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ABSTRACT

The internal structures and properties of oscillating red-giant stars can be accurately inferred
through their global oscillation modes (asteroseismology). Based on 1460d of Kepler ob-
servations we perform a thorough asteroseismic study to probe the stellar parameters and
evolutionary stages of three red giants in eclipsing binary systems. We present the first de-
tailed analysis of individual oscillation modes of the red-giant components of KIC 8410637,
KIC 5640750, and KIC 9540226. We obtain estimates of their asteroseismic masses, radii,
mean densities, and logarithmic surface gravities by using the asteroseismic scaling relations
as well as grid-based modelling. As these red giants are in double-lined eclipsing binaries, it is
possible to derive their independent dynamical masses and radii from the orbital solution and
compare it with the seismically inferred values. For KIC 5640750 we compute the first spec-
troscopic orbit based on both components of this system. We use high-resolution spectroscopic
data and light curves of the three systems to determine up-to-date values of the dynamical
stellar parameters. With our comprehensive set of stellar parameters we explore consistencies
between binary analysis and asteroseismic methods, and test the reliability of the well-known
scaling relations. For the three red giants under study, we find agreement between dynamical
and asteroseismic stellar parameters in cases where the asteroseismic methods account for
metallicity, temperature, and mass dependence as well as surface effects. We are able to attain
agreement from the scaling laws in all three systems if we use  Vyef emp = 130.8 = 0.9 pHz
instead of the usual solar reference value.

Key words: asteroseismology —binaries: eclipsing—stars: individual: KIC 8410637,
KIC 5640750, KIC 9540226 — stars: interiors —stars: oscillations.

depth asteroseismic studies require either high-precision photo-
metric time series observations or time series of accurate radial
Asteroseismology is the study of stellar oscillations with the aim velocity measurements (RVs). The former has been obtained by
of unravelling the structure and dynamics of stellar interiors. In- space missions such as MOST (e.g. Barban et al. 2007; Kallinger
et al. 2008), CoRoT (e.g. Baglin et al. 2007; De Ridder et al.
2009) and Kepler (e.g. Borucki et al. 2010). From 2009 to 2013,
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the nominal Kepler mission provided nearly continuous photo-
metric time series data for more than 100000 stars. These data
are suitable for asteroseismic analyses and led to many discov-
eries in the field of red-giant seismology: determination of evo-
lutionary stages (e.g. Bedding et al. 2011; Mosser et al. 2014;
Elsworth et al. 2017), rotation studies (e.g. Beck et al. 2012;
Mosser et al. 2012b), stellar parameter determinations (Huber et al.
2010; Kallinger et al. 2010; Hekker et al. 2013b), ensemble stud-
ies, and Galactic archaeology (e.g. Corsaro et al. 2012; Miglio
et al. 2013; Casagrande et al. 2016), amongst others. For recent
overviews see Hekker (2013) and Hekker & Christensen-Dalsgaard
(2017).

Pulsating red giants exhibit solar-like oscillations that are driven
by the turbulent convection in the stellar envelope. The physical
properties of red giants, such as mean density and surface gravity
and thus stellar mass and radius, can be determined through the
study of their oscillations. The most commonly used asteroseismic
method is based on scaling relations (e.g. Ulrich 1986; Brown et al.
1991; Kjeldsen & Bedding 1995) that use direct observables from
the oscillation spectrum as input. These so-called global oscillation
parameters can be measured in a large number of red giants for
which high-precision photometric data are available. However, the
asteroseismic scaling relations assume that all stars have an internal
structure homologous to the Sun (e.g. Belkacem et al. 2013). Since
evolved G and K giants span a wide range of masses, metallicities,
and evolutionary stages different than that of the Sun, the validity
of these scaling relations, based on the principle of homology to
the Sun, has to be tested. One possibility is to use eclipsing binary
systems with a pulsating red-giant component. For double-lined
eclipsing binaries, the stellar mass and radius of the red-giant com-
ponent can be derived independently of asteroseismology through
the binary orbit analysis using Kepler’s laws. The binary analysis
is limited to the cases in which the orbital parameters can be re-
solved and require spectra covering the full orbital period of the
system.

So far a number of eclipsing binary systems with a red-giant com-
ponent were detected in Kepler data (e.g. Hekker etal. 2010; Gaulme
et al. 2013). The first such system, KIC 8410637, was identified by
Hekker et al. (2010), who carried out a preliminary asteroseismic
study based on a month long photometric time series of data in
which only one eclipse was detected. The stellar parameters of the
red-giant star could be measured from both the solar-like oscillations
and from spectroscopy. A detailed comparison between the astero-
seismic and dynamical stellar mass and radius of the red giant was
performed by Frandsen et al. (2013), who found agreement between
the binary and asteroseismic results within uncertainties. When Hu-
ber (2014) repeated the asteroseismic analysis of KIC 8410637 with
a longer Kepler data set, he contested the findings of Frandsen et al.
(2013) and reported large discrepancies between the asteroseismic
and dynamical stellar parameters.

Beck et al. (2014) carried out a seismic and binary analysis of
18 red-giant stars among which was KIC 9540226. The red gi-
ant was not only found to be in an eccentric eclipsing binary, but
also to exhibit an increase in flux during the actual periastron pas-
sage (Kumar, Ao & Quataert 1995; Remus, Mathis & Zahn 2012).
These stars are colloquially referred to as ‘heartbeat stars’ (Thomp-
son et al. 2012). Beck et al. calculated the orbital parameters of
the system from high-resolution spectroscopy and estimated the
stellar parameters of the red giant from the asteroseismic scaling
relations. In a more recent study, the mass and the radius of the
red-giant component of KIC 9540226 could be constrained from

two consecutive binary analyses! (Brogaard et al. 2016, 2018).
Moreover, Brogaard et al. (2018) computed several estimates of
its asteroseismic mass and radius based on different methodologies
and by using the asteroseismic observables presented by Gaulme
etal. (2016).

