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Abstract

We aim to discover the accuracy of photometric mass ratios (gp,) determined for eclipsing binary stars, in the case of the
system having at least one ‘flat bottom’ as a minimum profile, as well as the accuracy of data used in that sense. Within this
context, we present the results of two-dimensional grid search (g — i) for some W UMa-type eclipsing binaries showing
total eclipses, based on the high precision photometric data provided by the KEPLER Mission. The radial velocity data
obtained for KIC10618253 in this study, enables us to compare both g, and the corresponding spectroscopic mass ratio
(gsp) values. The results indicate that the high precision photometric data for overcontact eclipsing binaries showing total
eclipses allow us to obtain the photometric mass ratios as accurate as the spectroscopic values.
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1 INTRODUCTION The quantity g, and its reliability have been discussed

by many authors throughout the years. The first applications
Though the primary aim of the KEPLER Mission was todis-  of ¢, to the W UMa type overcontact binaries with total
cover Earth-like planets around other stars, the high-precision eclipses were performed by Mochnacki & Doughty (1972a,

and continuous photometric data also enable us to make a sig- 1972b) whereas the first concrete explanation regarding why
nificant breakthrough in stellar astrophysics. From the dis- gpn is reliable in case of overcontact binaries showing total
covery of ‘heart-beat’ binaries (Thompson et al. 2012) to  eclipses was made by Wilson (1978). The main point is that,
the asteroseismology studies, KEPLER data considerably en- in order for gy, to be accurate (i.e., gpn = ¢sp), certain con-

lighten our knowledge of astrophysics. Eclipsing binary stars  straints need to be applied so that the range of possible values
on the other hand, are known as one of the best laboratories, by of mass ratio be Signiﬁcantly reduced. If a star fills its Roche
which we can measure absolute parameters (e.g., masses and lobe, then the star size determines the lobe size relative to
radii) allowing us to test the stellar structure and evolution-  mass ratio, at least for the synchronous rotation case (Wilson
ary models. Therefore, it is inevitable that the simultaneous 1994). The work of Terrell & Wilson (2005) performed with
analyses of KEPLER light curves with radial velocity data  synthetic data can be regarded as a cornerstone in this man-

provide us to obtain the absolute parameters with incompa-  ner. In this work, it has been shown that a steep relation ex-
rable accuracy. ists between the ratio of the radii (r;/r,, where r1 » = R »2/a
Amongst the absolute parameters of eclipsing binary stars,  represent the fractional radii) and the mass ratio for over-

mass ratio (g = M»/M,) is the key parameter especially in  contact binaries. According to this study, for the overcontact
studying the close binary evolution. As mentioned by Rucin-  binaries of the W UMa-type with total eclipses, orbital in-
ski (2001), the ‘correct” way to determine the mass ratio is  clination does not have any effect on the eclipse depths and

based on radial velocity observations, by which one can de-  since the surface brightnesses of the components are nearly

termine the g, parameter from the ratio of velocity semi-  the same for W UMa’s, eclipse depths are determined by

amplitudes (g = M»/M = K,/K>) of both components. The  fractional area covered during eclipses, which gives the ratio

other way, which is somewhat controversial, is the determi- of the radii. Combining these results with the Roche geom-

nation of the mass ratio from light curve analysis alone. This ~ etry for W UMa-type systems, which requires the surface

quantity is usually denoted as gpn. potentials of the components be equal, the range of possible
1
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Table 1. List of some parameters of W UMa type eclipsing binaries with total eclipses taken into account

within the context of this study.

