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SUMMARY: We carried out light curve solutions of four detached binaries ob-
served by Kepler. As a result, their orbital inclinations, temperatures and rela-
tive stellar radii were determined. KIC 10031409 and KIC 11228612 reveal partial
eclipses while the components of KIC 11403216 and KIC 11913071 undergo to-
tal eclipses. The secondary component of KIC 11403216 is probably a very late
M dwarf or brown dwarf. The out-of-eclipse brightness of KIC 10031409, KIC
11228612 and KIC 11913071 vary with the orbital period and might be explained
by spots on synchronously-rotating star(s). The out-of-eclipse variability of KIC
11403216 is with a period that is a third of its orbital period and may be due to
spot on asynchronous rotating component. The resonance 1:3 needs future study of
KIC 11403216.
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1. INTRODUCTION

The study of stellar structure and evolution
requires rich statistics of binaries with precise global
parameters. The space mission Kepler provided ex-
tended and nearly uninterrupted data set for a vari-
ety of variable stars. An automated fitting of these
data was used for initial classification of the variabil-
ity. Thus, nearly three thousand eclipsing binaries
(EBs) were identified and included into the Kepler
EB catalog (Prsa et al. 2011, further Paper I; Slaw-
son et al. 2011, Matijevic et al. 2012, Kirk et al.
2016). Most of the unprecedentedly precise Kepler
data are available to astronomical community and
some individual Kepler EBs became objects of de-
tailed study. Moreover, the light curve solutions of
the Kepler data allowed precise investigation of out-
of-eclipse variability due to spots and flares (Mathur
et al. 2014, Arkhypov et al. 2015, Kjurkchieva et al.
2016a).

This paper is a continuation of our study of de-
tached binaries based on Kepler data (Kjurkchieva
and Vasileva 2015, Kjurkchieva et al. 2016a,b,c,d,e,
Dimitrov et al. 2017). It presents light curve so-
lutions of four eclipsing detached binaries aiming to
determination of parameters as well as analysis of
out-of-eclipse variability.

2. TARGETS

There are many hundreds of detached eclips-
ing binaries in the Kepler EB catalog. Most of them
have long periods and correspondingly short eclipses
(in phase units). We have chosen to model four
unexplored systems whose eclipses have durations
above 0.03 (in phase units) allowing precise solu-
tions. Moreover, these targets exhibit out-of-eclipse
variability deserving detailed analysis.

© 2017 The Author(s). Published by Astronomical Observatory of Belgrade and Faculty of Mathematics, University of
Belgrade. This open access article is distributed under CC BY-NC-ND 4.0 International licence.
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Table 1. Parameters of the targets from the EB catalog: Kepler magnitude my; orbital period P in days;
target temperature T, in K; depth of the primary and secondary eclipses dj 2 (in flux units); mean eclipse

width w (in phase units).

Star mg P T dy do w
KIC 10031409  13.553  4.1438796 5905  0.1884 0.1790  0.039
KIC 11228612  14.647  2.9804799 5829  0.3486 0.0783  0.046
KIC 11403216  15.537  4.0532529 5757  0.1033  0.0031  0.034
KIC 11913071 9.532  3.7478351 8329 0.1890 0.0467  0.055
The stars KIC 10031409 (= 2MASS fects, etc. We have done only phasing of the data on

J19544436+4656598), KIC 11228612 (= 2MASS
J18502573+4858057), KIC 11403216 (= 2MASS
J19280645+4912258) and KIC 11913071 (= 2MASS
J1924147345015196 = HAT 199-30766, V2365 Cyg)
have been suspected as potential transit signal
sources during the first quarters of the Kepler mis-
sion (Tenenbaum et al. 2012). Further, they were
flagged as ”False Positives” and classified as eclips-
ing binaries of Algol type (Paper I). Table 1 presents
available information about the targets from the EB
catalog. The targets have long-cadence (LC) data
from almost all quarters. KIC 11913071 has also
short cadence (SC) data covering parts of quarters
Q3 and Q4.

