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ABSTRACT

We analyse an asteroseismic binary system: KIC 7107778, a non-eclipsing, unresolved target,
with solar-like oscillations in both components. We used Kepler short cadence time series span-
ning nearly 2 yr to obtain the power spectrum. Oscillation mode parameters were determined
using Bayesian inference and a nested sampling Monte Carlo algorithm with the pIAMONDS
package. The power profiles of the two components fully overlap, indicating their close simi-
larity. We modelled the two stars with MEsa and calculated oscillation frequencies with GYRE.
Stellar fundamental parameters (mass, radius, and age) were estimated by grid modelling with
atmospheric parameters and the oscillation frequencies of / = 0, 2 modes as constraints. Most
! = 1 mixed modes were identified with models searched using a bisection method. Stellar
parameters for the two sub-giant stars are My = 1.42 £ 0.06 Mg, Mg = 1.39 £ 0.03 Mg,
Ry =2.931+0.05R@,Rg =2.76 £0.04 R, 1o =3.32 £ 0.54 Gyrand tg = 3.51 = 0.33 Gyr.
The mass difference of the system is ~1 per cent. The results confirm their simultaneous birth
and evolution, as is expected from binary formation. KIC 7107778 comprises almost identical
twins, and is the first asteroseismic sub-giant binary to be detected.

Key words: binaries: general — stars: evolution —stars: oscillations.

sitivity to mass and age can produce precise estimates of stellar

1 INTRODUCTION parameters (e.g. Metcalfe et al. 2010; Benomar et al. 2012). Bi-

Binary star systems provide an ideal astronomical laboratory to
study stellar structure and evolution. The fact that two components
share same metal abundance and age provides powerful constraints
on models. Eclipsing binaries are especially useful, since mass and
radius can be directly measured from orbits and eclipses through
spectroscopic observations and precise light-curve analysis (Ander-
sen 1991).

Asteroseismology ushers in a new way to study binaries (Huber
2015), even for unresolved ones (Miglio et al. 2014), by analysing
the two components separately. Determining stellar mass and radius
is feasible for single stars with solar-like oscillations (e.g. Kallinger
et al. 2010; Chaplin et al. 2014). Sub-giant and red-giant oscillat-
ing stars displaying p (pressure dominated in the envelope) and g
(gravity dominated in the core) mixed modes (Chaplin & Miglio
2013) are good indicators of evolutionary stages. Their great sen-

*E-mail: hnwilliam@hotmail.com (YL); tim.bedding@sydney.edu.au
(TRB)

nary systems with pulsators can be analysed from modulation of
the pulsation frequencies (Shibahashi & Kurtz 2012; Murphy et al.
2014; Murphy & Shibahashi 2015), so that system parameters can
be determined with radial velocity curves simply derived through
photometry.

White et al. (2017) pointed out that, until now, only five binary
star systems have been detected with solar-like oscillations from
both components. They are @ Cen A and B (Bedding et al. 1998;
Kjeldsen et al. 1999; Bouchy & Carrier 2001; Carrier & Bour-
ban 2003), 16 Cyg A and B (KIC 12069424 and KIC 12069449;
Metcalfe et al. 2012; Metcalfe, Creevey & Davies 2015), KIC
9139163 and KIC 9139151 (Appourchaux et al. 2012; Appourchaux
etal. 2014), HD 177412 (KIC 7510397; Appourchaux et al. 2015),
and HD 176465 (KIC 10124866, also known as Luke & Leia; White
etal. 2017). The latter two systems are not resolved by Kepler, such
that their light variations are mixed in a single time series. Both sys-
tems were analysed with one power spectrum, from which two sets
of oscillation profiles were measured. Specifically, HD 177412 con-
tains two main-sequence stars with mass difference ~7.5 per cent,

© 2018 The Author(s)
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with separable oscillation frequency ranges, and HD 176465
contains two extremely similar main-sequence stars with mass dif-
ference ~ 3 percent, leading to two significantly overlapping os-
cillation ranges. In addition, KIC 10080943 is another unresolved
binary system, comprising two é Sct/y Dor hybrid pulsators on the
main sequence (Keen et al. 2015; Schmid et al. 2015).

In this context, these binaries are not strictly ‘twins’ in that the
masses are not equal to within 2 per cent (Lucy 2006; Simon &
Obbie 2009). Twins are almost always found at small separations
(P < 25d, Lucy & Ricco 1979), though not all close binaries are
twins. Further, they are more common among lower mass systems,
both in observational data (e.g. Tokovinin 2000; Simon & Obbie
2009) and in binary star formation simulations (e.g. Bate 2009).
Their importance lies in their ability to discriminate between dom-
inant physical processes operating in pre-main-sequence binaries,
as those authors have discussed.