KIC 8410637, KIC 5640750, and KIC 9540226 were also part of
several ensemble studies? (Gaulme et al. 2013, 2014, 2016, here-
after G16). In these surveys, eclipse modelling and modelling of the
radial velocities were used to derive the orbital and dynamical stellar
parameters. In addition, masses and radii of the red-giant compo-
nents were computed by using the asteroseismic scaling relations.
In an extensive comparison between the results from detailed binary
modelling and asteroseismology, they showed that the stellar masses
and radii are systematically overestimated when the asteroseismic
scaling relations are used.

In Table 1 we summarize the orbital and stellar parameters
for the three red-giant stars (KIC 8410637, KIC5640750, and
KIC 9540226) that are the subject of this study.

For a number of red-giant components in eclipsing binary sys-
tems it has been found that the dynamical and asteroseismic stellar
parameters differ significantly. This leads us to investigate three
such systems in detail, both from the binary point of view including
a dedicated spectral disentangling analysis as well as by obtaining
individual frequencies. In addition to the observational analysis, we
use an asteroseismic grid-based approach to model the three red-
giant components. KIC 8410637, KIC 5640750, and KIC 9540226
belong to wide eclipsing binary systems where the components
are not expected to be strongly influenced by tidal effects and/or
mass transfer. All three systems were observed during the nomi-
nal 4 yr long Kepler mission providing a large photometric data
set of unprecedented accuracy and supplemented with additional
high-resolution spectra from ground-based observatories. We anal-
yse these spectroscopic and photometric data and derive up-to-date
values of the stellar parameters from both the asteroseismic and
orbital analysis. Since the stellar parameters determined using Ke-
pler’s laws are considered to be both accurate and precise, they
provide a means to test the reliability of the asteroseismic mass and
radius from the scaling laws.

For the current in-depth study we obtained orbital solutions and
physical properties of three eclipsing binary systems from Kepler
light curves and phase-resolved spectroscopy (Section 2). In ad-
dition, we analysed the Fourier spectra of the red-giant compo-
nents in these systems to derive both global oscillation parame-
ters as well as individual frequencies (Section 3.3). We studied
their asteroseismic stellar parameters and evolutionary states (Sec-
tion 3.4). In Section 4 we discuss and compare stellar parameters
obtained from different asteroseismic methods and from the bi-
nary orbit. In the same section we provide an overview of tests
that we performed to investigate the importance of different ob-
servables that are used for the determination of the asteroseismic
stellar parameters and we present the conclusions of our study in
Section 5.

INote that we only provide the updated dynamical values of Brogaard et al.
(2018) in Table 1 and Fig. 12.

2Here we only consider the updated values of Gaulme et al. (2014) and not
the results by Gaulme et al. (2013).
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Table 1. Stellar and orbital parameters of the red giants studied here obtained from the literature (as per the rightmost column). The orbital periods (P)
and eccentricities (e) are determined from orbital analysis of these binary systems. Stellar parameters (M, R, log g) are based on either asteroseismic scaling
relations or binary analysis. The latter are indicated with asterisks. Effective temperatures (Tefr) and logarithmic surface gravities (log g) are mostly derived
from spectra within the study referred to. We indicate the cases where they were adopted from the original (2, Brown et al. 2011) and revised (?, Huber et al.

2014) Kepler input catalogues (KIC).

P (d) e R(R ) MM ) logg Tert (K) Evol. phase Publication
KIC 8410637
>75 11.80 =+ 0.60 170 £ 030  2.700 = 0.150 4650 = 80 Hekker et al. (2010)
408.32 0.69 10.74 + 0.11 156 + 003 2569 #+ 0.009 4800 + 80 RC Frandsen et al. (2013)
11.58 =+ 0.30 1.83 £ 014 2572 +£ 0011 4800 = 80 Huber (2014)
408.32 0.69 11.01 + 0.26 1.61 + 011  2.760 % 0.400° 4872 + 139" RC Gaulme et al. (2014)
11.20 + 0.20 1.70 £ 0.07  2.569 + 0.005 4800 = 100 G16sgis
10.75 =+ 0.20 151 + 0.07 2555 + 0.005 4605 = 80 RGB This worksgis
408.32 0.686  10.60 =+ 0.05 147 £ 0.02 2556 + 0.003 4605 = 80 This workgyn
KIC 5640750
987.40 0.32 14.27 + 0.31 1.45 + 0.09 2561 + 0.400P 4727 + 142°  RGBI/AGB Gaulme et al. (2014)
13.08 + 0.26 115 + 0.06  2.267 + 0.005 4525 % 75 RGB This worksgis
987.40 0.323  13.12 =+ 0.09 1.16 = 001  2.266 & 0.006 4525 =+ 75 This workayn
KIC 9540226
175.43 0.39 14.10 =+ 0.30 1.60 = 0.10  2.370 % 0.010 4600 = 150° RGB Beck et al. (2014)
175.46 0.39 14.01 + 0.26 159 + 0.08  2.346 + 0.030" 4761 = 143" RGB Gaulme et al. (2014)
13.60 =+ 0.20 145 £ 0.05  2.334 + 0004 4692 % 65 G16sgis
175.44 0.388  12.80 =+ 0.10 1.33 £ 0.05  2.349 + 0.008 4692 % 65 G164yn
13.06 + 0.16 1.38 £ 0.04  2.345 + 0010 4680 = 80 Brogaard et al. (2018)
12.94 + 0.25 1.26 + 0.06  2.314 + 0006 4585 % 75 RGB This worksgis
175.44 0.388  13.43 + 0.17 1.39 + 0.03  2.326 + 0010 4585 % 75 This workgyn

2 PHYSICAL PROPERTIES OF THE SYSTEMS
FROM LIGHT CURVES AND RADIAL
VELOCITY TIME SERIES

2.1 Kepler light curves and ground-based spectroscopic data

For the eclipse modelling, we extracted the light curves of each
eclipse from the Kepler data sets. In this case, we retained all data
obtained within three eclipse durations of the eclipse. The data were
then converted from flux to magnitude units and a low-order poly-
nomial was fitted to normalize the out-of-transit data to zero relative
magnitude. This step removes any slow trends due to instrumental
effects and stellar activity. We tested the effects of different treat-
ment of the light curve normalization (e.g. polynomial order), and
found that it does not have a significant impact on the best-fitting
parameters.