3. LIGHT CURVE SOLUTIONS

We carried out the modeling of our data by us-
ing the package PHOEBE (Prsa and Zwitter 2005)
based on the Wilson-Devinney code (Wilson and
Devinney 1971). It is appropriate for our task be-
cause it allows us to model data in various filters,
including those of Kepler (Hambleton et al. 2013a).
The observational data (Fig. 1) show that our tar-
gets are detached systems. That is why we modelled
them using the mode ”Detached binary”.

To ignore the effect of accidental light fluctua-
tions in the procedure of the light curve solutions, we
modelled all available LC data (above 50000 points
for each target) after appropriate phase binning. For
this purpose we applied the PHOEBE option for
binning of data with 1000 bins in phase (the smaller
value leads to loss of information from the eclipses).

We used the data from Kepler Eclipsing Bi-
nary Catalog — Third Revision (Matijevic et al. 2012,
keplerebs.villanova.edu). These data were detrended

for instrumental drifts. We have not carried out ad-
ditional detrending, particularly to remove light fluc-
tuations caused by spots, pulsations, periastron ef-

the orbital period from Table 1 and binning of the
phased data.

The procedure of the light curve solutions con-
sists of several steps. Firstly, we adopted the pri-
mary temperature 77 = T, and assumed that the
stellar components are MS stars. Then we calcu-
lated the initial (approximate) values of the sec-
ondary temperature T5, mass ratio ¢, relative stel-
lar radii ; and 73, based on empirical relations of
MS stars (Ivanov et al. 2010): Ty = Ti(dz/d1)"/*,
q = (Tu/T)"7"; k = ro/r1 = ¢, As the fourth
equation we used the approximate relation for nar-
row eclipse (Kjurkchieva and Vasileva 2018)

r1+ 7o R TWw, (1)
where w is the eclipse width from Table 1.

Further, we searched for the best fit by vary-
ing: Ty and g around their initial values; orbital incli-
nation ¢ in the range 70-90° (condition for eclipsing
detached stars); potentials 2 o around their values
corresponding to the initial values of r; and ro. We
adopted coefficients of gravity brightening 0.32 and
reflection effect 0.5 appropriate for late stars (Table
1). The limb-darkening coefficients were chosen ac-
cording to the tables of Van Hamme (1993).

After reaching the best solution (correspond-
ing to the minimum of x?) we adjusted the stellar
temperatures 77 and T around the value T, by for-
mulae (Kjurkchieva and Vasileva 2015):

cAT
T/ =T, + —— 2
1 +C+1, ()
T =T/ — AT, (3)

where the quantities ¢ = l3/l; (the ratio of the
relative luminosities of the stellar components) and

AT = T,, — T, are determined from the PHOEBE
solution.

Table 2. Fitted parameters of the best light curve solutions.

Star 7 q T Q1 Qo
KIC 10031409 86.0(0.6) 0.486(0.007) 5769(15) 10.865(0.009) 9.279(0.006)
KIC 11228612 87.2(0.7) 0.742(0.005) 4342(16) 10.211(0.007) 11.906(0.007)
KIC 11403216  85.9(0.3)  0.274(0.003)  3006(40)  9.373(0.009)  9.132(0.006)
KIC 11913071  85.8(0.4)  0.481(0.003) 5770(32)  7.636(0.005)  9.306(0.004)
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Table 3. Calculated parameters.

Star Tlf T2f 1 T2 la/l1
KIC 10031409 5925 5830  0.096(0.003)  0.061(0.004)  0.347
KIC 11228612 6038 4013  0.105(0.002)  0.069(0.002)  0.133
KIC 11403216 5782 2396  0.110(0.003)  0.035(0.001)  0.007
KIC 11913071 8428 5872  0.140(0.002)  0.060(0.003)  0.042
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Fig. 1. Top of each panel: the folded light curve from the Kepler archive and its PHOEBE fit; bottom of

panel: the corresponding residuals.