Here we report on the widely separated twin binary system KIC
7107778, with mass difference ~1 per cent based on our findings,
an analogue to Luke & Leia (White et al. 2017). The system was
not resolved by Kepler but was detected with oscillations from two
stars in the mixed time series. It proves to be the first asteroseismic
sub-giant binary system to be detected, with completely overlapping
power spectra of two component stars. The paper will be structured
as follows. Section 2 provides observations from previous literature
and describes the processing of Kepler data. Section 3 illustrates
the oscillation mode parameters. Section 4 details our asteroseis-
mic analysis with stellar models of two stars, and is followed by
discussions and conclusions in Section 5.

2 OBSERVATION AND DATA PROCESSING

KIC 7107778 is a binary system observed as a single target, with
Kepler magnitude K, = 11.38. The first realization of its binary
identity was from speckle interferometry (Horch et al. 2012). The
angular separation of the two stars is p = 0.0288 arcsec, measured
with filters whose central wavelengths are 692 and 880 nm. The
physical separation can be determined by combining luminosities
from models with the apparent magnitude; however, such estimation
is only approximate because the apparent magnitude is a blended
contribution from both stars. We took advantage of the parallax de-
termined from Gaia (Gaia Collaboration 2016), 1.74 £+ 0.43 mas,
to infer the distance to Earth and physical projected separation be-
tween the two stars, which are d = 57471%] pc, and s = 16.52735¢
au. Note that this estimation is very approximate because Gaia par-
allaxes are not yet fully reliable at the present mission stage (see
Fabricius et al. 2016). Assuming the orbit is circular, and adopting
Kepler’s third law, it suggests the orbital period of this system is
about 39 yr. Therefore, we would not expect to analyse its orbit
using radial velocity curves. On the other hand, such a wide sep-
aration means fully independent evolution without tidal effects or
mass transfer. In the following analysis, we treat them as two single
stars that have not interacted.

Several works have measured atmospheric parameters of this
system. Effective temperatures measured by SDSS and IRFM are
Ter = 5129 £ 82K and T = 5045 £ 105 K, respectively. The
binary system was also covered by the LAMOST-Kepler project,
which used LAMOST low-resolution (R =~ 1800 A) optical spectra
in the waveband of 3800-9000 A and observed Kepler-field tar-
gets in 2014 September. The LAMOST Stellar Parameter Pipeline
(Xiang et al. 2015) gives T = 5149 £+ 150K, and metallicity
[Fe/H] = 0.11 & 0.10 dex. Buchhave & Latham (2015) used the
Tillinghast Reflector Echelle Spectrograph to obtain medium res-
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Table 1. Atmospheric parameters of KIC 7107778.

Parameter Value Reference

Tetr (K) 5129 + 82 Drimmel, Cabrera-Lavers &
Lopez-Corredoira (2003)
Casagrande et al. (2010)

Xiang et al. (2015)

5045 £+ 105
5149 £ 150

[Fe/H] (dex) 0.11 £ 0.10
0.05 £ 0.08

Xiang et al. (2015)
Buchhave & Latham (2015)

olution (R ~~ 44 000A) spectra in the waveband of 3800-9100 A
at Fred Lawrence Whipple Observatory. They measured the metal-
licity [Fe/H] = 0.05 % 0.08 dex. However, all these observations
treated two stars as one single target. We do not know to what extent
the mixed value deviates from the real ones. Table 1 summarizes
the observations in the literature.

The Kepler mission observed the target in long-cadence mode
(LC; 29.43 min sampling) over the whole mission and in short-
cadence mode (SC; 58.84 s sampling) during Q2.1, Q5 and Q7-
Q12 (Q represents three-month-long quarters). The pulsation fre-
quency range is centred at 550 pHz, which is well above the Nyquist
frequency of long cadence data (~283 pnHz). Therefore, we only
considered the short-cadence time series. We concatenated the data
and processed it following Garcia et al. (2011), correcting outliers,
jumps, and drifts. Then it passed through a high-pass filter which
was based on a Gaussian smooth function with a width of 1 d. This
largely minimized instrumental side effects and only affected fre-
quencies lower than ~12 pHz, far below the frequency range we
intended to analyse. We obtained the power spectrum by applying
a Lomb-Scargle Periodogram (Lomb 1976; Scargle 1982) to the
time series with a frequency resolution ~0.012 pHz. The power
spectrum is shown in Figs 1 and 2 in both logarithmic and linear
scales.