Tetr (K) log g Ty (BJD)
KIC ID Amplitude? +200 K +0.5 1% B—V P (d) (42 400 000)
2159783 0.302 5643 4.406 15.309 0.660 0.373884 54964.97555
3104113 0.337 5910 4.520 13.913 0.541 0.846786 54965.28492
3127873 0.197 6 069 4615 15.607 0.584 0.671526 54964.98233
4244929 0.175 5857 4.707 - - 0.341403 54964.74626
5439790 0.300 6 566 4.197 13.648 0.458 0.796086 54954.50290
6118779 0.292 5428 4.791 15.959 0.719 0.364246 54964.62105
7601767 0.222 6567 4.145 14.592 0.503 0.486734 55000.02441
7698650 0.228 6107 4.643 15.545 0.585 0.599155 54965.21438
8145477 0.199 6801 4.064 14.934 0.371 0.565784 54965.07620
8265951 0.258 7044 3.871 12.713 0.447 0.779958 54954.24415
8496820 0.319 6310 4.012 12.579 0.543 0.436967 54953.98272
8539720 0.169 6351 4531 12.925 0.540 0.744499 54953.98357
8804824 0.198 7202 4.035 14.820 0.385 0.457404 54964.69985
9151972 0.169 6 040 4.481 15.640 0.644 0.386796 54964.64808
9350889 0.240 6725 4203 13.941 0.463 0.725948 54954.24165
9453192 0.218 6729 4.206 13.946 0.451 0.718837 54964.88902
10007533 0.197 6 808 4.192 14.004 0.448 0.648064 54965.03925
10229723 0.209 6201 4.617 11.935 0.525 0.628724 54953.68429
10395609 0.276 6 160 4238 14.304 0.532 0.364254 54964.76055
10596883 0.182 7296 4.098 14.300 0.393 0.468911 55002.01764
10618253 0.291 6118 4374 13.170 0.553 0.437403 54964.98557
11097678 0.180 6493 4214 13.334 0.489 0.999716 54954.85702
11144556 0.207 6428 4.596 13.796 0.484 0.642980 54954.06102
12055014 0.269 6546 4.490 13.595 0.485 0.499905 54965.04132
12352712 0.193 6667 4.149 16.838 0.465 0.722065 54999.93536

“Depth of the primary minimum calculated after obtaining normalised light curve.

q values is greatly reduced (Terrell & Wilson 2005). The re-
sult is therefore given as photometric mass determination can
yield reliable results for W UMa-type systems having total

eclipses.

As for the semi-detached case, where only one component
fills its Roche lobe, there is also a steep relation between the
mass ratio and the fractional side radius of the lobe-filling
component, thus, making it possible to determine accurate
photometric mass ratios in case of total eclipses (Terrell &
Wilson 2005). When comparing g, (namely the real value of
the mass ratio) with gpy,, it has been seen that there is a good
agreement between g, and gy, for totally eclipsing overcon-
tact and semi-detached systems but as for the partial eclipsing
systems, the relation between g, and g, gets worse, the rea-
son of which is thought to be the missing radii information in
case of partial eclipses (Terrell & Wilson 2005). However, de-
spite these crucial results, gpn method is still frequently used
for partially eclipsing binaries in the literature, resulting in

questionable results.

In the work of Hambalek & Pribulla (2013), it has been
stated that in the presence of third light (3), gpn Will be erro-
neous since ¢ anti-correlates with third light. They also con-
firmed the results given by Terrell & Wilson (2005) stating
that gpy, is reliable in the case of totally eclipsing overcon-
tact and semi-detached systems and added that the range of
possible values of g decreases, whereas the amplitude of the

light curve increases.
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In the light of these conclusions, we aim to determine the
photometric mass ratios of W UMa type KEPLER eclips-
ing binaries exhibiting total eclipses, compare them with the
spectroscopic mass ratios for the systems which radial veloc-
ity observations are available, then perform the analyses of
their light curves, and finally estimate their absolute param-
eters using some approximations.

2 KEPLER DATA

The sample selection was performed via the KEPLER Eclips-
ing Binary Catalog', formed following the work of Pria et al.
(2011). Every input in the catalogue was checked in order to
find systems showing total eclipses. We paid attention to se-
lect systems whose maximum light levels (at the quadrature
phases) are the same or at least very close to each other, i.e.,
systems having no or very little O’Connell effect. The list of
the selected targets and some of their parameters taken from
the catalogue are given in Table 1.

After the selection of the systems, we retrieved the ac-
tual long cadence data from MAST (Mikulski Archive for
Space Telescopes)? as FITS files which contain the SAP (Sim-
ple Aperture Photometry) flux values for each quarter . The
cotrending or detrending processes (removal of systematic

Uhttp://keplerebs.villanova.edu/
2 http://archive.stsci.edu/kepler/data_search/search.php
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Figure 1. An example of the cotrending process via PyKE for the quarter-13 data of KIC12352712. Red line in the top panel represents

the fit made using CBV data for the corresponding quarter, whereas,

the bottom panel shows the cotrended data.
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Figure 2. Rejection of scattered points (left panel) and determination of normal points (right panel) for KIC10229723.