Although PHOEBE works with potentials,
it gives a possibility to calculate directly all values
(polar, point, side, and back) of the relative radius
r; = R;/a of each component (R; is linear radius and
a is orbital separation). Moreover, PHOEBE yields
as output parameters bolometric magnitudes M}
of the two components in conditional units (when
radial velocity data are not available). But their dif-
ference M?2,, — M}, determines the true luminosity
ratio ¢ = L2/L1 = 12/11.

The formal PHOEBE errors of the fitted pa-
rameters were unreasonably small. That is why we
estimated the parameter errors manually based on
the following rule (Dimitrov et al. 2017). The error
of parameter b corresponded to that deviation Ab

from its final value b/ for which the mean residuals
increase by 35 (& is the mean photometric error of

the target).

Table 2 contains the final values of the fit-
ted stellar parameters and their uncertainties: in-
clination 4; mass ratio ¢; potentials €2 2; secondary
temperature T5. Table 3 exhibits the calculated pa-
rameters: stellar temperatures Tlf, o; relative stellar
radii 71,2 (back values); ratio of relative stellar lu-
minosities ls/l;. Their errors are determined from

uncertainties of fitted parameters used for their cal-
culation.

The synthetic curves corresponding to the pa-
rameters of our light curve solutions are shown in
Fig. 1 as continuous lines. The residual curves show
higher scatter during the eclipse phases. A simi-
lar behavior could also be seen for other Kepler bi-
naries (Hambleton et al. 2013a, Hambleton et al.
2013b, Lehmann et al. 2013, Maceroni et al. 2014).
It was attributed to the effects of finite integration
time (Kipping 2010). The reasons for this effect may
also be numerical imperfectness of the physical model
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(Prsa et al. 2016) as well as contribution of pulsa-
tions and spots.

The main results from our light curve solu-
tions of the eclipsing binaries KIC 10031409, KIC
11228612, KIC 11403216 and KIC 11913071 are as
follows.

(1) The sum of their relative radii, r1 + ro,

is within the range 0.15-0.20, i.e. they are well-
detached systems.

(2) KIC 10031409 and KIC 11228612 re-
veal partial eclipses while the components of KIC
11403216 and KIC 11913071 (differing considerably
in radius) undergo total eclipses. Hence, their mass
ratios should be considered with high confidence
(Terrell and Wilson 2005).

(3) The components of KIC 10031409 and KIC
11228612 are of the G-K spectral type.

(4) The high temperature of the primary com-
ponent of KIC 11913071 (Table 2) is in consistency
with the estimation of Sokoloski and Stone (2000)
who discovered the eclipsing binary nature of this
star and determined its spectral type as A5. The rel-
atively big temperature difference of the components
(nearly 2500 K) explains the visible contribution of
the reflection effect in the out-of-eclipse part of the
KIC 11913071 light curve (Fig. 1).

(5) The secondary component of KIC
11403216 is a late M dwarf (or maybe brown dwarf).
Although the temperature difference of target com-
ponents is 2760 K there is no visible reflection effect
in the out-of-eclipse part of light curve. This could
be explained by a negligible contribution of the sec-
ondary star to the common luminosity (0.7 %). The
faint light increase around the eclipses (the so called
”volcano effect”) probably is an artefact due to the
automatic reduction procedure of the Kepler data
(Kjurkchieva et al. 2016b).

0525 . Tel 10.0

0.500

0.475
0.450
0.425
857 88 859 860 8.1 862
i
Fig. 2. Illustration of the q-search analysis for

KIC 10031409: the different isolines circumscribe
the areas whose normalized x? are smaller than the
marked values; the empty circle corresponds to the
final value of the mass ratio and orbital inclination
gien in Table 2.

(6) The mass ratios g of the binaries are within
a wide range 0.27-0.74. The PHOEBE values for
totally-eclipsed targets could be accepted with con-
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fidence. For partially-eclipsed targets we carried
out additionally the g-search analysis (Dimitrov and
Kjurkchieva 2015) to check the effect of correlation
between the mass ratio and orbital inclination (sus-
pected from the correlation matrix). For this pur-
pose we fixed all configuration parameters except for
1 and g. The last ones were varied by a fine grid and
the corresponding normalized x? values were calcu-
lated. Fig. 2 illustrates the g-search procedure for

KIC 10031409. It reveals the correctness of the ob-
tained ¢ and ¢ as well as their precision.

