can
be seen for all elements except Mn and Cr. The behaviour of [X/Fe]
for o elements (C, O, Mg, Si, S, Ca and Ti) resembles those well
known among metal-poor stars. Y, Zr, Ba and rare-earth elements
show similar enhancements of ~0.1-0.5 dex. As established in
the pattern of [X/H], the pattern of [X/Fe] again is inconsistent
with characteristics of Am and Ap stars. We discuss this further in
Sections 7.4.1 and 7.4.2.

6 MODEL

It is a well-known problem that model frequencies in § Sct and
y Dor stars are difficult to match to the precision of the observed
frequencies. Nevertheless, to proceed it is assumed that finding a
‘best model” — one that has frequencies close to the observed ones
— is an informative procedure that gives some real information on
the evolutionary state and structure of the star. In their discovery
paper of the core-to-surface rotation of KIC 11145123, Kurtz et al.
(2014) tried to find asteroseismic stellar models that best fitted the
pulsation frequencies — particularly the g-mode series of frequencies
and some of the p-mode frequencies.

So Kurtz et al. (2014) suggested that the star is near the TAMS,
has enhanced helium abundance and perhaps has low metallicity.
This led to the conjecture that KIC 11145123 is a Population II
star, which was the impetus for our acquiring the high-resolution
Subaru spectrum and carrying out this study. As we have seen in
Section 5, KIC 11145123 has very low metallicity, hence we have
searched for models consistent with observed pulsation frequencies
of KIC 11145123 in the same way as described in Kurtz et al.
(2014), except that we have adopted here much lower metallicity,
Z = 0.003, according to the spectroscopic analysis in this paper.

Kurtz et al. (2014) obtained rotationally split high-order dipole
g-mode as well as p-mode frequencies from the Kepler photometric
data. To constrain our models we used the mean period separation of
the dipole g modes, AP, (rather than each g-mode frequency) and
the frequencies of the five largest-amplitude p modes; for rotational
multiplets, the central frequencies (corresponding to zonal modes)
were used.

It is difficult to determine precisely the period spacing of the g
modes of KIC 11145123 because this slightly depends on the range
of periods and it has some irregularities (see fig. 6 in Kurtz et al.
2014). We adopted AP, = 0.0245 £ 0.0002 d for the purpose of
constraining our models, although the models obtained are not very
sensitive to the exact value of AP,.

The largest-amplitude p mode at a frequency of 17.964 d~! (v;
we follow the frequency nomenclature of Kurtz et al. 2014, where
this is vy, and so on for further frequencies below) shows no ro-
tational splitting — it is a singlet; this is considered to be a radial
mode. The other four large amplitude frequencies, 18.366 d~! (v,),
16.742 d~' (v3), 19.006 d~' (v4) and 22.002 d~! (vs), are triplets
and quintuplets; i.e. non-radial modes of £ = 1 and 2. We first ob-
tained models having AP, and a radial mode consistent with v,
then we examined the consistency with the other four p modes by
calculating the mean deviation of the frequencies, and by compar-
ing T and log g with the spectroscopic values of KIC 11145123
derived in Section 3 and also given in Table 1.

Evolutionary models were calculated using Modules for Exper-
iments in Stellar Evolution (MESA; Paxton et al. 2013) with the
same settings as in Kurtz et al (2014): i.e. the heavy element abun-
dance, Z = 0.003, was scaled by the solar mixture of Asplund
et al. (2009); the radiative OPAL opacity tables (Iglesias & Rogers
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AP, ~ 0.0245 d at ®
X = 0.70, Y = 0.297,'Z = 0.003
— h,=002 .__._ h,,=0.025

log g
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3.95 3.9 3.85

Figure 4. Logarithmic effective temperature, log Tefr, versus surface grav-
ity, log g, diagram. Some main-sequence evolutionary tracks for a chemical
composition of (X, Z) = (0.7, 0.003) are shown by solid and dash—dotted
lines. The solid lines correspond to models with a core-overshooting pa-
rameter of Aoy = 0.02 & a4y /10, while the dash—dotted line corresponds
to hoy = 0.025. Each horizontal dashed line indicates the locus where the
largest-amplitude pulsation frequency of KIC 11145123 (v; = 17.964 d~1)
is equal to the radial fundamental (F) mode, the first overtone (10vt) mode
or the second overtone (20vt) mode frequency. A big dot on an evolutionary
track indicates the position where the mean period spacing of high-order
dipole g modes is APy = 0.0245 d (the observed value); AP, decreases
with evolution (see e.g. Kurtz et al. 2014). A horizontal dashed line does
not necessarily cross a track at a dot, although such tracks are selected in
this diagram. The position of KIC 11145123 with error bars is based on the
spectroscopic results summarized in Table 1.

1996) were used; and mixing length was set equal to 1.7 Hy, where
H,, is the pressure scale height. Atomic diffusion was activated in
the code to erase noise in the Brunt—Vaisila frequency. The pa-
rameters specifying an evolutionary track are mass, initial chemi-
cal composition (X, Z), and a core-overshooting parameter /oy, in
which h,, H,, gives an exponential decay length of mixing efficiency
(Herwig 2000) above the convective core boundary. (Another often
used overshooting parameter oy, in which a step-wise mixing in a
range of a,,H, is assumed, approximately corresponds to 10k, .)