trends and features) of the data were performed via PyKE?
software (Still & Barclay 2012). According to the recom-
mendation of the software publishers that the cotrending pro-
cess was preferable to the detrending process for most of
the KEPLER targets, we performed cotrending with CBV
(Cotrending Basis Vectors) files provided*. An example of
the cotrending process is given in Figure 1. For each system,
after cotrending or detrending, light curves available in all
quarters were merged. Then, scattered points in the merged
light curves of each system were rejected, according to 1-o
criterion, using an IDL code so that clean light curves were
acquired, as shown in Figure 2. Finally, light curves with nor-
mal points and normalised to the maximum light level were
acquired (Figure 2) and the rest of the work was performed
on these final light curves.

3 http://keplerscience.arc.nasa.gov/software. html#pyke
4 http://archive.stsci.edu/kepler/cbv.html
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3 GRID SEARCH RESULTS AND LIGHT
CURVE ANALYSIS

Following the preparation of the light curves for each system
considered, two-dimensional grid search for orbital inclina-
tion (i) and the mass ratio (g) parameters was commenced
using a code we wrote for the PHOEBE SCRIPTER (Prsa
& Zwitter 2005). For every ¢ and i value, the effective tem-
perature of the primary component (77) was taken from the
MAST catalogue and set as a constant parameter, whereas,
the dimensionless surface potential of the primary compo-
nent (€2)), the luminosity of the primary component (L),
and the effective temperature of the secondary component
(T») were set as free parameters (i.e., fitted parameters) dur-
ing the iterations.

The rough grid search was performed with ¢ values rang-
ing from 0.1 to 1.0 with 0.01 intervals and i values rang-
ing from 75° to 90° with 1° intervals (i.e., gx+1 — qx =
0.01 and i34 — iy = 1°). After completion of the rough
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Table 2. Results of the fine grid search for the systems considered in this work where minimum x> was achieved.

KIC ID q i(°) Q) oQl T (K) or2 Ly oLl x2 f(%)
2159783 0.147 78.9 2.0190 0.0015 5717 10.0 10.1126 0.0125 0.0015 80
3104113 0.159 78.3 2.0303 0.0007 5986 7.8 9.9022 0.0111 0.0010 95
3127873 0.073 80.5 1.8408 0.0006 5791 7.3 11.9554 0.0056 0.0002 65
4244929 0.059 70.6 1.7911 0.0002 5867 7.5 11.6998 0.0005 0.0002 81
5439790 0.174 81.8 2.1337 0.0015 6 369 11.9 10.4039 0.0128 0.0012 30
6118779 0.117 80.2 1.9400 0.0003 5395 8.4 10.7800 0.0007 0.0012 92
7601767 0.107 71.2 1.9491 0.0007 6447 7.5 11.0039 0.0059 0.0002 45
7698650 0.095 79.1 1.9060 0.0004 6026 6.4 11.2925 0.0062 0.0003 61
8145477 0.082 82.0 1.8804 0.0004 6473 6.9 11.8119 0.0047 0.0002 40
8265951 0.134 77.4 2.0272 0.0015 6737 16.2 10.8966 0.0129 0.0013 37
8496820 0.176 82.9 2.1046 0.0010 6141 7.9 10.3532 0.0103 0.0008 60
8539720 0.067 71.1 1.8303 0.0002 5972 4.8 11.9126 0.0030 0.0001 47
8804824 0.091 81.0 1.9228 0.0008 6168 10.9 12.4306 0.0076 0.0003 14
9151972 0.059 70.1 1.7930 0.0002 5982 8.2 11.7519 0.0005 0.0003 76
9350889 0.102 79.8 1.9232 0.0002 6 692 8.7 11.0821 0.0005 0.0005 63
9453192 0.099 76.9 1.9277 0.0004 6218 7.1 11.5989 0.0052 0.0002 44