4. OUT-OF-ECLIPSE VARIABILITY

The ground-based observations have many
gaps and do not allow precise investigation of the
spot and flared activity of the stars. This prob-
lem was overcome with the space missions as MOST
(Guenther et al. 2008), CoRoT (Affer et al. 2009)
and Kepler, producing prolonged and precise obser-
vations. Their data could be used for intensive study
of the stellar activity.

The high-precise Kepler data of our targets
allowed us to analyze their small-amplitude out-of-
eclipse light variabilities. Fig. 3 exhibits their reg-
ular cycles whose amplitudes are modulated with
scales of the order of several tens days. We car-
ried out a periodogram analysis of the data using the
PERIOD04 software package (Lenz and Breger 2005).
For this purpose we used the original (detrended and
nonphased) data whose eclipse points were removed.
The periodograms (Fig. 4) confirmed cyclic nature of
the out-of-eclipse light variations of all targets. The
results of the time-series analysis are as follows.

(1) The out-of-eclipse cycles of KIC 10031409
are with the orbital period (Fig. 4) and consist
of two waves with different amplitudes (Fig. 3)
whose minima almost coincide with the eclipses.
The shape of the observed small-amplitude varia-
tions and their period imply rotational variability
of a synchronously-rotating component with surface
inhomogeneities. Cool spot with angular size of the
order of 10° may reproduce the observed amplitudes
of out-of-eclipse light variations of KIC 10031409.
But, if the system is coplanar (reasonable for a syn-
chronous state) one spot on the component of a
highly-inclined configuration would cause light vari-
ation whose shape is flat during almost half a cy-
cle, different from the observed case. The two-waved
shape of the small-amplitude light variations may
be reproduced by two almost diametrically opposed
cool spots on one of the KIC 10031409 components.
Hence, the two-waved shape of variability means two
diametrically-opposed longitudes of stellar spots, the
so called flip-flop effect. Another alternative is to

supgose variability from both components of KIC
10031409.
The long-term variability (amplitude modula-

tion) may be due to cycles of stellar activity. The
different amplitudes and durations of the two waves
per cycle (Fig. 3) may be explained by differential
rotation of the synchronous star(s) and variable lat-
itude of the spot(s).
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Fig. 3. Several consecutive cycles of out-of-eclipse variability of the targets.

(2) The cycles of KIC 11228612 are with or-
bital period (Fig. 4) and consist of two waves
with different amplitudes, similarly to those of KIC
10031409. This behavior may be explained also by
different spot visibility and synchronous rotation.
The cycles with almost equal two waves have smaller
amplitudes than those with unequal two waves (Fig.
3).

(3) The cycles of KIC 11403216 consist of al-
most equal waves with duration of 1.33355 d, a value
just 3 times shorter than the orbital period (Fig. 4).
This behavior may be explained by a near-polar spot
on the asynchronously-rotating stellar component.
Such a supposition is allowable for a wide binary.
The resonance 1:3 deserves a special attention and
investigation.

(4) The cycles of KIC 11913071 are with or-
bital period (Fig. 3) and consist of two waves
with different amplitudes, similarly to those of KIC
10031409 and KIC 11228612. The amplitudes of the
two waves change within several consecutive orbital
cycles (Fig. 3) which may mean a short cycle of stel-
lar activity. The orbital frequency fo,, = 0.26681532
cycles/day is the second peak in amplitude of the
periodogram (Fig. 4) while the highest peak cor-
responds to 2fo . The SC data of KIC 11913071

confirmed this result.
(5) We found several flare-like events of KIC

11403216 and KIC 11913071, similar to those de-
tected for KIC 6697716 (Kjurkchieva and Atanasova

2016a). Although their durations and amplitudes
are of the order smaller than the flares registered by
Walkowicz et al. (2011), Balona (2012, 2013), Roet-
tenbacher et al. (2013), Shibayama et al. (2013),
Candelaresi et al. (2014), Maehara et al. (2015),
they could be considered as other appearance of faint
stellar activity of KIC 11403216 and KIC 11913071.

