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1 INTRODUCTION

ABSTRACT

In this paper, we present a spectroscopic and photometric analysis of the suspected ellip-
soidal variable star KIC 7599132. New spectroscopic observations have been obtained with
Catania Astrophysical Observatory Spectropolarimeter. From the fit of He and HB, we deter-
mined the effective temperature and gravity of the primary component, T = 10200 £ 150 K
and log g =4.1£0.1, while from a number of metal lines, we derive the rotational velocity,
vesini=6042kms~'. We found almost solar abundances with the exception of silicon (0.50
dex) overabundance. A Bayesian analysis, based on the comparison between observational
data and theoretical predictions of PROSECCO evolutionary models, allows us to estimate the
mass and the age of the primary. We obtained M; =2.44+0.2 Mg and 7,=3.8 fg:g Myr. A
new model for the system was obtained combining Kepler photometric time series (Q0-Q17)
and our radial velocities by using the code PHOEBE. As a result, the system appears to be a
detached binary system with a mass ratio g = 0.30 + 0.01, a semimajor axisa=7.3+0.1 Rp
and an inclination angle i = 35° & 2°. This modelling allowed us to derive: M, =0.7 £ 0.1 M@,
R =3.0£0.2Rp, and R, = 1.5 £ 0.2 R. Numerical simulations show that if the secondary
star had been hotter than 4000 K, we would have observed its spectral features in our
spectra.

Key words: stars: abundances —binaries: close —binaries: spectroscopic —stars: evolution—
stars: fundamental parameters — stars: individual: HD 180757.

sample of about 60 000 stars of the Kepler field that were observed
from 2011 to 2014. In that paper, a comparison with data from the

The Kepler four-year space mission and its K2 extension provide
photometric time series with unprecedented precision. Given the rel-
evance of these data on the studies about stellar pulsations, the intro-
duction of large data bases, as homogeneous as possible, collecting
important astrophysical parameters such as temperature, gravity,
and metallicity becomes necessary. The LAMOST-Kepler project,
based on LAMOST spectroscopy of Kepler targets, aims at provid-
ing the atmospheric parameters and other basic data for thousands
of stars, which fall in the field of view of the Kepler telescope (De
Cat et al. 2015).

In the framework of LAMOST-Kepler project, a recent paper
by Frasca et al. (2016) focuses on the determination of activity
indicators, atmospheric parameters, radial, and rotational velocities
with the code roTFIT, developed by Frasca et al. (2003, 2006), for a

* E-mail: gca@oact.inaf.it

literature for a few hundred targets allowed the authors to assess
the accuracy of the derived parameters and to identify objects with
discrepant values. Regarding the radial velocity (RV), only one
star, namely KIC 7599132 (= HD 180757), observed by LAMOST
for two times, has been found discrepant from precedent results
(Catanzaro et al. 2010).

KIC 7599132 was inserted in a list of possible Slowly Pulsating
B-type stars by Lehmann et al. (2011). These authors performed
a local thermodynamic equilibrium spectral synthesis of a high-
resolution spectrum obtaining the following atmospheric parame-
ters: Ty = 110907199 K, log g =4.08 £ 0.06, v sini =635 kms !,
£€=1.6"7kms"', and metallicity [M/H] = 0.06 % 0.10.

Moreover, Kepler photometry of KIC 7599132 from quarters QO
to Q4 was first presented by Balona et al. (2011) in their study of
48 B-type stars in which they discussed the types of variability that
might be found among B stars. In that paper, the authors suggested
that KIC 7599132 could be a member of a close binary system.

© 2018 The Author(s)
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This star is included in the catalogue by McNamara, Jackiewicz &
McKeever (2012), where it is classified as a rotationally variable star
or close binary. Complete Kepler photometry (quarters 0—17) has
been taken into account in Balona et al. (2015), who found a single
harmonic series in the periodogram, with the fundamental frequency
corresponding to P = 1.303685 £ 0. 000003 d. They suggested that
this object is probably an ellipsoidal variable (ELL) in a close binary
system, but they could not confirm their hypothesis without time-
resolved spectroscopy.

The ELL are close binaries whose components are distorted by
their mutual gravitation but whose orbital inclinations as seen from
Earth are too small to show eclipses. A general characteristic of their
light curve (LC) is a large difference in depths of minima indicating
component of quite different surface brightness. The light variations
are a combination of three effects: tidal distortion, reflection, and
beaming. Beaming in particular is induced by the stellar radial
motion which results in an increase (decrease) in brightness when
the star is approaching (receding from) the observer. As shown by
Zucker, Mazeh & Alexander (2007) beaming contribution becomes
dominant with respect to ellipsoidal and reflection effects for orbital
periods of the order of 10d or longer, while it is not important for
periods of the order of 1d.

Thus, with the purpose to investigate on the actual nature of
KIC 7599132, we decided to insert this star in our ongoing cam-
paign carried out with Catania Astrophysical Observatory Spec-
tropolarimeter (CAOS) aimed at a spectroscopic monitoring of
newly discovered binary system (see e.g. Catanzaro et al. 2016).