10007533 0.081 80.7 1.8702 0.0006 6338 10.1 11.7768 0.0062 0.0003 54

10229723 0.105 76.2 1.9728 0.0006 5904 9.2 11.4800 0.0079 0.0005 2

10395609 0.121 71.5 1.9498 0.0008 6077 8.7 10.6467 0.0094 0.0008 92

10596883 0.088 69.9 1.9109 0.0030 6514 42.1 11.9009 0.0256 0.0030 18

10618253 0.123 82.4 1.9511 0.0001 5970 7.1 10.8914 0.0085 0.0006 93

11097678 0.064 74.5 1.8068 0.0009 6334 14.2 11.8320 0.0089 0.0006 80

11144556 0.087 69.7 1.8766 0.0003 6202 5.4 11.2900 0.0043 0.0001 73

12055014 0.128 79.7 1.9924 0.0007 6 440 5.0 10.7660 0.0051 0.0002 60

12352712 0.073 82.5 1.8447 0.0005 6399 7.0 11.9285 0.0045 0.0002 57

grid search, the (g, i) region where x2 = > (0 — C) is
converged to the global minimum value, was determined and
then fine grid search with 0.001 intervals of ¢ and 0.1° inter-

vals of i (i.e., gr+1 — qx = 0.001 and i1 — iz = 0.1°) was
performed around that region. The rough search performed
with five iterations per one (g, i) pair, whereas, the fine search
performed with three iterations per one (g, i) pair. During all
iterations, the surface albedos (A; ) and the gravity dark-
ening coefficients of the components (g ) were also set as
constant parameters with their corresponding values as fol-
lows; A = g = 1 for radiative envelopes and A = 0.5, g =
0.32 for convective envelopes (von Zeipel 1924; Lucy 1967;
Rucinski 1969). The synchronisation parameters were set as
Fi > = 1 assuming synchronous rotation of the components.
As for the limb darkening, the coefficients were taken from
KeplerLD? tables. Since logarithmic law gives the best results
in the case of T < 9000 K and square root law in the case
of T > 9000 K according to the works of Diaz-Cordoves &
Gimenez (1992) and van Hamme (1993), the limb darkening
coefficients were interpolated automatically using the loga-
rithmic law during the iterations. As stated in Section 1, the
presence of third light will lead to erroneous q, therefore, all
systems had to be tested for third light effect, but no trace of
it was found in any of the systems considered since the itera-
tions yielded physically meaningless results (such asi > 90°,

negative third light: I3 < 0, T, > T or T, < T etc.) when
the third light parameter (EL3) was set as adjustable.

The resultant values of g and i along with corresponding

5 http://phoebe- project.org/1.0/files/Id/kepler.1d
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1>, 21, and L, values acquired from fine grid search were di-
rectly used as input parameters in order to find out whether the
grid search results constitute a good and plausible light curve
solution for each system. The grid search results are presented
in Table 2 and examples of the results are also given as con-
tour plots in Figures 3 and 4 together with the consequent
light curve models. Additionally, the relation of g, and or-
bital inclination (i) with the light curve amplitudes is given
in Figure 5. It can be seen that whilst there is a steep relation
between g, and amplitude, there is almost no correlation be-
tween i and amplitude in case of total eclipses. Therefore,
the bottom panel of this figure clearly shows that the claim
of Terrell & Wilson (2005) which states that the orbital incli-
nation does not have any effect on the eclipse depths in case
of totally eclipsing W UMa’s, is also justified as a result of
our work.

4 KIC10618253 AS AN ANCHOR OBJECT

Although, there are numerous examples in which gp, method
is directly used the literature still lacks concrete evidence to
reinforce the crucial result acquired theoretically by Terrell
& Wilson (2005), i.e., there are not any works which un-
ambiguously show the relation between g, and g, based
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Figure 3. Results for KIC12055014. (a) Rough grid search result for
KIC12055014. (b) Fine grid search result for KIC12055014. (c¢) A compar-
ison between normal LC points and the model using the best fit parameters
obtained from fine grid search.
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Figure 4. Results for KIC4244929. (a) Rough grid search result for
KIC4244929. (b) Fine grid search result for KIC4244929. (c¢) A compar-
ison between normal LC points and the model using the best fit parameters
obtained from fine grid search.
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Table 3. Radial velocity observations of KIC10618253.

Phase RVI (kms™!) RV2 (kms™!)
0.662 34.561 —248.149
0.775 48.285 —272.715
0.217 —21.205 282.530
0.254 —41.595 281.443
0.355 —8.826 -
0.707 34.655 —289.031
0.658 41.322 —258.462
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Figure 5. The relation of gpy and ipy resulting from fine grid search with
the light curve amplitudes. Dotted line in the top panel represents the linear
fit to the distribution.

on both photometric and spectroscopic data. Therefore, we
strictly need at least one ‘anchor object’ amongst the sys-
tems we have focussed on here, which has sufficient radial
velocity observations to determine the g, value. Our aim is
to find the gy, from radial velocity curve of the system and
then compare gy, with gp, given in Table 2.