By definition the primary eclipse is deeper than the secondary
eclipse, and occurs when the hotter star is eclipsed by the cooler
star. For all three objects, the dwarf star is smaller and hotter than
the giant, so the primary eclipse is an occultation and the secondary
eclipse is a transit. This also means that according to standard
terminology (e.g. Hilditch 2001) the dwarf is the primary star and
the giant is the secondary star. To avoid possible confusion, we
instead refer to the stellar components as the ‘dwarf’ (denoted as
A) and ‘giant’ (denoted as B).

Complementary to Kepler photometry we use spectroscopic
data for the binary systems KIC 8410637, KIC5640750, and
KIC 9540226, which were obtained with the HErmES spectrograph
(Raskin 2011; Raskin et al. 2011) mounted on the 1.2 m Merca-
tor telescope in La Palma, Canary Islands, Spain. These spectra
cover the wavelength range from 3750 to 9000 A with a resolution
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of R 85000. Emission spectra of thorium-argon—neon reference
lamps are provided in close proximity to each exposure to allow
the most accurate wavelength calibration of the spectra possible.
Some HerwmEs spectra for KIC 8410637 and KIC 9540226 were al-
ready used in previous studies by Frandsen et al. (2013) and Beck
et al. (2014). Observations were continued to extend the number of
spectra and time base of the spectroscopic data. Moreover, the long-
period system KIC 5640750 has been monitored spectroscopically
by members of our team since its discovery as a binary.

2.2 Spectroscopic orbital elements from cross-correlation
function and spectral disentangling

2.2.1 Cross-correlation function (CCF)

For the three red giants under study we reanalysed the archived Her-
MEes data and obtained radial velocities by using the cross-correlation
method (e.g. Tonry & Davis 1979). Based on this approach each
wavelength-calibrated spectrum in the range from 4780 to 6530 A
was cross-correlated with a line mask optimized for HERMES Spec-
tra (Raskin et al. 2011). In this case a red-giant-star template was
used that contains spectral lines corresponding to the spectrum of
Arcturus. This method provides excellent precision for deriving the
RVs of red-giant stars showing solar-like oscillations (Beck et al.
2014). For KIC 8410637 those RVs with large measurement un-
certainties were not included in the further analysis. This leaves
43 RVs for the giant, with a root mean square (rms) scatter of
0.23kms™* around the best fit, and 20 for the dwarf with a scatter
of 0.92kms™ (Table Al). In the case of KIC 5640750 we only
have RV data of the giant star (22 observations with a scatter of
0.08 kms™!, Table A2), since we were not able to detect the signa-

MNRAS 478, 4669-4696 (2018)
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ture of the dwarf component with ccr. As a further attempt to obtain
its RVs we applied the least-squares deconvolution (LSD) method
developed by Tkachenko et al. (2013). This technique is similar to
a cross-correlation with a set of & functions. It is sensitive to small
contributions and thus more suitable for the detection of faint com-
ponents in double-lined spectroscopic binary systems. Although the
overall signal-to-noise ratio (S/N) was high, the contribution from
the dwarf star was very weak and therefore difficult to detect. With
LSD we were not able to measure sufficiently precise RVs for the
dwarf component that could be used to further constrain the orbital
parameters for the system KIC 5640750. For KIC 9540226 we de-
rived 32 RVs for the giant with a scatter of 0.33kms™* that we
present in Table A3. These were supplemented by RV data for the
dwarf star recently published by Gaulme et al. (2016) (seven RVs
with a scatter of 0.91 kms™1).

Based on the radial velocities determined for the stars in these
binary systems we obtained orbital elements by using Kepler’s laws.
The lack of RVs for the dwarf star of KIC 5640750 means we
cannot measure the masses and radii of the component stars without
additional constraints. As these parameters are important for our
current study, we extended the spectroscopic analysis to detect the
dwarf component of KIC 5640750 by using spectral disentangling.

2.2.2 Spectral disentangling (SPD)

The spectra of the binary stars under study are dominated by the
spectra of the red-giant components since they contribute the pre-
vailing fraction of the total light of the systems. From the light-curve
analysis (see light ratio between components in Table 3, Section 2.3)
it was found that the dwarf companions contribute only about 9.2,
6.5, and 2.0 per cent to the total light of the system for KIC 8410637,
KIC 5640750, and KIC 9540226, respectively. This makes the RVs
of the Doppler shifts of the faint companions more difficult to de-
tect, i.e. the rms scatter of the dwarfs is about three times more
uncertain than for the giants for KIC 8410637 and KIC 9540226
and undetectable for KIC 5640750. The spectral lines of both com-
ponents are, however, present in the spectra and to extract both we
apply spectral disentangling (srp).

The method of spp was developed by Simon & Sturm (1994). In
this method, the individual spectra of the components as well as a
set of orbital elements can be optimized simultaneously. During this
process the fluxes of the observed spectra are effectively co-added.
This results in disentangled spectra that have a higher S/N compared
to the observed spectra. There is no need for template spectra like in
the cross-correlation method. This is highly beneficial in the case of
barely visible components’ spectrum, like in our case (see Mayer,
Harmanec & Pavlovski 2013; Torres et al. 2014; Kolbas et al. 2015,
for other examples). With the method of spp the spectra of the
faint dwarf companions were successfully reconstructed with the
fractional light in the visual spectral region at the extreme values of
barely  1—2per cent.