The signature of solar-like oscillation is a Gaussian-like envelope
located at vy, the so-called frequency of maximum power, and is
comprised of numerous oscillation modes. In main-sequence stars,
p-mode oscillations are approximately equally spaced in frequency,
as described by the asymptotic equation with radial orders n and
spherical degrees [ (Tassoul 1980):

l
V= Av (n + 3 +6) — vy, (D

where Av is the large separation, which measures the spacing of
adjacent modes with the same [, §vy; is the small separation, and
€ is an offset. In more evolved stars, the core will have g-mode
oscillations, which are approximately equally spaced in period. The
analogous asymptotic equation is specified by order n,:

M, =v,' = Alli(n, + €,), 2)

where ATI, is the period spacing, and ¢, is an offset.

As the star evolves off the main sequence, central hydrogen de-
pletes, and p and g mixed modes of / > 1 appear to have ‘avoided
crossings’ (Aizenman, Smeyers & Weigert 1977), whereby oscil-
lation frequencies are no longer equally spaced in either frequency
or period. The [ = 0 p modes are unaffected, which assisted us
in determining the mean large separation (Av) in an échelle di-
agram. The best value for (Av) is the one that makes the / = 0
ridge vertical. Fig. 3 displays échelle diagrams for the two stars.
To avoid ambiguity, the star with smaller (Av) is named as KIC
7107778 A, and the larger one KIC 7107778 B. The best values are
(Av)y = 31.83 £ 0.02 pHz and (Av)g = 34.55 + 0.01 pHz.
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Figure 1. Power spectrum on a logarithmic scale. The solid grey line, the solid black line, the dashed blue lines, the dot—dashed-dashed black line, and the
solid green line, outline the original power spectrum, the 6 pHz smoothed power spectrum, the Harvey profile components, the white noise component, and

the total fitted power spectrum, respectively.

3 MODE PARAMETERS

To model the power spectrum, we used high-DImensional And
multi-MOdal NesteD Sampling code (p1amonps; Corsaro & De Rid-
der 2014). The piaMoNDs code utilizes Bayes’ theorem:

L0 D, M)z | M)

61D,M)= , 3
p@ | ) oD | M) 3)

where 6 = (01, 02, ..., 0y), L(O | D, M), 7(6|M), p(6|D, M) are
the parameter vector, likelihood function for a given model M
and data set D, prior probability density function, and the pos-
terior probability density function, respectively. bIAMONDS uses a
sampling algorithm, Nested Sampling Monte Carlo, to tackle the
high-dimensional problem.

We simultaneously fitted the two stars to separate their overlap-
ping oscillations with the following steps. First, we modelled the
power spectrum, P(v), with

L 2v2 a2
Pwv)=W+R(®) { 2 1 + (v/by)?
(V - Vmax)2
+ Hyexp |:—7,:| } , 4
202

similar to the background models presented in Kallinger et al. (2014)
and Corsaro, De Ridder & Garcia (2015). The right-hand side of
the equation comprises a flat white noise W, a sum of Harvey power
profiles (Harvey 1985) with parameters (a;, b;), and a Gaussian
envelope with (Hy, vmax, o). The Harvey profile models stellar
background caused by granulation. In the case of KIC 7107778,
the background was well fitted using three Harvey profiles, i.e.
k = 3. The Gaussian envelope denotes the range of oscillation for

two overlapping stars. All these components except the noise are
modulated by the response function,

R (v) = sinc? <27w ) , )

VNyq

where vnyq = 8496.36 uHz denotes the Nyquist frequency. The
total number of free variables is 1 + 2 x 3 + 3 = 10. The
results are shown in Table 2. As argued by Kallinger et al.
(2014), the granulation frequencies b; should scale with v ,,,«. They
provided empirical relations b, = 0.317 (Vyax/ qu)O'970 uHz and
b3 = 0.948 (vinax / LH2)"*? uHz, which result in b, = 148.87 uHz
and b3 = 511.87 uHz in our case. b, is similar to our fit but not
b;. This should be expected because the power spectrum is a su-
perposition of the twins. b, should be treated carefully because the
light curve was processed by a high-pass filter, which affected the
low-frequency spectrum.