In the following sections, we present the combined analysis of
the Kepler photometry and ground-based spectroscopy, which in-
cludes determination of atmospheric properties of the primary star
(Sections 3-5), RV (Section 6.2), and LC analysis (Sections 6.1
AND 6.3). Finally (Section 7), we speculated on the characteristic
of the unseen secondary component.

2 OBSERVATIONS AND DATA REDUCTION

Time-resolved spectroscopy was carried out with the CAOS, which
is a fibre fed, high-resolution, cross-dispersed echelle spectrograph
(Catanzaro et al. 2015; Leone et al. 2016) installed at the Cassegrain
focus of the 91 cm telescope of the ‘M. G. Fracastoro’ observing
station of the Catania Astrophysical Observatory (Mt. Etna, Italy).
In total, 22 spectra were obtained between 2015 and 2017 with ex-
posure times ranging from 1200 to 1800 s; the signal-to-noise ratio
(S/N) was at least 50 in the continuum A 4300-7000 A wavelength
range, with a resolution of R = 45 000, as measured from ThAr and
telluric lines.

The reduction of data, which included subtraction of the bias
frame, trimming, correcting for the flat-field and the scattered light,
extraction of the orders, and wavelength calibration, was done using
the NoAO/IRAF package.!

The 1RAF task rvcorrect was used to determine the heliocentric
velocity and to correct the spectra for the Earth’s motion.

Considering the S/N of our spectra, we did not find any evidence
of spectral lines belonging to the secondary component, at least at
alevel of 3 per cent of the continuum, thus we classified the system
as SB1.

!'IRAF is distributed by the National Optical Astronomy Observatory (N0AO),

which is operated by the Association of Universities for Research in As-
tronomy, Inc.
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Table 1. Heliocentric Julian Date and measured RVs for KIC 7599132.

HID RV
(2400000.0 +) (kms~!)
CAOS 57269.4143 26.1 + 3.50
57271.4429 —58.7 + 8.12
57288.3955 —56.1 £53
57290.3544 203 + 2.5
57307.3260 225 + 5.7
57308.3023 —77 £ 27
57309.3396 —57.1 + 34
57311.2706 25.1 + 3.5
57331.3475 —64.6 + 6.1
57332.3502 — 168 + 4.6
57336.3144 —34.8 + 11.7
57337.3477 164 + 8.0
57338.3250 —68 + 32
57339.2278 —68.0 + 3.9
57340.2174 —303 +£58
57567.5241 —51.6 £33
57574.5030 259 + 4.8
57581.5858 —558 + 6.0
57610.4773 —528 + 3.1
57611.4952 —456 + 3.8
57920.5542 —583 + 26
57934.5578 —03 £ 37
FRESCO 54308.3540 —572 + 18
LAMOST 564322612 11.6 + 17.9
56570.0049 —51.5 + 189

The RVs reported in Table 1 have been measured by cross-
correlating each observed spectrum with a synthetic one computed
with the parameters derived in Section 4. The cross-correlation has
been calculated by means of the IRAF task fxcor excluding Balmer
lines as well intervals with telluric lines. We also collected RVs for
KIC 7599132 with two further instruments: FRESCO (Catanzaro
et al. 2010) and LAMOST (see Frasca et al. 2016, for details).

3 SPECTRAL ENERGY DISTRIBUTIONS

As a first step towards solving this system, we estimated stellar
parameters by comparing the observed spectral energy distribution
(SED) with synthetic spectra. To this aim, we adopted the vosa tool
(Bayo et al. 2008). The first step was to collect the photometric
data by means of the vosa package. The mean sources of photom-
etry were the Tycholl (Hgg et al. 2000), 2MASS (Skrutskie et al.
2006), WISE (Wright et al. 2010) catalogues, complemented with
Stromgren (Paunzen 2015), Sloan (Brown et al. 2011), and GALEX
(Galaxy Evolution Explorer)* photometry. The second step con-
sisted in estimating the interstellar extinction in magnitude defined
as Ay =Ry - E(B — v), where E(B — v) = 0.201 has been derived
by means of (B — v)y = —0.137 (Reinhold & Gizon 2015) and the
observed (B — v)= 0.064 (ESA 1997; Luo et al. 2015). Ry has
been fixed equal to 3.1. The observed SED is shown as filled circles
in Fig. 1. For the dereddening, vosa makes use of the extinction
law by Fitzpatrick (1999), improved by Indebetouw et al. (2005)
for what concerns the infrared spectral range.

Finally, vosa performed a least-squares fit to this SED by
using a grid of arLas9 Kurucz ODFNEW/NOVER models
(Castelli, Gratton & Kurucz 1997) to obtain a first estimate of

2 http://galex.stsci.edu/GR6/
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Figure 1. Observed SED for KIC 7599132 as collected by vosa (dots). The

best-fitting Kurucz synthetic spectrum (7 = 10250 K and log g =4.00) is
overplotted with a continuous red line.

temperature and gravity. For this fit, we choose to keep the metal-
licity fixed to the solar one, since a very preliminary analysis of our
spectra does not give any sign of peculiar abundances. The result
of this fitting is shown in Fig. 1, where the observed SED is re-
produced with the best model computed with T, = 10250 £ 125 K
and log g =4.00+0.25.