4.1. Radial velocity observations

Due to the faintness of most of our targets, as seen in Table 1,
we did not have the opportunity to perform spectroscopic ob-
servations for many of these targets. Accordingly, we selected
KIC10618253 and KIC10229723 systems for spectroscopic
observations because of their fair brightness and relatively
short periods. Amongst these systems, we could obtain suf-
ficient spectroscopic data only for KIC10618253, whilst the
data were insufficient for KIC10229723 for us to determine
the g, accurately. Once the g, value was determined from
the radial velocity curve of KIC10618253, a grid search was
applied in order to obtain a g, value which was then com-
pared to the g,p, namely the more precise value of the mass
ratio as stated before.

One of the authors (R. H. Nelson) secured, in the month
of September in 2015, a total of seven medium resolution
(R~10 000 on average) spectra around quadrature orbital
phases of the system at the Dominion Astrophysical Obser-
vatory (DAO) in Victoria, British Columbia, Canada using
the Cassegrain spectrograph attached to the 1.85 m Plaskett
Telescope. He used the 21181 grating with 1 800 lines mm~!,
blazed at 5 000 A giving a reciprocal linear dispersion of
10 A mm™! in the first order. The wavelengths ranged from
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5000t0 5260 A, approximately. Spectral reduction was per-
formed via the ‘RaveRe’ software (Nelson 2010). Finally,
Rucinski’s broadening function technique (Rucinski 1999)
as implement in software ‘Broad’ (Nelson 2010) was used
in order to determine radial velocities. The determined radial
velocities are given in Table 3.

4.2. Simultaneous light and radial velocity curve
analysis

Simultaneous analysis of light and radial velocity curves of
KIC10618253 was performed using PHOEBE interface (PrSa
& Zwitter 2005) which is based on the Wilson—Devinney
(WD) code (Wilson & Devinney 1971; Wilson 1990; van
Hamme & Wilson 2003). Mode3, which corresponds to over-
contact binaries not in thermal equilibrium, was selected
for further progress. The effective temperature of the pri-
mary component was taken from the MAST catalogue as
6118 K. This temperature value implies that both compo-
nents have convective envelope, therefore, bolometric albedo
values were taken as A, = 0.5 (Ruciniski 1969) and grav-
ity darkening coefficients as g1 » = 0.32 (Lucy 1967). Circu-
lar orbit assumption was made and consequently e = 0 was
adopted. Furthermore, the components were assumed to have
synchronous rotation, therefore, Fj , = 1 was adopted. Since
third light effect was not detected, /3 = 0 was adopted. These
parameters were kept fixed during the iterations. Since there
are not enough radial velocity data to render the proximity
effects (Rossiter—McLaughlin effect), ICOR parameter was
turned off during the iterations. Additionally, logarithmic law
was selected for limb darkening. As stated before, the limb
darkening coefficients were taken from KeplerLD and were
set to be interpolated automatically during the iterations.

In addition to g, i, T, 21, and L; parameters, the semi-
major axis (a) and the radial velocity of the centre of mass
(V) were set as free parameters during the iterations. Thus, a
simultaneous solution was achieved. Iterations converged to
a solution, however, due to the O’ Connell effect, this solution
did not suffice. Therefore, a spot at a phase of around 0.25 was
added on the secondary component, and the iterations were
repeated to acquire the final solution. The theoretical light
and radial velocity curves along with observed curves are
given in Figure 6 whilst the resulting parameters are given in
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Table 4. Results of the simultaneous light and radial velocity
curve analysis of KIC10618253.