For this work, we used the spectral disentangling code FDBinary
(Hijic et al. 2004), which operates in Fourier space based on the
prescription of Hadrava (1995) including some numerical improve-
ments. In particular, the Discrete Fourier Transform is implemented
in FDBinary, which gives more flexibility in selecting spectral seg-
ments for spp while still keeping the original spectral resolution.
We used the wavelength range of the spectra from 5000 to 6000 A
for both the determination of the orbital elements and the isolation
of the individual spectra of the components.
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Figure 1. Disentangled spectra for the giant (blue) and dwarf (red) compo-
nent of the eclipsing binary systems KIC 8410637 (top panel), KIC 5640750
(middle), and KIC 9540226 (bottom) centred on Mg triplet at A = 5168—
5185 A. The spectra are normalized with respect to the composite continuum
and for better visibility we use an arbitrary offset between the individual
spectra of the binary components.

In FDBinary the optimization is performed with a simplex routine
(cf. Press et al. 1989). We performed 100 runs, each with 1000 itera-
tions, examining a relatively wide parameter space around an initial
set of parameters. In most cases of high S/N spectra, that are well
distributed in the orbital phases, the convergence is achieved quite
fast. The uncertainties in the determination of the orbital elements
were then calculated with a novel approach using a bootstrapping
method (Pavlovski et al. in preparation). The faint companion’s
spectra for all three systems were extracted (see Figs 1 and 2).

2.2.3 Orbital elements

For the three binary systems under study we report the spectroscopic
orbital elements obtained from ccr and SPD analysis in Table 2 .
These include the orbital period P, the time of periastron Ty, the
eccentricity e, the longitude of periastron w, the radial velocity semi-
amplitudes of the dwarf and giant component Ka, Kg, and the mass
ratio g = Ka/Kg. The comparison of the results shows agreement
between both methods. We note, however, that Ty is different from
spp and ccr for KIC 5640750 since about one-third of the orbital
phase is not covered by spectroscopic observations, which results in
ambiguities regarding its orbital parameters (Fig. 4). From spo we
derived RV semi-amplitudes for all components in the three binary
systems making the determination of the dynamical masses for all
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Figure 2. Close-ups of the disentangled spectra for the dwarf components
(red) of the eclipsing binary systems KIC 8410637 (top panel), KIC 5640750
(middle), and KIC 9540226 (bottom) centred on Mg triplet at A = 5168-
5185 A. Synthetic spectra are overplotted in black. The spectra are normal-
ized with respect to the composite continuum and for better visibility we use
an arbitrary offset between the individual spectra of the dwarf components.

stars possible. Hence, we adopted these solutions for the further
analysis.

KIC 5640750: In the current study we present the first spectro-
scopic orbit for this binary system based on both components. The
CCF nor LSD analysis did reveal the radial velocities of the dwarf
spectrum. According to our light curve analysis (Section 2.3) the
companion star contributes only 6.5 per cent to the total light in
the visual passband. In addition, the long orbital period of 987d
makes the detection of the dwarf spectrum difficult since for such
small Doppler shifts the spectral lines are along the whole cycle
close to the prominent lines of the red-giant component. From the
spp analysis we find two statistically significant solutions for this
system which are indistinguishable and whose difference is barely
visible in the disentangled spectra. This ambiguity arises due to an
insufficient coverage of the orbital phase which lacks spectroscopic
observations between 0 and 0.35 (see bottom left in Fig. 4). Thus,
only one extremum in the RV curve is covered by spectroscopic ob-
servations. As a result we obtain more than one local minimum in
the spp analysis due to spurious patterns in the reconstructed spec-
tra of the individual components, which can also affect the quality
of the orbital solution (Hensberge, Ilijic & Torres 2008). As a fur-
ther attempt to lift the ambiguity between the two orbital solutions,
we rerun the spp with fixed e and w without success. In any case,
follow-up observations would be required to resolve this ambiguity
by filling the gap in the orbital phases. In the current study, we
use both solutions of this system to infer the stellar parameters of
its components and we check these results for consistencies with
asteroseismic stellar parameters. It should be noted that the RV
semi-amplitudes for the giant are within 1o confidence level for all
solutions.

KIC 8410637: In a comprehensive study by Frandsen et al. (2013)
the first spectroscopic orbit was determined for this binary sys-
tem. Even with about 10 per cent contribution to the total light,
the dwarf companion is barely detectable due to a long orbital
period of P 408 d. Frandsen et al. used several methods to mea-
sure the radial velocities for both components; the line broadening
function (Rucinski 2002), the two-dimensional cross-correlation
(2p-ccr, Zucker & Mazeh 1994), and the Fourier spectral disen-
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tangling (Hadrava 1995). These three sets of measurements gave
consistent orbital parameters within 1o errors. Their final orbital
solution is a mean of the results determined from the line broaden-
ing function and 2D-ccr, and reads, Ka= 30.17 & 0.39 kms™, and
Kg= 25.85 = 0.07 kms™!, with the mass ratio, g= 0.857 % 0.011.
Comparing Frandsen et al. spectroscopic solution with our CCF
and spp results, the agreement is only at a 30 confidence level
for the RV semi-amplitudes, and at a 10 level for the geometric
orbital parameters, i.e. the eccentricity, and the longitude of peri-
astron. It is difficult to trace the source of these differences. Some
systematics could arise because of the different methodology and
different data sets that were used. Frandsen et al. worked with three
spectroscopic data sets that were collected with different spectro-
graphs of comparable spectral resolution, FIES at the Nordic Op-
tical Telescope, HERMES at the Mercator Telescope, and ces at the
Thiringer Landessternwarte. We used HermES spectra exclusively,
hence our data set is homogeneous, yet less extensive. Since there
is no need for template spectra in the spp technique, this method is
not liable to mismatch problems as the methods used by Frandsen
et al. (2013), as shown in numerical experiments by Hensberge &
Pavlovski (2007).