4 SPECTRAL SYNTHESIS

In A-type stars, Balmer line profiles are sensitive to both effective
temperature and surface gravity (e.g. Catanzaro, Leone & Dall 2004,
and reference therein).

For the following analysis, we used the spectrum obtained by
averaging all the spectra acquired with CAOS corrected for any RV
difference. The final spectrum has an S/N of ~150.

The approach we used in this paper was to minimize the difference
between observed and synthetic Ho and Hp profiles. As goodness-
of-fit test we used the parameter:

1 Ios — I\
2_7 obs
X _NZ( 81one

where N is the total number of points, I, and Iy, are the intensities
of the observed and computed profiles, respectively, and §1,ps is the
photon noise.

Atmospheric models obtained with AtLAS9 (Kurucz 1993) use
pre-computed line opacities in the form of Opacity Distribution
Functions, that are tabulated for multiples of the solar metallicity
and for various microturbulent velocities.

As a starting values for T.s, we used the value derived in the
previous section from the fitting of the SED.

To measure the vesini, i.e. the projection of the equatorial rota-
tional velocity along the line of sight, we matched synthetic line pro-
files of KIC 7599132 from syNTHE (Kurucz & Avrett 1981) to a num-
ber of metal lines in the spectral range between 4460 and 4600 A.
The best fit was obtained for v.sini =60+ 2kms~!. This value is
in agreement with v,sini =637} kms~! reported by Lehmann et al.
(2011).

The fitting of He and HpB profiles were generated in three steps:
first, we computed the stellar atmosphere models for solar chemical
abundances by using the ATLAS9 code, then the stellar spectrum was
synthesized using SYNTHE, and finally the instrumental and rotational
broadenings were applied. This procedure gave:

T.p = 10200+ 150K and log g =4.140.1.

MNRAS 477, 2020-2029 (2018)
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Figure 2. Ho (top panel) and HB (bottom panel) for KIC 7599132 with
overimposed (red lines) the synthetic spectra computed with the parameters
derived in this study.

The result of this fitting procedure is shown in Fig. 2. The obtained
Teir and log g values are in very close agreement with those derived
from the SED. However, the value of effective temperature is lower
of ~800K than those reported in Lehmann et al. (2011), while
surface gravity is in close agreement.

The large rotational broadening prevents us from measuring
the microturbulent velocity & on the metallic lines. Therefore, we
adopted the value £ =1.6kms~! as determined by Lehmann et al.
(2011). To obtain the abundance of individual species, we selected
some spectral regions where lines are present and derived the abun-
dances in every interval by performing a x> minimization of the
difference between observed and synthetic spectra. The minimiza-
tion algorithm has been written in IpL* language, using the amoeba
routine. We adopted lists of spectral lines and atomic parameters
from Castelli & Hubrig (2004), who updated the parameters listed
originally by Kurucz & Bell (1995).

Overabundance of silicon of & 0.5 dex, with respect to the solar
values (Asplund et al. 2009), has been derived by fitting the profiles
of the Sin lines AA5041.024, 5055.984, 5978.930, 6347.109, and
6371.371 A. Finally, our analysis reveals solar composition of oxy-
gen, magnesium, iron, titanium, and chromium. No helium lines
have been detected, then, in agreement with the determined 7, he-
lium abundance has been assumed also solar (Leone & Lanzafame
1998).

An example of spectral synthesis in the range A14400-4600 A is
shown in Fig. 3.

5 MASS AND AGE OF THE PRIMARY
COMPONENT FROM PROSECCO MODELS

In order to estimate mass and age of the primary component, we
applied the Bayesian analysis, a statistical method based on the

3 L (Interactive Data Language) is a registered trademark of Harris Geospa-
tial.
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Figure 3. Portion of spectrum for KIC 7599132 with overimposed (red
lines) the synthetic spectrum computed with the parameters derived in this
study. The chemical abundances for the identified spectral lines are solar.

comparison between observational data and theoretical predictions
of evolutionary models. The procedure, already used for pre-main-
sequence (PMS) objects (see e.g. Giarrusso et al. 2016; Gennaro,
Prada Moroni & Tognelli 2012, hereafter GPT12), has been here
developed under the Jgrgensen & Lindegren (2005, hereafter JLOS)
and the GPT12 formalism.

By referring to a single star, let g be the vector of stellar obser-
vational quantities, that in our case are effective temperature (7¢)
and surface gravity (g), p the vector of model parameters, i.e. age
(), mass (u), and initial metallicity (¢), that include the quantities
we want to derive, and E the vector of meta parameters whose
values identify a class of stellar models, e.g. mixing length («,, ),
primordial helium abundance (Yp), and helium-to-metal enrichment
ratio (AY/AZ) . For the Bayes’ theorem, the posterior probability
f(plg) of getting p-values given the observed g-data results

f(plg) « L(plg) fr(p) ey

where the constant of proportionality is chosen so that
[ f(plg)dp = 1. The likelihood L(p|q) represents the comparison
between observational data and their theoretical predictions from
models, while the prior probability f,(p),i.e. the probability of get-
ting p-values independently from ¢ data, allows the introduction of
possible available information about model parameters.