Primary Secondary
Parameter component component
i(°) 82.654+1.744
a(Rp) 2.870+0.016
V) (kms™1) 2.295+£0.023
q = My/M, 0.125£0.001
e 0*
Tesr (K) 6118* 6076438
Q 1.958 £0.008 1.958
A 0.5* 0.5*
g 0.32* 0.32*
Xpol 0.687 0.687
Vbol 0.172 0.170
Lo 10.621£0.045 1.806
r (pole) 0.541£0.004 0.228 +£0.009
r (side) 0.609£0.006 0.242+£0.011
r (back) 0.634£0.009 0.331+0.079
r (mean)f 0.593+£0.003 0.263+£0.022
f (fillout) 0.93 0.93
Sw(0 —C) 0.0007
Spot parameters
Longitude (°) - 90
Latitude (°) - 90
Radius (°) - 17
Tspnt/Tet‘f - 0.85

* Assumed parameter.
. 1/3
T Fmean = (rpolersiderback) /3,

Table 4. According to the results of the simultaneous analysis,
KIC10618253 is an A-type W UMa system which typically
have low mass ratios (¢ < 1 as opposed to the case of g > 1
in W-type W UMa’s) meaning that the primary component is
the more massive (as seen in Figure 6b) and the hotter one.
Furthermore, KIC10618253 has a large fillout factor of 93%
as expected for a typical A-type W UMa.

It is crucial to emphasise here that the errors for the free
parameters given in the table are not taken directly from
PHOEBE, since it is frequently criticised as yielding unre-
alistically small error values. Therefore, we analysed each
quarter’s light curve of KIC10618253 individually and then
calculated the standard deviation of the 13 different values
of each free parameter and gave them as estimation errors.
Nevertheless, even these do not reflect the real errors since
the effective temperatures of the primary components (7;)
are taken as exact values during the iterations, without reck-
oning with the uncertainty. Therefore, the real errors are in
fact still larger than the listed ones due to the uncertainty in
T, values.

4.3. Comparison of g, and gpp

As seen in the results of simultaneous analysis in Table 4 and
Figure 6, the spectroscopic mass ratio (gsp) of the system is
0.125. On the other hand, as seen in Figure 7 and in Table 2,
the photometric mass ratio (gpn) found from grid search
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Figure 7. Grid search results of KIC10618253. (a) Rough search result. (b)
Fine search result.

without any radial velocity data is 0.123, which implies that
the gpy, is almost perfectly coherent with the real g, value. It
should be noted that the orbital inclination (i) values are also
coherent with each other (i,p = 82.4° whilst iguion =
82.654°). Although this is an expected result considering the
previous theoretical works about gpp, (Terrell & Wilson 2005;
Hambalek & Pribulla 2013), the case of KIC10618253 itself
is of course not enough for observationally proving the accu-
racy of the method in case of totally eclipsing systems with
at least one component filling its Roche lobe. Nevertheless,
we can use this example as a reliable anchor point for the
sake of strengthening our claim towards the accuracy of our
approximation for the rest of the systems considered here.

5 ABSOLUTE PARAMETERS

Since we have the radial velocity curves for only
KIC10618253, in order to calculate the absolute parameters
of other systems considered here, we had to use some statis-
tically derived relations between absolute parameters (such
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as logP —logM, log P — logR, etc.). One of the most re-
cent works regarding these relations is by Gazeas & Stepien
(2008). Using the W UMa sample (both A and W-type) they
presented, in order to find the semi-major axis (a) value, we
derived log P — log a relation, whose correlation constant is
R? = 0.95, (Figure 8) as follows:

loga = (0.8829 + 0.0203)log P + (0.7900 £ 0.0082), (1)

where a is in Ry and P is in days units. Using this de-
rived relation for the case of our anchor object KIC10618253,
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Table 5. Approximately calculated absolute parameters of the systems in our sample.