Then, each mode was fitted with a Lorentzian profile with three
free parameters: frequency centroid v, amplitude A, and linewidth
I" built on the background:

A%/nl

B P

©)

The power spectrum was fitted with a sum of 32 Lorentzian profiles.
The total number of free variables is 3 x 32 = 96. It is possible
that the star rotates and lifts degeneracy of m-degree of the modes
(Gizon & Solanki 2003). Thus we performed a hypothesis test with
Bayesian evidence denoted by p(D|M) in equation (3). The Bayesian
evidence balances the goodness of fit and the need to fit, as it can
be written as a product of the maximum of the likelihood and an

Downl oaded W}%ﬁ§s47pac‘&39ﬁ8§u£29olr§%r as/article-abstract/ 476/ 1/ 470/ 4828389

by | NAF Catania (Osservatorio Astronomnico di Catania) user
on 04 April 2018



KIC 7107778

o

73

500

400

300

200

PSD (ppm?/uHz)

100

-

610 620 630 640 0

[o)
[=
O

1400
1200
N 1000
800
600
400

200

PSD (ppm?/uHz
OH\‘H\‘H\‘H\‘H\‘H\‘H\‘\

[$))
[$)
o

560 570 580 590
2000 T T T T

1500

1000

PSD (ppm?/uHz)

500

a1
o
o

510 520 530 540
600 T T T T

500

400

300

PSD (ppm?/uHz)

200

100

11H\\‘H\\H\H‘\\HH\H‘HHH\H‘HHHH\‘H\HHH

SLFX e S ‘ I ‘ [ ‘ [ I ‘\\‘H\‘H\‘H\‘H\‘H\‘H\‘\ 2 \HHH‘\HHHH‘\HHHH‘HHHH\‘\HHHH

460 470 480 490
Frequency (uHz)

I
[
o

Figure 2. Power spectrum around the oscillation range on a linear scale. The grey line denotes the original power spectrum superimposed with fitted / = 1
modes in black, / = 0 and / = 2 modes of star A in red, and those of star B in blue.

Occam factor (Knuth et al. 2015). We adopted a splitting model of where i is the inclination angle, £_; = &, = 0.5sin?i, £( = cos i,
! =1 modes and vy, measures the extent of splitting. We fitted the splitting
model to four / = 1 modes (mode frequency 477, 507, 539, and 620

! puHz) individually. The four modes were selected because they do

L) = R Z £,A%/nl e not have another mode in 3 uHz frequency range. We defined detec-
ot 1+ 4 — vy — mSvgr)?/ T2 ’ tion probability as p = p(D|Mg)/(p(D|Ma) + p(D|Mg)) (Jeffreys
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Figure 3. Echelle diagrams of star A (left) and star B (right). The circular and square open symbols represent identified / = 0 and / = 2 modes. Red and blue
colours denote modes for star A and star B, respectively. The background grey-scale represents power density. Higher power density is shown darker. The

unmarked peaks are / = 1 mixed modes.

Table 2. Granulation background parameters.

Parameter Value 68.3 per cent credible
W (ppm? uHz 1) 11.927 0.100
aj (ppm) 58.874 8.314
by (1Hz) 5.203 1.460
a (ppm) 67.167 8.705
by (uHz) 149.144 32.207
a3 (ppm) 76.134 7.947
b3 (uHz) 400.646 64.318
Hy (ppm? uHz™1) 17.977 2.852
Vmax (HHZ) 568.051 7.935
o (nHz) 55.811 8.690

1961; Corsaro & De Ridder 2014), where subscripts A and B refer
to the non-splitting model and the splitting model. The detection
probabilities are small: 10~!, 10714, 10~°, and 102, respectively.
We also fitted the four modes with a common inclination and the
detection probability is 107, This indicates the non-splitting model
gives a better depiction of the data. Hence, detecting the inclination
angle i through rotation was not considered.

Notice that only / = 0 and / = 2 modes can be identified straight-
forwardly and allocated to one of the two stars, since they are
regularly spaced. The / = 1 mixed modes are strongly bumped and
no clear patterns could be followed, so we used stellar models to
help the identification, as discussed in Section 4. We also mea-
sured the frequency of maximum power, vy, by fitting a Gaussian
profile in power density to the / = 0 mode peaks. The results are
Vmax, A = 523 &+ 16 pHz and vy, g = 570 = 18 pHz, where the
uncertainties are half of (Av).

Fig. 3 shows the échelle diagram of both stars. The circular and
square open symbols represent identified / = 0 and / = 2 modes.
Red and blue colours denote star A and star B, respectively. The
mode parameters are shown in Tables 6 and 7. The / = 1 modes in
the tables are further discussed in Section 4.3.

4 ASTEROSEISMIC ANALYSIS

As discussed in Section 2, KIC 7107778 has a long or-
bital period and no evidence of eclipses from which stel-
lar fundamental parameters could be estimated. Therefore, es-
timating them through stellar models with asteroseismology is
necessary.