By assuming independent Gaussian errors o; for the observed
quantities (i = 1,...,n being n = dim(q)), the likelihood function is
defined as:

Lol ¢ qi(m—q;’b)z
L = —_—— - 2
(Plg) (Hl mgi) xexp{ 2};( . 6)

where ¢ indicates the measured value of the observable g;, while
qi(p) is the vector of model values for the same quantity.

The most probable value of the quantity we are interested in has
been determined through the marginal distribution, obtained by in-
tegrating equation (1) over all the model parameters but that we are
deriving. The age and the mass are the quantities we want to esti-
mate, while we have assumed that the initial chemical composition

KIC7599132: an ellipsoidal variable ~ 2023

is known (Z, see below). So we did not calculate the related marginal
distribution, and the known Z-value has been introduced by means
of a Gaussian metallicity prior:

Bo= e[ L(52Y

= X exp | —=

r 2710, P73 o,
Thus, the mass marginal distribution H(x¢) and the age marginal

distribution G(7) we used can be written as follows

3

H(M)=//L(T,Maélq)fp(é)dfdf C)

G(r) = / / Lt . 1) fy(©)dpde 5)

where we explicitly wrote the vector p. We then adopted the mode
of H(i) and G(t) as the Bayesian estimation of the stellar mass
(M,) and age (t), respectively. The confidence interval (CI), i.e.
the uncertainty on the derived quantity, was defined as in GPT12 by
rejecting the 16 per cent of the total area on each side of the curve.

In our analysis, we adopted as observational data the spectro-
scopic measurements of effective temperature and surface gravity
for the primary star (Section 4).

We computed the necessary grid of stellar evolutionary models
by means of the PROSECCO code, described in detail in Tognelli,
Prada Moroni & Degl’Innocenti (2015, 2016), with updated outer
boundary conditions extracted from the Allard et al. (2011) atmo-
spheres. The E-values characterizing the models are o, =2 (ap-
proximated value of the solar calibrated mixing length), Yp = 0.2485
(Cyburt 2004), and AY/AZ =2 (Casagrande et al. 2007). The grid
has been obtained for different values of initial chemical composi-
tion, namely [Fe/H] from —0.5 to 0.5 dex with a step of 0.05 dex.
We converted the initial chemical composition of KIC 7599132 into
initial helium Y and metal abundance Z using the relations (Gennaro,
Prada Moroni & Degl’Innocenti 2010):

AY

Y =Y, Z— 6
p+ A7 (6)

_ 1—-Yp
- AY 1
1+ AZ + /%0

x 10~ [Fe/H] @

with the observed [Fe/H]=0.0£0.1 dex (solar iron content,
see Section 4). By adopting the solar-scaled metal distribution
(ZIX) = 0.0181 given by Asplund et al. (2009), we derived
Y=0.274 and Z=0.013, the latter value representing the a pri-
ori information about the initial chemical composition. We adopted
a step core overshooting parameter 8,, = 0.15 (Valle et al. 2017)
for models with M > 1.1 M.

The evolutionary tracks in the grid cover the stellar evolution from
the PMS to the end of helium-burning phase for models in the mass
range 0.1-10 M with a mass spacing of 0.005 M. From the
models, we built the isochrones with an age spacing 0.01 Myr. Such
mass and age sampling have been chosen to get a good resolution
when computing the likelihood to clearly identify the most probable
value and its CI.

By applying the Bayesian procedure, we obtained
M; =24 £ 02Mg and 7; = 3.87)) Myr. Marginal distributions
are plotted in Fig. 4. The radius of the primary we derived from
these models is Ry = 2.37)7 Re.

6 ANALYSIS OF THE BINARY SYSTEM

To solve the orbit of this binary system and to obtain physical pa-
rameters like masses, radii, and luminosities of the primary and

MNRAS 477, 2020-2029 (2018)
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Mass Marginal Distribution

Age Marginal Distribution

Age [Myr]

Figure 4. Bayesian results for primary component of KIC 7599132: mass
marginal distribution (top panel) and age marginal distribution (bottom
panel). Dots indicate the Bayesian estimations, and horizontal solid lines
the Cls.

the unseen secondary component, we used the program PHOEBE
(version 0.31a), which was developed by Pr$a and Zwitter (PrSa
2003; Prsa & Zwitter 2005; Prsa et al. 2008). From the observed
light and RV curves, PHOEBE estimates physical parameters of the
components of a close binary systems that theoretically best matches
the data. This code is based on the Wilson—-Devinney model (Wilson
& Devinney 1971), but it includes also many recent theoretical de-
velopments, like extracting individual temperatures from observed
colour indices, main-sequence constraining, and proper treatment
of the reddening, as well a new graphical user interface (Kallrath &
Milone 1999).

To decrease the number of iterations in PHOEBE, we computed an
initial solution for this system that we used as a zeroth-order model
for the following PHOEBE analysis. The preliminary solution has been
derived by analysing Kepler LC and spectroscopic velocity curve.

MNRAS 477, 2020-2029 (2018)
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Figure 5. Upper panel: portion of the LC of KIC 7599132 observed by
Kepler. Bottom panel: periodgram in the interval 0—10 c/d based on the
Q0-Q17 data. The insert show the periodogram around the main frequency
and the first harmonic (see the text).