KIC ID a(Ro) M (Mo) M (Mo) Ri (Ro) R (Ro) Li Lo) L (Lo) log g1 (cms™2) log g2 (cms™2)
2159783 2.587+0.071 1.451+£0.119 0.213+£0.018 1.496 £0.041 0.6944+0.019 2.033 +£0.113 0.466£0.026 4.25040.039 4,084 40.043
3104113 5.32440.102 2.44040.140 0.388 +:0.022 3.085+0.059 1.538 £0.030 10.401 £ 0.405 2.7194+0.106 3.847+£0.027 3.6534+0.030
3127873 4.33940.089 2.268 £0.140 0.166£0.010 2.690+£0.055 0.899+0.018 8.796 + 0.365 0.813£0.034 3.934+£0.031 3.749+0.032
4244929 2.388+0.069 1.4814+0.128 0.087 +0.008 1.5214£0.044 0.4774+0.014 2.440 + 0.142 0.2424+0.014 4.24440.043 4.023 +0.045
5439790 5.04240.098 2.31440.135 0.403£0.023 2.764 £0.054 1.290+£0.025 12.724 4+ 0.500 2.447+0.097 3.919+0.027 3.821+£0.030
6118779 2.528 +£0.070 1.4654+0.122 0.1714+0.014 1.51240.042 0.6574+0.018 1.777 £+ 0.100 0.330+0.019 4.245+0.040 4.036+0.044
7601767 3.266+0.078 1.784+£0.128 0.191£0.014 1.925+0.046 0.740£0.018 6.173 + 0.297 0.829£0.040 4.12140.035 3.980+£0.037
7698650 3.923+0.084 2.0644+0.133 0.1964+0.013 2.357+0.051 0.876+0.019 6.922 + 0.301 0.905+0.039 4.008 +0.032 3.8454+0.034
8145477 3.730+£0.082 2.012+0.133 0.165+0.011 2.260+£0.050 0.7674+0.017 9.791 + 0.437 0.921+£0.041 4.0334+0.033 3.886£0.035
8265951 4.95240.097 2.36440.138 0.3174+0.019 2.8164£0.055 1.17540.023 17.496 £ 0.690 2.5374+0.102 3.912+£0.028 3.7994+0.031
8496820 2.969£0.075 1.566+0.119 0.276 £0.021 1.655£0.042 0.8034+0.020 3.891 + 0.198 0.82040.042 4.195+0.036 4.069 +0.040
8539720 4.7524+0.094 2.438+0.145 0.1634+0.010 2.955+0.058 0.9294+0.018 12.726 £+ 0.510 0.980+0.039 3.884+£0.030 3.7154+0.031
8804824 3.091£0.076 1.738+0.129 0.158+0.012 1.829£0.045 0.628+0.016 8.060 + 0.400 0.5114£0.025 4.15440.036 4.041+0.039
9151972 2.666+0.072 1.606+0.130 0.0954+0.008 1.696 £0.046 0.528+0.014 3.431 +0.186 0.318+0.017 4.1854+0.041 3.9704+0.042
9350889 4.648 +0.093 2.32240.126 0.2374+0.013 2.77540.055 1.068 £0.021 14.111 £+ 0.569 2.0424+0.082 3.917+£0.029 3.7554+0.031
9453192 4.607 +0.092 2.314£0.139 0.229+£0.014 2.73440.055 1.010£0.020 13.735 £ 0.556 1.36540.055 3.928 +£0.029 3.789+£0.031

10007533 4.2054+0.087 2.19940.137 0.178+0.011 2.566+0.053 0.8814+0.018 12.668 4+ 0.532 1.1244+0.047 3.962+£0.031 3.7994+0.033

10229723 4.094 +0.086 2.110£0.133 0.222+£0.014 2.363£0.050 0.85240.018 7.398 £ 0.315 0.789£0.034 4.0154+0.031 3.922+0.033

10395609 2.528 +£0.070 1.4604+0.109 0.177+0.015 1.504 £0.042 0.6574+0.018 2917 £ 0.164 0.52740.030 4.248 +0.040 4.049 +0.044

10596883 3.160£0.077 1.772£0.129 0.156+0.011 1.8824+0.046 0.6414+0.016 8.988 + 0.440 0.663 +0.033 4.137£0.036 4.0174+0.038

10618253* 2.870£0.016 1.476 £0.022 0.1844+0.003 1.703£0.014 0.756 £0.062 3.639 + 0.063 0.698+0.116 4.145+0.010 3.9464+0.072

11097678 6.165+0.116 2.960+0.167 0.189£0.011 3.897+£0.073 1.264 +0.024 24.180 £+ 0.924 2.290£0.090 3.728 £0.028 3.512+£0.030

11144556 4.1754+0.087 2.1744+0.136 0.1914+0.012 2.5424+0.053 0.9274+0.019 9.886 + 0.417 1.1304+0.047 3.965+0.031 3.78540.033

12055014 3.343+£0.079 1.7814+0.126 0.228 £0.016 1.9394+0.046 0.8194£0.019 6.188 + 0.294 1.034 £0.049 4.113£0.034 3.969+0.037

12352712 4.626+0.092 2.3774+0.142 0.1744+0.010 2.859+0.057 0.94440.019 14.468 + 0.585 1.3374+0.054 3.901+£0.030 3.728 £0.031