4.1 Stellar models

We constructed stellar models using Modules for Experiments
in Stellar Astrophysics (MEsa; Paxton et al. 2011; Paxton et al.
2013; Paxton et al. 2015). Paxton et al. (2011) have discussed
the input physics of MEsA. Here we list them for complete-
ness. The equation of state was delivered by OPAL EOS tables
(Rogers & Nayfonov 2002), SVCH tables (Saumon, Chabrier & van
Horn 1995) at low temperatures and densities, and HELM (Timmes
& Swesty 2000) and PC (Potekhin & Chabrier 2010) tables under
other circumstances. Opacities were taken from Iglesias & Rogers
(1996) at high temperature and Ferguson et al. (2005) at low temper-
ature. Nuclear reaction rates were based on NACRE (Angulo et al.
1999) and CF88 (Caughlan & Fowler 1988) when NACRE was
unavailable. The convection was implemented with mixing length
theory (MLT) illustrated in Cox & Giuli (1968). The mixing length
parameter oyt = 1.917 was employed according to the MESA stan-
dard solar model (Paxton et al. 2011). Overshoot mixing was set ac-
cording to Herwig (2000), with overshooting parameter f,, = 0.016.
The initial helium abundance was estimated through
AY

Yii = Yo+ — - Zini, 8
0+AZ (¥

where Y, = 0.249 (Planck Collaboration XIII 2016) and
AY/AZ = 1.33, calculated using the initial abundances of helium
and heavy elements of the calibrated solar model (Paxton et al.
2011). The relation of metallicity and element abundance ratio we
adopted here was

[Fe/H] = log(Z/X) —log(Z/X)®, &)
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Table 3. Input parameters of grid modelling.

Value Step size
MMp) 1.34-1.60 0.1
[Fe/H] (dex) 0.01-0.21 0.1
OMLT 1.917 Fixed
Jov 0.016 Fixed

where the solar value is (Z/X)o = 0.02293 (Grevesse & Sauval
1998).

The varying input parameters for grid modelling are mass M and
metallicity [Fe/H]. They were set as follows. First, the mass was
set according to asteroseismic scaling relations. The mean large
separation Av and frequency of maximum power vy, are related
to mean density p, surface gravity g, and effective temperature 7.
AV X /P, Vmax X g/+/Terr (Kjeldsen & Bedding 1995), i.e.

Av N M 1/2 R -3/2 (10)
Avp ~ Mo R ’

Vmax ~ ( M ) ( R )_2 ( Teff )_1/2 (11)
Vmax, ® M@ R@ TeffYG 7

where Ave = 135.1 uHz, v, © = 3050 pHz (Chaplin & Miglio
2013) and T, = 5777 K. Thus, the mass prescription can be deduced
from equations (10) and (11):

M N( Av )4( Vimax )3( Teff )3/2
M@ A V@ vmax, (O} Tel'f, (O} '

Considering the uncertainties, the mass range of the grid should
at least cover 1.34-1.60 M. Secondly, we adopted metallicity
[Fe/H] = 0.01, 0.11, and 0.21 according to spectral observations
from LAMOST. Table 3 summarizes the input parameters of our
grid modelling.

12

4.2 Modelling the / = 0 and / = 2 modes

We calculated oscillation frequencies for models that met the re-
quirements of Av and vy, with GYRE (Townsend & Teitler 2013),
which solves the adiabatic pulsation equations with stellar structure
data.

The calculated frequencies deviated from the observations due
to the improper simulation of the stellar surface. Therefore, we
followed the method described by Ball & Gizon (2014) to correct
them. The correction formula we adopted here was

KIC 7107778 475

where a_; and a3 are coefficients determined through least-squares
fit, and 7 is the mode inertia.

We used x2 = Z(Vobs — Vmoa)*/0 as the quality of the fit. Fre-
quencies used in the x2 calculation were all / = 0 and / = 2 modes.
The smaller the x? of the model, the better the match. We took
the best 10 per cent of the models, as measured by x2, for further
considerations. The choice of this criterion was a trade-off. Small
values could be biased by fluctuations in limited samples. The prob-
lem was tackled by sorting samples according to the values of x2,
performing difference between two adjacent quantities. We found
the trend around 10 per cent went smoothly, which ruled out the
fluctuation effect. Including more models would make the selection
less useful. This point was addressed by inspecting the value of
x? around the 10 per cent cut-off and assuring that it was not too
large.

With the lowest 10 per cent x2 models, we calculated the mean
value of the stellar parameters as the centroid. Table 4 lists them with
standard deviations. Additionally, Figs 4 and 5 display histograms
of each stellar parameter, which reflect the distribution in the lowest
10 per cent x2 models with [Fe/H] = 0.11. Red and blue indicate
star A and star B, respectively.