6.1 Kepler light-curve analysis

Time series photometry of KIC 7599132 used in our analysis were
obtained by Kepler in long-cadence (30 min exposures) mode, span-
ning from quarters 0 to 17, comprising 65 859 data points acquired
in about 1471 d. The Kepler LCs are available as uncorrected sim-
ple aperture photometry and with pre-search data conditioning in
which instrumental effects are removed (Stumpe et al. 2012; Smith
et al. 2012), that we used in our analysis. These data are publicly
available on the Barbara A. Mikulski Archive for Space Telescopes
(archive.stsci.edu). Upon retrieval, the time sequence was examined
and corrected for trends and discontinuities in the LC. To a large
extent, this is an automated procedure in which a smooth curve
is fitted to the time series and residuals examined for systematic
departures indicative of discontinuities. At the same time, points
which are clearly outliers are rejected (see Ripepi et al. 2015, for
detail). A portion of the LC is shown in the top panel of Fig. 5.

A first visual inspection of the LC clearly shows ellipsoidal vari-
ations, characteristic of tidally distorted components of quite differ-
ent surface brightness. The frequency analysis was carried out with
the package pERIOD04 (Lenz & Breger 2005), which is based on clas-
sical Fourier analysis techniques and least-squares algorithms. The
periodogram of KIC 7599132 is shown in the bottom panel of Fig. 5.
The spectrum is dominated by the orbital/rotational frequency at
about f=0.7671 c¢/d and its harmonic 2 x fat ~1.5342 c/d. This is
a common feature among ELL (see e.g. Balona 2016). Additional
three harmonics can be added to obtain a better least-squares fit of
the main frequency, obtaining f = 0.767082 £ 0.000002 c/d with
amplitude of 9.05 £ 0.01 ppt (period P =1.303642 4 0.000003).
Here, the errors have been calculated by using the Monte Carlo
option in pERIODO4. The insert in the bottom panel of Fig. 5 shows
that the main peaks are surrounded by several side lobes caused by
possible phase/amplitude variations. Apart these features, no other
significant frequencies are visible in the spectrum till the Nyquist
frequency at about 24.4 c/d.
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Figure 7. Portion of the LC of KIC 7599132 with overlaid the least-squares
fit to the data computer with the fundamental variability frequency f =
0.767082 £ 0.000002 c/d and its first four harmonics (solid line). Dotted
line reports the difference between observed and predicted signal (calculated
at the JD of the observations).

As we verified that the Kepler spectral window of Kepler is not
able to entirely explain the side lobes around the main variability
frequency, we decided to study possible phase/amplitude varia-
tions. To this aim, we divided our time series in 15 chunks 100d
each (apart the last one which is 71 d long), and adopted again pE-
rI0oD04 by using its ‘calculate amplitude/phase variation’ function
to reach our goal. Note that the size of the chunks were chose to
assure a high precision on the frequency (phase) determination,
but we checked that the analysis does not really depend on this
choice and persist even with smaller chunks of 50 or 20d. The
result of this calculations is displayed in Fig. 6 which shows the
phase and amplitude variations for the main variability frequency
/=0.767082 £ 0.000002 c/d of KIC 7599132. An inspection of the
figure reveal changes in phase of the order of ~ £0.02 correspond-
ing to ~=%0.015d and peak-to-peak variations in amplitude of the
order of 3 ppt. To verify if these numbers make sense, we visually
inspected the LC after overplotting the least-squares fit to the data
calculated with the main variability frequency and its first four har-
monics. The result of this exercise is shown in Fig. 7, where it is
possible to appreciate the oscillation of the best-fitting line around
the data. The anticipation/delay of the fit with respect to the data is

KIC7599132: an ellipsoidal variable 2025

of the order of 0.013 d, as expected on the basis of the calculated
phase variation. Similarly, the variation in amplitude can be directly
observed in the figure.

These results explain the presence of the side lobes seen in the
frequency spectrum of KIC 7599132. More difficult is the physical
interpretation of these variations. Following the works by Balona
(2016, 2017) and Balona & Abedigamba (2016), we can ascribe
the observed features to the presence of spots passing at different
latitudes on the dominant star that is much more luminous of the
secondary one, i.e. a hint of differential rotation. In particular, for our
target, the overabundance of silicon (= 0.5 dex) inferred in Section 4
could be invoked as the possible cause of presence of chemical spots,
as discussed in Balona et al. (2015). However, we cannot rule out
other explanations for the signal seen as being caused by imperfect
detrending or the presence of r modes (Saio et al. 2018), which have
been proposed as an alternative mechanism for the signal seen by
Balona (2016, 2017) and Balona & Abedigamba (2016). A detailed
discussion of these features is however beyond the scope of this
work and we remand the interested reader to the discussions in the
papers quoted above.