In principle, the stellar activity is an inherent
characteristic of cool stars. Hence, it is reasonable
to suppose that the spots and flare-like events are
probably associated with the secondary components
of our targets.

(6) The out-of-eclipse variability implies that
three of our targets are synchronous systems. Their
minimum ages could be estimated by the time of syn-
chronization of stars with convective envelopes cal-
culated by the approximate expression (6.1) tgync ~
q 2r=% of Zahn (1977). In this way we obtained
values 5.4 Myrs, 1.35 Myrs and 0.57 Myrs corre-
spondingly for KIC 10031409, KIC 11228612, and
KIC 11913071. For KIC 11403216 the time of syn-
chronization is 7.5 Myrs, i.e. bigger than that of the
other targets. Then, the asynchronous state of its
component(s) derived from the out-of-eclipse vari-
ability seems explainable.

The calculation of tsync by the precise formula
(4.12) of Zahn (1977) required apsidal motion con-
stant. Using k ~ 0.004 for low-mass stars (Jeffery
1984) we obtained considerably bigger values of tsync
(for instance, for KIC 10031409, it was 90 Myrs).
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Fig. 4. Periodograms of the targets.
5. CONCLUSION

As a result of light curve solutions of four de-
tached binaries observed by Kepler we determined
their orbital inclinations, temperatures and relative
stellar radii. KIC 10031409 and KIC 11228612 re-
veal partial eclipses while the components of KIC
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11403216 and KIC 11913071 undergo total eclipses.
The secondary component of KIC 11403216 turned
out to be a late M dwarf or brown dwarf. Besides
eclipses the targets exhibit cyclic small-amplitude
variabilities. Those of KIC 10031409, KIC 11228612
and KIC 11913071 are with orbital period and might
be explained by spots on synchronously-rotating
star. The variability of KIC 11403216 is with a third
of the orbital period and may due to near-polar spot
on asynchronously-rotating star. This resonance 1:3
deserves future observations and investigation.
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Opuzurasnu HaywHY Pao

Mspenu cMmo pemerma 3a KPUBY cjaja KO
YeTupM IETEeKTOBAHE OABOjEHE [BOjHE 3Be3[e
mocmarpane y wMucuju Kepler. Kao pesyn-
TAT OAPEIMIM CMO HUXOBE OpOHMTATHE WHKJIM-
HalUje, TEeMIePAaType W PEeJAaTUBHE 3BE3IaHe
pamujyce. KI 10031409 m KIC 11228612
OKA3yjy NeJIUMUYHE EKJIUICE, IOK KOMIIOHEHTE
KIC H403216 u KIC 11913071 IpoJjiaze Kpo3
dazy toramHux ersuncu. CekyHmapHA KOM-
mouenera konx KIC 11403216 je BepoBatno M
maryJ/baK KaCcHe CIIEKTPAJIHE IOTKJIACE WU OpaoH

marympak. Bapujanuje kKoje ce memaBajy BaH €K-
aunce ron KIC 10031409, KIC 11228612 u KIC
11913071 memajy ce ca Op6I/ITaJIHI/IM IepPUO,I0M
u Moryie 6u ce oOjacHMTH meramMa Ha CUHXPOHO
porupajyhoj 3Besmu(ma). Bapujanumja Ban ek-
sumice ko KIC 11403216 ce memasa ca Tpehunom
IBEHOI OPOUTAJHOr IMepuonga U MOryhu y3pok je
acuHXpOoHO poTupajyha rommomenTta. Pesonanma
y um3uocy 1:3 kom KIC 11403216 3axrteBa masme
UCTPAKUBAE.
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