Considering that [Fe/H] was estimated with uncertainties, we
combined stellar parameters derived based on different [Fe/H] to-
gether, as the ultimate results. Here we list mass, radius, and age:
Mp =1.42+0.06 M, Mg =1.39 £ 0.03 M, Ry =2.93+0.05
Rp, R = 276 £ 0.04 Rp, ta = 3.32 £ 0.54 Gyr, and
tg = 3.51 £ 0.33 Gyr.

4.3 Modelling the / = 1 mixed modes

We next searched for the best models which could also fit the
frequencies of / = 1 modes from both stars. KIC 7107778 contains
two sub-giant stars. Tiny changes to the mass of the models influence
oscillations greatly. Only extremely fine grids produce satisfying
results, which makes the task demanding. Since our purpose was to
find a pair of stellar models for both stars that fit observations best,
we used the bisection method to search.

The main idea of the bisection method is summarized as follows,
similar to finding solutions for equation f{x) = 0. First, we started
with two masses, M; and M,, which lied on opposite sides of the
best model. This choice was realized by visually inspecting oscilla-
tion frequencies on the échelle diagram. Secondly, we bisected this
range, i.e. calculated frequencies of M3 = (M, + M,)/2. Thirdly,
we evaluated the result of M5 and determined M3 and whichever of
M, or M, yield the best model. Fourthly, we kept bisecting the mass

8v = (a_ v +azp’) /1, (13) range until the difference became sufficiently small.

Table 4. Fundamental properties of models from grid modelling.

Star  [Fe/H] M Age Tett L R log g Av Vmax
dex) (M) Gyn) (K) Le) RE) (dex) (uHz) (uH2)

A 0.01 1.41 £ 0.06 3.178 £ 0.440 5216 + 258 5.813 £+ 1.508 2.925 + 0.047 3.654 £+ 0.005 32.01 + 0.18 534 £+ 8

B 0.01 1.38 &£ 0.03 3.289 4+ 0.263 5233 £ 132 5.140 £ 0.692 2.754 £ 0.025 3.699 + 0.003 34.77 £ 0.13 592 £ 5

A 0.11 1.43 £ 0.07 3.266 £ 0.583 5184 + 290 5.787 £+ 1.663 2.945 + 0.055 3.656 + 0.007 31.98 + 0.17 539 £ 9

B 0.11 1.38 £ 0.03 3.606 + 0.313 5092 £ 105 4.594 £ 0.549 2.751 £ 0.025 3.700 £ 0.004 34.81 £ 0.12 601 £ 4

A 0.21 1.41 £ 0.07 3.643 £ 0.551 5037 + 199 5.032 £+ 1.160 2.926 £+ 0.054 3.655 £+ 0.006 32.06 + 0.15 546 £+ 6

B 0.21 1.40 & 0.04 3.657 £ 0.317 5045 £ 106 4.473 £ 0.535 2.765 £ 0.028 3.701 £ 0.003 34.78 £ 0.13 606 + 4

Note. The models are selected with the lowest 10 per cent x 2. Column 2 is the input parameter for grid modelling.
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Figure 4. Parameter distributions for the lowest 10 per cent 2 of star A grid models with [Fe/H] = 0.11 dex.

We followed this search scheme under three different metallicities
[Fe/H]: 0.01,0.11, and 0.21. The maximum precision in calculation
reaches 0.00001 M. The results revealed three combinations of
best-fitting models for the two stars. Although they do still deviate
from observed peaks, they give a reasonable fit to most / = 1
modes. Most model masses reach to 0.001 M precision. The
reason of such small precision is that the mixed modes are very
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sensitive to the change of internal structure, and subgiants evolve
very fast. Each combination has less than 0.2 Gyr difference in
age, consistent with the idea that two components formed at the
same time. Table 5 presents the fundamental parameters of the three
model pairs, and Fig. 6 displays them on échelle diagrams. Open and
filled symbols represent observational and theoretical frequencies.
Red and blue indicate modes of star A and star B, respectively.
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Figure 5. Parameter distributions for the lowest 10 per cent x2 of star B grid models with [Fe/H] = 0.11 dex.

Circles, squares, and triangles denote / = 0, [ = 1, and [ = 2
modes.

Based on theoretical models, we found that most observed peaks
could be matched with / = 1 modes. Tables 6 and 7 display the
mode parameters in each Lorentzian profile we fitted to each peak,
with associated / degrees. Modes which share the same peak on the
power spectrum are labelled with an asterisk mark. Some modes
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from the two stars stand too close and cause ambiguity; they
are labelled with a question mark. Here we remind readers that
this solution is not unique, considering that the models still dif-
fer from the observation. In Fig. 7, we show the mode linewidth
as a function of the mode frequency. Mixed modes are expected
to have smaller linewidths compared to radial modes because they
have contributions from g modes trapped in the core, resulting a

MNRAS 476, 470-481 (2018)
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Table 5. Fundamental properties of best models from bisection method.