6.2 Initial solution

Following a discussion of Morris (1985) based on the earlier work
of Kopal (1959), the LC of an ELL is frequently quasi-sinusoidal
and it is commonly represented by the first four terms of a Fourier
cosine series of the form:

3
Li(¢) = ) Ci(n)cos(n2ne + 6,) ®)

n=0

where ¢ is the orbital phase and the subscript 1 refers to the primary
component. Equation (8) can be written in the form:

3
Li(@) = Ao+ Y Ci(n)cos(n2me + 6,) )

n=I1

where Ag = C;(0)cos 6 is the brightness of the primary star would
have if it were not distorted by the secondary star.

Then, as a first step, we have performed a fit of equation (9) to
the data, by using non-linear least-squared fitting procedure MP-
FIT (Markwardt 2009). We obtained the following values for the
coefficients:

A : 0.99746 £ 0.00004
Ci(1) - 0.00905 £ 0.00005
Ci(2): —0.00811 £ 0.00005
Ci(3): 0.00024 £ 0.00005

0, : 0.977 % 0.006
0, : 2.285 £ 0.007
05 : 05402

In particular, as stated in equation (6) of Morris (1985), the am-
plitude of the cos (2¢) term can be expressed via the following
equation:

qR}sin?i _ 3.07Am3 —u))
@ (m+DUS+uy)
where ¢ (=M, /M) is the mass ratio between the components, R;

is the radius of the primary, a is the semimajor axis of the relative
orbit (both expressed in solar units). Further, A m is the amplitude

10)

MNRAS 477, 2020-2029 (2018)

020z Aseniga4 9z uo 1senb Aq 6/22¥61/0202/2/ L. ¥A98ISqe-8]onie/Seiuw/woo dno-oiwspese//:sdny woJj papeojumoq



2026  G. Catanzaro et al.

Table 2. KIC 7599132 system properties determined from modelling RV
and LC by means of PHOEBE.

Primary Secondary
IDg 2457611.347 £+ 0.002
P (d) 1.30364 £ 0.00006
e 0.03 + 0.01
[3) 343° £ 7°
y (kms™!) —19+3
Ki (kms™h 43 £ 4
arsini (Rey) 1.1 £ 0.1
fim) M) 0.011 £ 0.003
a(Rep) 73 £ 0.1
q 0.30 + 0.01
i(°) 35° £ 2°
Q(Ly) 2.55 + 0.02
Q(Ly) 2.28 £ 0.02
F 1.06 + 0.02
Albedo 1 0.50 £ 0.02
Tetr (K) 10200 £ 150 4000 £ 250
logg 39 £ 0.1 39 £ 0.2
M Mgp) 24 £+ 0.1 0.7 £ 0.1
Q 2.87 £ 0.02 2.85 £ 0.02
RRp) 3.0 £ 02 1.5 £02
Mo —0.03 £ 0.07 5.48 £ 0.03
logL (L) 1.9 £ 0.1 —-03 +£02

of the LC given by Am=2C;(2) and u; and 7, are the limb- and
gravity-darkening coefficients of the primary star, respectively. For
the Kepler passband filter, these coefficients are taken from Claret &
Bloemen (2011): u; = 0.4136 (linear cosine law) and 7, = 0.4833.

By using the velocities reported in Table 1, preliminary orbital
elements have been determined by a weighted least-squares fitting
of the following equation:

Via = ¥ + Ki[cos(d + ) + e cos o] 1)

where y is the RV of the centre of mass, e is the eccentricity of the
orbit, w is the longitude of the periastron, 6 is the angular position
of the star measured from the centre of mass at a given instant,
and K is the semi-amplitude of the velocity curve as given by the
formula:

27a, sin i

P11 —¢?
where P is the orbital period of the system, a; is the semimajor axis
of the primary component, and i is the inclination angle between
the orbital plane and the plane of sky. Errors have been estimated
as the variation in the parameters which increases the x 2 of a unit.
We obtained the parameters reported in Table 2, where the mass
function f{m) is defined as:

K, (12)

g’ sin’i
I+
As for the eccentricity, we obtained e =0.03 £ 0.05. Since this
small value, we decided to apply the Lucy & Sweeney (1971) cri-
terion to our RVs, reaching the conclusion that an elliptical orbit is
significant only at the 5 per cent confidence level and therefore a cir-
cular orbit should be assigned to this star. This result has important
implications about the system synchronization, in fact, according
to the studies by Zahn (1989) and Zahn & Bouchet (1989), the
synchronization proceeds much faster than the circularization of
the orbit, since the angular momentum of the orbit is larger than
that stored in the stars. For such a reason, by using equation (3) of
Zahn & Bouchet (1989) we estimated circularization time for our

fm)y=M (13)
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system, which results #.;,. & 0.65 Myr, well before the estimated age
of our target of 7; = 3.8fgj2 Myr, derived in Section 5. Moreover,
the orbital period is in agreement, within the experimental errors,
with the photometric period found in Section 6.1. These evidences
led us to make the reasonable assumption that the revolution and
rotation are synchronized.

With this hypothesis, we can relate the projected rotational ve-
locity to the radius of the primary and period as follows:

50.6R; sini

 sini = 2on1SImE 14
v, sini P 14)

where P is the period expressed in days and R; is the radius ex-
pressed in solar units.
From the Kepler’s third law follows:

a = 4207 PP M7 (1 + ) (15)

where period is expressed in days, M, in solar mass, and a in solar
radii.