As evolution of the stellar model proceeds for a given set of
parameters, the mean period spacing AP, decreases gradually, and
at a particular evolutionary stage it becomes equal to the observed
value 0.0245 d, shown as a big dot in Fig. 4 for four different
evolutionary tracks. However, for most models no radial mode of
the model reproduces v,. When that was the case we changed the
mass slightly and repeated the calculation until we obtained a model
that reproduced both AP, and v;. This corresponds, in Fig. 4, to the
positions of the filled circles, where the evolutionary tracks cross a
horizontal dashed line.

Since it is possible for v; to be identified as either the fundamental
(F) mode, the first overtone (10vt) mode, or the second overtone
(20vt) mode, we find, in general, three such models for a given set
of (X, Z, hey). Fig. 4 shows the locations in the log T, — log g plane
of three models with (X, Z, h,,) = (0.70, 0.003, 0.02) and one model
with (0.70, 0.003, 0.025). For a given X, larger h,, yields a cooler
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Figure 5. The surface gravity (bottom panel), the effective temperature
(middle panel) and the mean deviation from observed p-mode frequencies
(top panel) of each model satisfying the conditions of APz ~ 0.0245 d and
a radial mode frequency equal to vy (i.e. dots crossing one of the horizontal
dashed lines in Fig. 4) are plotted. Different symbols are used for models with
different initial hydrogen abundances (X = 0.75, 0.70, 0.60). For a given X,
some values for the overshooting parameter /.y in a range between 0.01 and
0.03 are adopted to obtain models with T¢fr close to the spectroscopic value
of KIC 11145123. Models with the same X but different &, are connected
by lines. Red, black and blue colours are used for models which identify
the observed v as the fundamental (F) mode, the first overtone (10vt)
mode or the second overtone (20vt) mode, respectively (see top panel).
The spectroscopic values of log 7esr and log g and their error ranges of
KIC 11145123 are shown by horizontal lines.

model, so that we can tune A, to have a model with T.s consistent
with the spectroscopic value of KIC 11145123.

Mean deviations of v,...vs of KIC 11145123 from the mod-
els thus obtained are shown in Fig. 5, in which T and log g are
also compared with those of KIC 11145123. The mean deviations
for the models with v; being identified as second radial overtone
modes (20vt) are in most cases less than 0.2 d=' (i.e. less than
~1 per cent); these are significantly smaller than those of the mod-
els with v; being identified as the fundamental radial overtone (F).
However, the surface gravities of the models that identify v, as
belonging to the second radial overtone (20vt) are lower than the
spectroscopically measured log g = 4.22 £ 0.13 (Table 1) by about
2.40. On the other hand, although models that identify v, with the
fundamental radial mode (F) have surface gravities more consistent
with the spectroscopic value, the mean deviations of the pulsation
frequencies are much higher (~5 per cent). It is not clear at present
how to tune the models for better consistency with the observa-
tions. It seems probable that the internal structure of KIC 11145123
deviates considerably from the structure of the models calculated
assuming single-star evolution; further fine-tuning of the models
needs a dedicated study of the internal structure of non-standard
models.

‘We note that models with a larger initial hydrogen abundance are
slightly more massive, but the mean deviations hardly depend on X.
A hydrogen abundance of X = 0.75 (corresponding to ¥ = 0.247)
is probably close to normal for a Z = 0.003 single star. However,
the ages of the X = 0.75 models are ~ 1.5-3x 10° yr, which

are too young for a single star, having evolved normally in our
Galaxy, to have the low metallicity of Z = 0.003 ([Fe/H] = —0.7) of
KIC 11145123.

7 DISCUSSION

To clarify the properties of our target, we discuss the atmospheric
parameters, the rotation velocity and the abundance pattern in this
section. We discuss interpretations of these and the asteroseismic
results in terms of a blue straggler.

7.1 Atmospheric parameters

We determined the atmospheric parameters of T.g, logg, & and
[Fe/H] spectroscopically, using Fe1 and Fen lines. Values of T,
log g and [Fe/H] are also available from broad-band photometry
and colour indices from the automated analysis of Huber et al.
(2014). There are differences between our values and those of
Huber et al. (2014), which are AT = —461 K, Alogg = +0.25
and A[Fe/H] = —0.57 dex, in the sense [(ours) — (Huber et al.)].

While we fully expect that our atmospheric parameters from
our high-resolution, high S/N spectra are more accurate than those
from much lower resolution broad-band photometry, to examine the
validity of our derived parameters further, we compare them with
those of 117 Kepler A and F stars investigated by Niemczura et al.
(2015), who obtained the final values of these parameters using Fe1
and Fe 11 lines based on high-resolution spectra, in the same manner
as we did. They compared the behaviour of the parameters between
their values and those of Huber et al. (2014), taking differences of
each parameter into account.

For Tey, fig. 3(a) of Niemczura et al. (2015) depicts the behaviour
of ATt = Teis (SPEC) — T (H2014) [where Teir (SPEC) is their
value and T (H2014) that of Huber et al. (2014)], which has large
scatter of 600 K as a function of 7. (SPEC). When we plot our
ATy = —461 K in their fig. 3(a), it is included in the negative
scatter range. Niemczura et al. (2015) suggested that the accuracy
of their spectroscopic temperatures is supported because the tem-
peratures derived from spectral energy distributions agree well with
Teir (SPEC) within a scatter of about +300 K. According to their
suggestion, and from an evaluation of the quality of each method,
we consider our atmospheric parameters, T, log g and [Fe/H], to
be more reliable than those from broad-band photometry. This is
unsurprising.

The values of microturbulence & derived by Niemczura et al.
(2015) are pl