KIC 9540226: The first attempt to determine the spectroscopic
orbit for this binary system was made by Beck et al. (2014). The
cross-correlation method applied on 31 HermEs spectra did not reveal
the dwarf’s spectrum. Hence, only the giant’s RV semi-amplitude
was determined, Kg= 23.32 + 0.04kms™, and the geometric or-
bital parameters, the eccentricity e = 0.39 + 0.01, and the longitude
of periastron w = 4.0 = 0.6 deg. The Kepler light-curve solution
published by Gaulme et al. (2016) shows that the dwarf compo-
nent contributes barely 2 per cent to the total light. Despite the
low secondary contribution to the total flux, Gaulme et al. report a
detection of the dwarf spectra in 7 out of 12 of their observations
by using CCF. They used a new series of spectra secured with the
3.5 m ARC telescope at Apache Point Observatory. It is encour-
aging that the spectroscopic orbital elements derived by Gaulme
et al. (2016) and ours based on spp (Table 2) agree within 1o
uncertainties.

2.2.4 SPDlIndividual components’ spectra from

Spectral disentangling was performed in pure ‘separation’ mode
(Pavlovski & Hensberge 2010) since the light curves do not show
any significant light variations outside the eclipses. This is also true
for the eccentric eclipsing binary system KIC 9540226 which shows
flux modulations at periastron. However, these so-called heartbeat
effects are extremely small amplitude that is why they only became
widely known through the Kepler mission. Hence it is justified to
use the pure separation mode for all three binary systems.

The disentangled spectra of the components still have a com-
mon continuum of a binary system. For the renormalization of the
separated spectra from a common continuum of the binary system
to the components’ spectra with their individual continua we fol-
lowed the prescription by Pavlovski & Hensberge (2005). First, an
additive correction was made due to different line-blocking of the
components. Then these spectra were multiplied for the dilution
factor. This multiplicative factor is determined from the light ra-
tio. Since Kepler photometry is very precise, we preferred the light
ratio determined in the light curve analysis (Section 2.3), rather
than the spectroscopically determined one. Disentangled spectra of
all binary components could be extracted and are shown in Figs 1
and 2. The latter presents close-ups of the disentangled spectra for
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Table 2. Spectroscopic orbital elements for KIC 8410637 (columns 2-3), KIC 5640750 (columns 4-6), and KIC 9540226 (columns 7-8) determined using
cross-correlation (ccr) and spectral disentangling (spp). We adopted the solutions based on sro in the further analysis of these eclipsing binary systems. See

Section 2.2.3 for parameter definitions. We note that Ty is given in Heliocentric Julian Date (HID).

Parameter KIC 8410637 KIC 5640750 KIC 9540226
SPD CCF spD 1 SPD 2 CCF SPD

P (d) 408.3248 + 0.0004 - 987.398 =+ 0.006 - - 175.4438 + 0.0008 -
To (d) 398.9449 + 0.0007 403.53 = 0.06 269.215 £+ 0.004 188.7 = 1.1 1885 + 1.1 817.289 + 0.002  841.71 + 0.08
e 0.686 = 0.001  0.694 = 0.004 0.326 = 0.002 0.323 =+ 0.008 0.322 =+ 0.008 0.3877 £ 0.0003  0.387 =+ 0.003
w (deg) 1209 = 0.1 120.7 = 0.2 343 £ 0.7 340 = 0.7 33.6 £ 0.7 1835 = 0.6 184.2 = 0.7
Ka (kms™1) 30.33 = 0.22 29.37 = 0.12 - 17.21 + 0.18 15.10 + 0.19 31.48 = 0.40 31.94 + 0.32
Kg (kms™1) 25.76 = 0.09 26.13 = 0.08 14.64 + 0.03 14.68 = 0.05 14.66 + 0.06 23.24 = 0.21 23.33 = 0.14
q 0.849 = 0.008  0.890 = 0.005 - 0.853 = 0.011 0.971 = 0.012 0.738 = 0.016 0.730 = 0.032
Table 3. Physical properties of the systems measured from the Kepler light curves and phase-resolved spectroscopy.

Parameter KIC 8410637 KIC 5640750 KIC 9540226
Parameters fitted using JKTEBOP: First solution Second solution
To (BJD) 2454 990.6201 +0.0007 2455 269.2144 +0.0042 2455 817.2890 +0.0024

P (d) 408.324 76 0.000 35 987.3981 £ 0.0060 175.443 81 +0.000 82
€c0os W —0.352 04 +0.000 54 0.269 16 +0.000 17 —0.387 02+0.000 11
esin w 0.5884 + 0.0017 0.1808 + 0.0029 —0.0235 £ 0.0042
ra+rg 0.037 30£0.000 12 0.027 01£0.000 16 0.081 80+ 0.000 87
k 6.811 + 0.027 7.584 + 0.066 12.98 + 0.11
J 0.2556 + 0.0018 0.2695 =+ 0.0045 0.2974 + 0.0046

i (degrees) 89.614 + 0.032 89.761 + 0.055 88.73 = 0.19

ug 0.528 + 0.024 0.573 = 0.047 0.466 = 0.058
Ka (kms™1) 30.33 = 0.22 17.21 + 0.18 15.098 + 0.086 31.48 = 0.40

Kg (kms™1) 25.763 = 0.090 14.676 = 0.051 14.664 + 0.056 2324 = 0.21
va (kms™1) —4542 £+ 0.16 —11.70 £ 0.22
ve (kms™1) —46.445 £+ 0.013 —32.993 + 0.013 —12.36 £ 0.11
Derived parameters:
Tesr of dwarf 6066 + 200 5844 + 200 5822 + 200