Thus, if we know mass and projected rotational velocity of the
primary component, we can solve iteratively the four equations (10),
(13), (14), and (15), for the four unknowns Ry, g, a, and i.

Adopting the mass found in Section 5 for the primary compo-
nent, the v.sini derived from the fitting of the spectral lines, the
mass function obtained from the RV curve, and the period from
spectroscopic/photometric observations, we found the following
solution:

Ri: 3.1+ 0.1R,
0.30 & 0.01
7.30 + 0.02R,
it 35420

From this mass ratio and the assumption for M, it follows that
M, ~0.7TMp.

6.3 PHOEBE modelling

As input parameters for PHOEBE, we used the effective temperature,
surface gravity, and metallicity for the primary component derived
in Section 4 and the preliminary orbital solution, as well the values
of g, 1, a, Ry, and M, , (reported in Section 6.2).

The type of close binary to be modelled by PHOEBE is selected
from a range of options. According to the Roche lobe calculator
(Leahy & Leahy 2015), our primary star does not fill its Roche
lobe, thus we adopted a detached configuration for the system.
We found that this option provided the solution that best fits all
the Kepler data. Moreover, the option of an atmospheric model for
the stars was enabled as was the option of a reflection effect (with no
multiple reflections). Factors such as third light, opacity, extinction,
and starspots were not considered.

Owing to the radiative nature of A-type stars, the albedo of the
primary component was set to one (Claret 2001), while given the
unknown nature of the secondary, its albedo was kept as free pa-
rameter. The values of gravity- and limb-darkening coefficients for
the Kepler filter are based on Claret & Bloemen (2011) tables. In
particular, for the limb-darkening, we adopted a logarithmic law
(see equation 4 of Claret & Bloemen 2011) of the form:

1
'f((l‘)‘) — 1= ein(l = @) — fronlnp (16)

where e; , =0.5292, 0.7736 and f; » =0.2733, 0.0031, and for the
gravity-darkening, we adopted t, , =0.4833, 0.4703, where the
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Figure 8. Results of the pHOEBE modelling for KIC 7599132. Upper panel:
RV curve, where black dots represent velocities from CAOS, green dots are
the velocities from LAMOST, and red dot is the velocity from FRESCO.
Bottom panel: folded Kepler LC. Residuals are shown below each panel.

indices 1,2 refer to the primary and secondary components, respec-
tively. The passband luminosities for both stars have been calculated
by pHOEBE and fixed to HLA =11.9 and CLA =0.6.

The minimization routine used was Nelder and Mead’s downhill
Simplex method Nelder & Mead (1965) that starting from our initial
solution reached a convergence in about 10 iterations. RV and LC
solutions are overimposed to the observed curves in the top and
bottom panels of Fig. 8, respectively.

It is interesting to note that the final solution gave an eccentricity
slight different from zero, namely e = 0.03 & 0.01 and consequently
the synchronicity parameter defined as F = /( (|1_+5)3 ) is equal to
F=1.06 % 0.02. This eccentricity is necessary in order to reproduce
the asymmetry between the two maxima in the LC curve. This result
is not in contradiction with the hypothesis of synchronicity between
orbital and rotational velocities, since at the age of our system the
condition of synchronicity is reached before the circularization is
complete (Zahn 1989).

The parameters characterizing the system are listed in Table 2.

7 THE PUZZLING SECONDARY STAR

We remark that the properties of the secondary star are weakly
constrained by the available photometric and spectroscopic data. In
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Figure 9. CCFs between simulated composite spectra and RV templates.
The spectra of the two components (synthetic AtLAs9 spectra) have been
shifted by 150km s~! and weighted according to the parameters quoted in
Table 2. In the upper panel, an effective temperature of 4000 K has been
adopted for the secondary component, while in the bottom, it has been fixed
to 3500 K. The two vertical arrows mark the RV of the components and the
dashed lines delimit the 30 confidence region.

particular, while pHOEBE modelling enabled to constrain radius and
mass, for Ter, » <4000 K no appreciable changes took place in the
LC.

In the attempt to better refine the upper limit for 7. », we have
simulated the composed spectrum by using synthetic ATLAS9 spectra
calculated at the CAOS resolution with the values of T, and log g
found with pHOEBE. The v.sin i values used to broaden the synthetic
spectra are 60 and 30 km s~! for the primary and secondary compo-
nents, respectively, as calculated from the radii and orbital/rotational
period (assuming synchronous rotation). We considered the wave-
length range A15000-6400 A, where the signal of CAOS spectra
is the best (S/N ~ 50 on the average). The synthetic spectra repre-
senting the primary and secondary components have been shifted
by 150kms~!, which is the velocity shift that we expect near the
quadratures, and have been co-added weighted by the square of the
stellar radii. A noise corresponding to S/N=50 was added to them.