No. Star M [Fe/H] Age Tett L R logg M, core Av Vmax
# Mp) (dex) (Gyr) (K) (Le) RE) (dex) Mp) (H1Hz) (HHz)
1 A 141 0.01 3.063 5130 5.342 2.929 3.655 0.165 32.04 540
2 B 1.39 0.01 3.229 5195 4.982 2.759 3.699 0.157 34.74 594
3 A 1.48 0.11 2.873 5120 5.464 2.975 3.661 0.170 32.00 548
4 B 1.47 0.11 2.929 5267 5.478 2.814 3.705 0.162 34.64 599
5 A 1.42 0.21 3.533 4987 4.763 2.927 3.656 0.165 32.10 549
6 B 1.41 0.21 3.548 5038 4.443 2.770 3.703 0.160 34.80 608

Note. Columns 3 and 4 are the input parameters for grid modelling.

Table 6. Mode parameters of KIC 7107778 A.

l Frequency 68.3 per cent credible Amplitude 68.3 per cent credible Linewidth 68.3 per cent credible
(nHz) (nHz) (ppm) (ppm) (pHz) (pHz)
0 460.294 —0.022/ + 0.021 15.66 —0.80/ + 1.19 0.36 —0.09/ +0.10
0 491.947 —0.013/ 4+ 0.014 24.17 —1.29/ + 1.66 0.36 —0.10/ +0.13
0 523.603 —0.012/ 4+ 0.018 25.84 —1.85/+1.35 0.19 —0.07/ + 0.06
0 555.473 —0.133/ 4 0.090 22.65 —5.44/ +2.56 0.33 —0.16/ +0.18
0 587.314 —0.420/ + 1.462 9.65 —2.24/ +3.40 0.41 —0.17/ +0.18
1 477.158 —0.031/ 4+ 0.042 15.47 —0.18/ +0.25 0.18 —0.02/ +0.02
1 488.837 —0.022/ 4+ 0.019 10.70 —0.48/ + 0.64 0.26 —0.09/ + 0.07 *
1 507.928 —0.014/ 4+ 0.013 25.92 —0.83/ +0.99 0.37 —0.06/ + 0.06
1 522.897 —0.002/ + 0.002 21.55 —0.75/ + 1.00 0.04 —0.01/ +0.01
1 539.794 —0.011/ 4+ 0.008 32.01 —1.36/ +2.02 0.13 —0.04/ + 0.05
1 558.446 —0.172/ 4+ 0.072 9.08 —3.06/ +3.49 0.06 —0.02/ + 0.04 ?
1 572.522 —0.827/ 4+ 0.844 9.03 —2.80/ +4.84 0.24 —0.13/ +0.09 ?
1 595.812 —0.040/ + 0.042 12.35 —1.44/ +2.36 0.17 —0.11/ + 0.08 ?
2 457.106 —0.046/ + 0.041 11.10 —0.49/ + 040 0.41 —0.07/ +0.07
2 488.837 —0.022/ 4+ 0.019 10.70 —0.48/ + 0.64 0.26 —0.09/ +0.07 *
2 520.851 —0.020/ + 0.024 19.66 —0.31/ +0.64 0.19 —0.05/ + 0.04 *
2 553.122 —0.321/ 4+ 0.354 16.27 —243/ +3.94 0.43 —0.16/ +0.14
2 584.175 —0.393/ 4 0.370 15.78 —2.33/+2.80 0.38 —0.13/ +0.14 *

Note. Modes which share the same peak on the power spectrum are labelled with “*” marks. Modes from two stars standing too close and causing
ambiguity are denoted with ‘?” marks.