(K)

ra 0.004 775 +0.000 027 0.003 147 +0.000 034 0.005 850 £ 0.000 067
rs 0.032 522 £0.000 094 0.023 87 £0.000 14 0.075 95+ 0.000 82
s/ A 9.860 = 0.017 14.342 + 0.060 48.13 + 0.16
Mass ratio 1.124 + 0.006 1.173 + 0.013 1.030 + 0.007 1.369 + 0.016
Ma (M ) 1.309 + 0.014 1.292 + 0.017 1.125 + 0.011 1.015 + 0.016
Mg (M ) 1.472 + 0.017 1.515 + 0.033 1.158 + 0.014 1.390 + 0.031
Ra(R ) 1.556 + 0.010 1.853 + 0.023 1.730 £ 0.020 1.034 + 0.014
Re (R ) 10.596 =+ 0.049 14.06 + 0.12 13.12 + 0.09 13.43 + 0.17

log ga (cgs) 4.171 + 0.005 4,014 £+ 0.010 4,014 + 0.010 4416 £ 0.010
log gg (cgs) 2.556 + 0.003 2.323 = 0.007 2.266 = 0.006 2.326 = 0.010
logLa (L ) 0.468 + 0.058 0.555 =+ 0.060 0.495 + 0.060 0.042 = 0.061
logLlg (L ) 1.656 =+ 0.030 1.871 + 0.029 1.811 + 0.029 1.854 + 0.030

a (au) 1.5148 + 0.0054 2.738 = 0.016 2.557 = 0.009 0.8218 =+ 0.0052
E(B—V) 0.07 = 0.02 0.16 = 0.03 0.16 = 0.03 0.16 = 0.03
Distance (pc) 1005 + 29 1569 + 55 1464 + 50 1667 + 63

the dwarfs with decreasing S/N from top (KIC 8410637) to bottom
(KIC 9540226). For the synthetic spectra we used the atmospheric
parameters from Table 4 and the light ratios from Table 3. Since the
dwarf component of KIC 5640750 is at the limit of detection, we did
not obtain its atmospheric parameters and therefore we adjusted the
projected rotational velocity to 10 km s~ for its synthetic spectrum
in Fig. 2.

2.3 Eclipse modelling

The available light curves of the three systems were modelled with
the skTeBoP code (Southworth 2013, and references therein) in order
to determine their physical properties. JxTEBOP parametrizes the

light curve using the sum and ratio of the fractional radii of the
components, ra + rg and k = rg/ra. The fractional radii are defined
asra = Ra/aand rg =Rg/a, where R and Rg are the true radii of the
stars and a is the orbital semimajor axis. The parameters ra + rg and
k were included as fitted parameters, as was the orbital inclination
i. We fitted for the combination terms ecos w and esinw where e
is the orbital eccentricity and w is the argument of periastron. The
orbital period, P, and mid-point of primary eclipse, Ty, were also
fitted.

The radiative properties of the stars were modelled using the
quadratic limb darkening law (Kopal 1950), with linear coefficients
denoted ua and ug and quadratic coefficients va and vg. We fitted
for ug, which is well constrained by the shape of the light curve
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Table 4. Atmospheric parameters determined with the cssp code. The stellar surface gravities, log g were kept fixed to the values coming from the mass and
the radius of the stars obtained through the combined photometric—spectroscopic solution (Table 3).

Parameter KIC 8410637 KIC 5640750 KIC 9540226
Giant Dwarf Giant Dwarf Giant
Tetr (K) 4605 + 80 6380 % 250 4525 + 75 6050 % 350 4585 + 75
log g (cgs) 2.56 (fixed) 4.17 (fixed) 2.32 (fixed) 4.01 (fixed) 2.33 (fixed)
Vmicro (kms™1) 114 £ 0.18 1.95 + 045 116 £ 0.17 05515 122 £ 0.17
Vimacro (kms™1) 50 = 25 0.0 (fixed) 47 £ 25 0.0 (fixed) 51+ 15
vsini (kms™1) 23 174 £ 1.2 213 139 + 18 1%
[M/H] (dex) 0.02 + 0.08 001 + 0.14 —0.29 =+ 0.09 0.08 + 0.25 —0.31 + 0.09

during totality. We fixed vg to theoretical values interpolated from
the tabulations of Sing (2010), as it is strongly correlated with ua
(e.g. Southworth, Bruntt & Buzasi 2007; Carter et al. 2008). Both
limb darkening coefficients for the dwarf stars (ua and va) were
fixed to theoretical values because they are not well constrained by
the available data. We also fitted for the central surface brightness
ratio of the two stars, J.

According to the Kepler Input Catalogue (Brown et al. 2011), all
three systems have a small but non-zero flux contamination from
nearby stars (0.001 for KIC 8410637, 0.021 for KIC 5640750, and
0.012 for KIC 9540226). We obtained solutions with third light,
L3, as a fitted parameter but found that they were not significantly
different from solutions with L3 = 0. In each case, the best-fitting
value of L3 was small and its inclusion had a negligible effect on
the other fitted parameters.

We included measured RVs for the stars in the skTeBoP fit, and
fitted for the velocity amplitudes of the two stars, Ka and Kg. This
was done to include constraints on ecosw and esinw provided by
the RVs and we found that the measured values of K and Kg were
in agreement with the input values. However, we did not use them
in the subsequent analysis because we prefer the homogeneous set
for all dwarfs and giants from SPD (Section 2.2.2). Note that RVs
are not available for the dwarf component of KIC 5640750. We also
fitted for the systemic velocities of the stars, y o and y g, but did not
require y o = g because the gravitational redshifts of the giants are
significantly different to those of the dwarfs. The systemic veloci-
ties are formally measured to high precision, but have significantly
larger systematic errors due to the intrinsic uncertainty in the stellar
RV scale.