We computed the cross-correlation function (CCF) between
the above simulated spectrum and a template with the same
temperature as the cool component with negligible rotational broad-
ening. The simulation was done with two values of T for the
secondary star, namely T, = 4000 and 3500 K, and the results are
displayed in Fig. 9. The figure readily shows the peak of the primary
component in both cases, and the peak corresponding to the sec-
ondary component clearly visible (above the 3o level) only adopting
Tetr,» = 4000 K, while it disappears for Tet » = 3500 K. As we do
not see any hint of a secondary peak in the CCF of the CAOS spec-
tra with the same templates, we argue that the temperature of the
cooler component must be Tit » <4000K, if we adopt the radius
of 1.5 Ry provided by the LC solution.

Positions of both components in the HR diagram, according to
PHOEBE results are shown in Fig. 10 together with the Bayesian age
interval for primary component. In the same figure, the PROSECCO
PMS evolutionary tracks for Bayesian mass of primary and PHOEBE
mass of secondary star are also plotted. It is worthy to note that
the PHOEBE solution shows a system age corresponding to the lower
limit of the Bayesian age CI of the primary, i.e. ~3 Myr.

MNRAS 477, 2020-2029 (2018)

020z Aseniga4 9z uo 1senb Aq 6/22¥61/0202/2/ L. ¥A98ISqe-8]onie/Seiuw/woo dno-oiwspese//:sdny woJj papeojumoq



2028  G. Catanzaro et al.

VT

log(L/Le)

s b b v v b v v b

LI L L L L L

T T S AN S S SR HN S ST S
14000 12000 10000 8000 6000
Teff [K]

Figure 10. Positions on the HR diagram of primary (violet dot) and sec-
ondary (red dot) component of KIC 7599132 according to PHOEBE solution.
The values for secondary star are upper limits and the possible trend is
highlighted by the arrow. Horizontal and vertical bars indicate temperature
and luminosity uncertainties, respectively. Black solid lines show the PROS-
ECCO PMS evolutionary tracks with [Fe/H]=0 up to the ZAMS (dot—dashed
line) for the labelled masses. Blue dashed line is the track of the Bayesian
mass of primary component, and red dotted line represents the track of the
secondary mass obtained with PHOEBE. Yellow area shows the Bayesian age
interval for primary component.

8 SUMMARY AND CONCLUSION

In this paper, we have presented a detailed spectroscopic and photo-
metric analysis of the ELL KIC 7599132. Spectroscopic data were
taken with CAOS spectropolarimeter installed at the 91 cm tele-
scope of the Catania Astrophysical Observatory in 2015 and 2016.
Photometric time series were acquired by Kepler satellite, quarters
0-17.

Atmospheric parameters for the primary have been derived by
comparing synthetic spectra computed with ATLAS9 and SYNTHE with
the spectrum obtained by averaging any single spectrum corrected
to the velocity of the centre of mass. We obtained the following
results: Ter = 10200 £ 150K and log g =4.1£0.1. Spectral lines
broadening are compatible with vsini=6042kms~'. Regarding
the chemical pattern, we derived a standard chemical composi-
tion for helium, oxygen, magnesium, iron, titanium, and chromium,
while our analysis revealed an overabundance of silicon (0.5 dex).
A determination of mass, 2.4 4= 0.2 M, and age, 3.8702 Myr, for
the primary have been obtained by Bayesian analysis based on the
comparison between observational data and theoretical predictions
of evolutionary models.

From each spectrum, by cross-correlation technique, we mea-
sured the RVs and derived an orbital motion with a period of
1.30364 £ 0. 00006 d. The Fourier analysis of the Kepler time series
presents a sharp peak at frequency v =0.7671 +0.0001 c/d and its
harmonics, confirming the previous results by Balona et al. (2015).
This frequency corresponds with the orbital period, at least within
the experimental errors.

The small value of eccentricity, e = 0.03, obtained by fitting our
RVs could be neglected on the basis of the Lucy & Sweeney (1971)
criterion that we adopted to verify its significance. On the other side,
LC modelling shows that this small eccentricity is needed in order
to reproduce the slight asymmetry between the two light maxima.

MNRAS 477, 2020-2029 (2018)

This evidence is not in contrast with our initial hypothesis about
synchronization. In fact, according to the studies by Zahn (1989),
Zahn & Bouchet (1989), and Khaliullin & Khaliullina (2011), the
synchronization proceeds much faster than the circularization, since
the angular momentum of the orbit is larger than that stored in the
stars. Thus, the hypothesis of synchronicity between orbital and
rotational motions could be still considered valid, and in particular
we estimated circularization time for our system in ~0.65 Myr, well
before the estimated age of our target.

Using available Kepler time series and the PHOEBE software pack-
age, the data for KIC7599132 have been fitted with a model
of detached binary system. The system properties, determined
from iterative modelling, indicate that the masses of the compo-
nents are M1 =2.44+0.2M¢ and M, =0.7 £ 0.1 M, the radii are
Ry =3.0£0.2Rg and R, = 1.5+ 0.2 Ry, the inclination of the or-
bital plane with respect the plane of sky is i=35° & 2°, and the
semimajor axis a=7.340.1 Rg. From the lack of any spectro-
scopic evidence, we were able to derive only an upper limit for the
effective temperature of the secondary, i.e. Tesr, » <4000 K.

PHOEBE solution together with the Bayesian analysis lead to a
system age corresponding to about ~3 Myr.
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