Table 7. Mode parameters of KIC 7107778 B.

l Frequency 68.3 per cent credible Amplitude 68.3 per cent credible Linewidth 68.3 per cent credible
(uHz) (uHz) (ppm) (ppm) (uHz) (uHz)
0 501.006 —0.019/ + 0.020 14.08 —0.55/ + 1.06 0.24 —0.07/ +0.05
0 535.615 —0.016/ +0.017 19.47 —0.66/ + 0.94 0.16 —0.03/ +0.04
0 570.025 —0.146/ +0.423 27.22 —6.39/ + 8.01 0.24 —0.11/+0.10
0 604.609 —0.026/ + 0.022 15.92 —244/+1.51 0.23 —0.08/ +0.11
0 639.344 —0.076/ + 0.068 13.11 —0.74/ + 0.99 0.38 —0.11/+0.13
1 512.368 —0.008/ +0.012 11.26 —-0.93/+ 1.19 0.09 —0.06/ + 0.04
1 520.851 —0.020/ + 0.024 19.66 —0.31/+0.64 0.19 —0.05/ +0.04 *
1 547.122 —0.735/ +2.480 11.15 —2.42/+4.08 0.40 —0.16/ +0.17
1 557.829 —0.177/ + 0.168 15.37 —5.30/ +5.61 0.39 —0.19/+0.17 ?
1 584.175 —0.393/ +0.370 15.78 —2.33/+2.80 0.38 —-0.13/+0.14 *
1 596.595 —0.001/ + 0.001 18.12 —1.00/ + 1.37 0.02 —0.00/ +0.01
1 620.979 —0.049/ + 0.040 16.97 —1.01/+1.17 0.33 —0.07/ +0.10
2 497.849 —0.096/ + 0.091 10.21 —0.74/ + 0.89 0.38 —0.11/+0.12
2 532.691 —0.342/ +0.315 11.42 —1.28/ +2.08 0.41 —0.14/ +0.14
2 566.534 —0.731/ + 0.830 10.72 —2.78/ +7.32 0.44 —-0.17/ +0.30
2 601.946 —0.106/ + 0.109 14.16 —-093/+1.22 0.36 —0.10/ +0.10
2 636.541 —0.380/ +0.493 9.04 —1.04/ +1.20 0.44 —0.14/ +0.13

Note. Modes which share the same peak on the power spectrum are labelled with “*” marks. Modes from two stars standing too close and causing
ambiguity are denoted with ‘?” marks.
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Figure 6. Echelle diagrams of KIC 7107778. Number series (1)—(6) on the upper left corner of each panel corresponds to the series of models in Table 5,
whose oscillation frequencies are displayed in the corresponding échelle. These models are without surface corrections. Open and filled symbols represent
observational frequencies and theoretical ones. Red and blue represent modes of star A and star B, respectively. Circles, triangles, and squares denote [ = 0,
[ =1, and [ = 2 modes.
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Figure 7. Mode linewidth as a function of mode frequency. The circles
and triangles represent the / = 0 and / = 1 modes respectively. The [ = 1
modes shown here are only those which have relative certain identity (not
associated with “?” or “*’ in Tables 6 and 7). The [ = 2 modes are instead
not presented because each / = 2 mode region is fitted with a Lorentzian
profile, the linewidth of which is not necessarily representing the real mode
lifetime.

longer lifetime (Dupret et al. 2009; Benomar et al. 2013). This is
strongest for the mode at 522.897 pHz. For other / = 1 modes, the
linewidths are similar to / = 0 modes because they are less bumped
and more p-like.

Fig. 8 is the Hertzsprung—Russel diagram where grid and addi-
tional models are displayed with dotted black lines. Specifically,
the dashed lines indicate the best model tracks from the bisecting
method with star A in red and star B in blue, respectively. The star
symbols denote the best models. The boxes consisting of solid lines
indicate the standard deviation of effective temperature T.s and lu-
minosity L, shown in Table 4. The left-hand, middle, and right-hand
panels represent models for metallicity [Fe/H] 0.01, 0.11, and 0.21.

5 CONCLUSION

We applied asteroseismology to a binary target KIC 7107778, and
confirmed that the two stars are in the sub-giant phase. We suc-
cessfully identified their / = 0 and [/ = 2 oscillation modes and
distinguished / = 1 modes to the greatest extent. We derived stellar
fundamental parameters for the two stars: My = 1.43f8:8§ Mg,
Mg = 140700 M@, Ry =2.94700¢ Re, Rs =277 Ro,
ta = 3.1970% Gyr, and 15 = 3.261) Gyr. All the evidence sug-
gests that they formed at the same time and possess nearly equal
masses.

The results yield the similarity of masses for two stars, and the
best models, derived through bisection modelling, determined the
mass difference as 1.42 percent, 0.68 per cent, and (.70 per cent,
from which we conclude it is ~1 per cent. The H-R diagram verifies
this, with extremely close tracks.

Table 4 indicates the sensitivity of metallicity to age, and the two
stars’ ages are equal within the error. We could conclude that they
formed at the same time, as is expected by binary formation that
they originate from the same protostellar cloud.

The KIC 7107778 system contains two extremely similar com-
ponents, with fully overlapping power spectra. This is one of the
few identical twin systems to be found, proving the full potential of
asteroseismology.
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