As we analysed the Kepler long-cadence data for each system, the
skTeBop model was numerically integrated to match the 1765 s sam-
pling rate of these data (Southworth 2012). This is one point of dif-
ference between the current analysis and the study of KIC 8410637
by Frandsen et al. (2013). We note that short-cadence data are
available for KIC 9540226 but that we did not use them because
the long-cadence data already provide a sufficient sampling rate for
both the eclipses and pulsations (Section 3.1).

The best-fitting values of the fitted parameters for the three sys-
tems are listed in Table 3, where Mag are the masses, Rag the
radii, log ga g the surface gravities, La g the luminosities, and a the
orbital separation of the two stars. The light ratio g/ A of the giant
to the dwarf is computed in the Kepler passband. The light curves
and RV data for the three systems are shown in Figs 3, 4 and 5,
superimposed on the best-fitting models from skTesop. Uncertainty
estimates for each parameter were obtained via both Monte Carlo
and residual-permutation algorithms (see Southworth 2008), and the
larger of the two uncertainty estimates is reported for each parame-
ter. In most cases we found that the residual-permutation algorithm
yielded uncertainties two to three times larger than those from the
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Monte Carlo algorithm. This is due to the presence of pulsations,
which for the purposes of eclipse modelling are simply a source of
correlated (red) noise.

2.3.1 Physical properties of the systems

In Table 3 we list the physical properties of the systems derived from
the spectral disentangling analysis and the sktesop analyses. These
were calculated using the sktaBspim code (Southworth, Maxted &
Smalley 2005), and the uncertainties were propagated via a pertur-
bation approach. We emphasize that the velocity amplitudes from
the spectral disentangling analysis were preferred over those from
the RV measurements because they are available for all six stars.

We also determined the distances to the systems using published
optical and near-IR photometry (Skrutskie et al. 2006; Brown et al.
2011; Henden et al. 2012) and the bolometric corrections provided
by Girardi etal. (2002). Values of E(B — V) were obtained by requir-
ing agreement between the distances at optical and near-IR wave-
lengths, being 0.16 =+ 0.03 mag for KIC 5640750, 0.07 % 0.02 mag
for KIC 8410637, and 0.16 + 0.03 mag for KIC 9540226. We finally
quote the distances determined from the 2MASS K-band apparent
magnitudes, as these are the least affected by uncertainties in the
effective temperatures and E(B — V) values. We conservatively dou-
bled the uncertainties in these measurements to account for some
inconsistency in optical apparent magnitudes quoted by different
sources. Our distance estimates (see Table 3) are much more precise
than those from Gaia Data Release 1 (Gaia Collaboration 2016); fu-
ture data releases from the Gaia satellite will significantly improve
the distance measurements to these three binary systems.

KIC 5640750: We are the first to determine dynamical stellar
parameters for this long-period binary system. By using the first
set of orbital parameters, denoted as spp 1 in Table 2, we ob-
tained Mg =1.52+0.03M and Rg = 14.06 £ 0.12R for the
red giant component in this system. The second orbital solu-
tion (spp 2) provided significantly lower stellar parameters with
Mg =1.16 £0.001M and Rg =13.12+0.09R ) for the same
red-giant star, which results in a relative difference of 0.4M in
stellar massand 0.9R in stellar radius, respectively.

KIC 8410637: We found that the velocity amplitudes were dif-
ferent at a 30 level when measured from the RVs compared to
the results from spectral disentangling. Our adoption of the ve-
locity amplitudes from spectral disentangling means that we find
significantly lower masses for the two components of this system
compared to those found by Frandsen et al. (2013) and Gaulme
et al. (2016). However, the discrepancy between the results found
by Frandsen et al. (2013) and those from asteroseismic studies led
us to investigate this system further. As the dominant source of
noise is pulsations in the light curve, we investigated whether the
measured radius of the giant was sensitive to which eclipses were
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Figure 3. Observational data for KIC 8410637 and the best-fitting model from skTeBOP. The red points give the data and the blue lines the best fits. The four
panels show the phase folded light curve (top left), primary eclipse (top right), the RV curve as derived from CCF (left bottom), and secondary eclipse (right

bottom). Each panel is accompanied by a plot of the residuals in the lower panel.

included in the analysis. We did this by obtaining eight best fits with
each of the eclipses (four primary and four secondary) omitted in
turn. The standard deviation of the Rg values was 0.047, which is
slightly smaller than the error estimate for this quantity in Table 3.
We therefore conclude that our measured Rg is robust against the
omission of parts of the input data.

KIC 9540226: For this star our measurements of the system pa-
rameters can be compared to those found by Gaulme et al. (2016),
who worked with similar data and analysis codes. We find that the
agreement between the two sets of results is reasonable but not
perfect. Our value of Ra and Rg are larger by 26 and 2.60, respec-
tively, and the mass measurements agree to within 10. Finally, the
mass and the radius of the giant found by Brogaard et al. (2016)
are somewhat larger (by 2.40 and 1.90, respectively). In their most
recent study, Brogaard et al. (2018) re-analysed this system and
obtained considerably lower values for both the radius and the mass
of the red giant. Compared to their latest measurements, our values
of Mg and Rg agree to within 10 and 20, respectively.

2.4 Atmospheric parameters

For the extraction of the atmospheric parameters we used the Grid
Search in Stellar Parameters (cssp; Tkachenko 2015) software pack-
age to analyse the disentangled spectra of the evolved components
of each of the eclipsing binary systems. cssp is a LTE-based software
package that uses the syntHv (Tsymbal 1996) radiative transfer code
to compute grids of synthetic spectra in an arbitrary wavelength
range based on a precomputed grid of plane-parallel atmosphere
models from the LLmopeLs code (Shulyak et al. 2004). The atomic
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data were retrieved from the Vienna Atomic Lines Database (vALD;
Kupka et al. 2000). The optimization was performed simultane-
ously for six atmospheric parameters: effective temperature (Tes),
surface gravity (log g; if not fixed to the value obtained from the
light-curve solution), micro- and macro-turbulent velocities (Vmicro,
Vmacro), Projected rotational velocity (vsini), and global metallicity
(IM/H]). The grid of synthetic spectra was built from all possible
combinations of the above-mentioned atmospheric parameters and
the best-fitting solution was obtained by minimizing the x? merit
function. The 1o errors were derived from x? statistics taking into
account possible correlations between the parameters in question. In
general, cssp allows for the analysis of single and binary star spec-
tra, where both composite and disentangled spectra can be analysed
for atmospheric parameters and elemental abundances of the indi-
vidual binary components in the latter case. We refer the reader to
Tkachenko (2015) for details on the method implemented in Gssp
and for several methodology tests on the simulated and real spectra
of single and binary stars. In this work, we used the Gssp-SINGLE
MODULE, Where the spectra were treated as those of single stars. By
doing so we take advantage of the fact that the light dilution effect
could be corrected for based on the a priori knowledge of light
factors from the light curve solution.

Fig. 6 shows the best-fitting solutions to a short segment of
each observed red-giant spectrum. The atmospheric parameters for
KIC 8410637, KIC 5640750, and KIC 9540226 are reported in Ta-
ble 4 except for the dwarf component of KIC 9540226. Due to the
high noise level in the disentangled spectrum of this dwarf com-
panion (see bottom panel in Figs 1 and 2), we are not able to
obtain precise estimates of its atmospheric parameters from spec-



0.00

T T

T

0.02

T T

T

0.04

T T

T

0.06

Differential magnitude

T T

T

0.08

0.003
0.000
—0.003

TTTTTT

|
o
N

RV (km/s)

LLLLLRRR) LA RRRN LA ALRRN LAARRRRRA) LARRRRRRE

|
o

TTTITI EATRRTEITI FAATATIn

T

|
000000

T[T T

vobvnd Lol

o Mo NoN O

o

0.2 0.4 0.6

Orbital phase

0.8

o

Oscillating red giants in eclipsing binaries

4677

T T T

Differential magnitude

0.08 - —

0.003
0.000
—0.003

—0.

Differential magnitude

0.08 - —

0.003
0.000
—0.003

0.67
Orbital phase

0.68

Figure 4. Same as Fig. 3 now for KIC 5640750.

tral fitting. From its mass and by assuming solar metallicity we can
only infer that it is a dwarf star of early to intermediate G spectral
type.

KIC 5640750: We are the first to determine the atmospheric pa-
rameters of the binary components of KIC 5640750. For the red-
giant star we derived Te= 4525 + 75K and [M/H] = —0.29 +
0.09 dex and for its companion we obtained Tes= 6050 + 350 K
and [M/H] = 0.08 % 0.25 dex.

KIC 8410637: The atmospheric parameters for the stars in this
binary system were also determined by Frandsen et al. (2013) from
the disentangled spectra of the components. They used the Versa-
tile Wavelength Analysis (vwa) package (Bruntt et al. 2004). The
effective temperatures that they determined for the giant and dwarf
component, T = 4800 £ 80K, and Tefr = 6490 + 160 K, respec-
tively, agree with our results (Table 4) at the 20, and 10 confidence
level. The somewhat worse agreement in the effective temperature
determinations could be explained as a metallicity effect. Whilst we
found almost solar metallicity for the red giant component, Frand-
sen et al. determined [Fe/H] = 0.24 = 0.15 dex, which was based
on numerous Fe1 lines. Since in this temperature range the metal
lines become deeper for lower Tes both results could agree in case
the degeneracy between the T and metallicity can be lifted. This
might also explain a better agreement for the Tef of the dwarf com-
panion. Frandsen et al. fixed the metallicity to [Fe/H] = 0.1 dex,
which is closer to the value we derived, although the uncertainties
in the determination of the Te of the dwarf star are considerably
larger than in the case of the red giant component, due to the faint-
ness of the dwarf companion. The fractional light dilution factor
for the RG component is Igg= 0.9085 and 0.9080, from the light
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curve analysis in Frandsen et al. and this study, respectively. The
light ratio used in both studies could be another source of slight
discrepancies, however it seems unlikely given the small difference
between these values.

KIC 9540226: For the red giant component in this binary sys-
tem, Gaulme et al. (2016) determined the atmospheric parameters
through spectroscopic analysis of Fei and Fen lines. They used
the MOOG spectral synthesis code (Sneden et al. 2012). It is not
clear how they deal with the dilution effect of the secondary com-
ponent, yet with its contribution of barely 2 per cent its influence
is very small if not negligible. Based on the ARCES spectra they
adopted the following principal atmospheric parameters as final
results of their work: T = 4692 + 65K, logg = 2.2 + 0.2,
and [Fe/H] = —0.33 = 0.04dex. It is very encouraging that the
result from Gaulme et al. (2016) and the analysis in this work
agree within 10 uncertainties. Brogaard et al. (2016) first an-
nounced preliminary spectroscopic analysis results based mostly
on previously published data, which was later on followed by a
revised analysis of the same system (Brogaard et al. 2018). In both
studies, they derived a lower metallicity ([Fe/H] = —0.21 +0.10
and [Fe/H]yey = —0.23 % 0.10) for the red-giant component. More-
over, their effective temperature measurements for the giant are
considerably higher than ours with Ter = 4780 = 55K and
Tefirev = 4680 = 80 K. This may again be due to the Ty and
metallicity degeneracy mentioned earlier.

The effective temperatures of the dwarf components were barely
measurable during the spectroscopic analysis due to the low S/N
of the disentangled spectra. Thus as a further test we obtained
estimates by interpolating between theoretical spectra from the AT-
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