“Resultant of the simultaneous analysis of light and radial velocity curves.
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Figure 10. Positions of the systems we considered in this work amongst the other W UMa-type binaries. The W UMa sample was taken from Yakut &
Eggleton (2005). ZAMS and TAMS lines for various metallicity values were taken from Girardi et al. (2000). (a) HR diagrams. (b) log M — logR diagrams.

a =2.971 £ 0.075 Ry is found, which is in good agreement
with the value of 2.870 Ry given in Table 4. In the light
of this good agreement and the goodness of the linear fit
(R* = 0.95), we calculated the semi-major axis values of the
other systems of which we do not have the radial velocity
curves. Using these a(Rg) values along with the photomet-
ric mass ratios (gpn) in the Kepler’s third law, we calculated
the masses of the components individually for each system.
Again, using the derived a values along with the fractional
radii (r;2), which resulted from the light curve analyses as
Tmean», We calculated the radii of the components in solar units
via 1, = Ry »/a. The results of our calculations for the ab-
solute parameters using equation (1) are given in Table 5.

As we mentioned in the beginning of this section, there
are other correlations that can be derived between the pa-
rameters, such as log P — M,, where M, = M| + M,. We
also calculated absolute parameters using this relation and
compared them with each other. The derived relation is as
follows:

M, = (2.7559 £ 0.2532) log P 4 (2.8925 £ 0.1022), 2)
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where P is in days units and M| ; are in solar units. Addition-
ally, the R? value of this relation is 0.52. As seen in Figure 9,
the masses calculated with equations (1) and (2) do not differ
significantly from each other. However, the differences may
stem from the fact that uncertainty of parameters resulting
from the light curve analyses are lower than the real uncer-
tainties, thus, our error calculations may be taken as a lower
limit of uncertainties.

According to the approximately calculated absolute
parameters, positions of the systems included in our
sample amongst other W UMa-type binaries are shown on the
log Tor — log(L/Lg ), namely the Hertzsprung—Russell (HR)
diagram, and on the log(M/Mg) — log(R/Rg) diagrams in
Figure 10.

6 DISCUSSION AND CONCLUSIONS

We tried to prove the accuracy of the mass ratios determined
solely from photometric data, a method which is widely used
in the literature. However, this method cannot be applied
to detached systems and systems having partial eclipses, as
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stated by Terrell & Wilson (2005), because of missing accu-
rate radii information. As shown by Terrell & Wilson (2005)
and Hambdlek & Pribulla (2013), W UMa-type eclipsing
binaries inevitably represent the most ideal case for deter-
mining photometric mass ratio, since the surface potentials
of the components are equal, consequently exerting a great
constraint on the possible values of the mass ratio, in addi-
tion to total eclipses which provide the most accurate radii
information. Accordingly, we selected W UMa-type totally
eclipsing binaries in order to compare photometric mass ra-
tio gpn, With the spectroscopic one g, (i.e., the more precise
value). As opposed to what is widely seen in the literature,
we performed a grid search for both mass ratio and orbital
inclination. Furthermore, in the case of KIC10618253, for
which we have sufficient radial velocity data to determine
the g, an almost perfect agreement between g, and gpp
was achieved: gg, = 0.125 £ 0.001 whereas g, = 0.123 and
iy, = 82.654 & 1.744 whereas i, = 82.4.Relying on this re-
sult, we performed grid search for the other systems in our
sample.

According to the fine grid search results given in
Table 2, some systems in our sample (KIC3127873,
KIC4244929, KIC8539720, KIC9151972, KIC11097678,
and KIC12352712) have unusually low mass ratios which are
in the range 0.06 < ¢ < 0.08. This might constitute an inter-
esting result considering that there are only two cases (SX
Crv-g=0.079 and AW UMa-q=0.07) in the W UMa sample
provided by Gazeas & Stgpien (2008) which have such low
mass ratios. Amongst these, eclipse timing variations dia-
gram for KIC3127873, KIC8539790, and KIC12352712 ex-
hibit a secular period decrease (Figure 11) which causes the
orbit to shrink. Taking the secular period decrease and the
high fillout factor of these systems into account, we can con-
clude that these systems will have 100% fillout factor (Rasio
& Shapiro 1995) and merge into a rapidly rotating single star
such as a blue straggler or FK Com type star (Senavci et al.
2008; Yang & Qian 2015). Other systems in our sample for
which ¢ < 0.1 may exhibit this behaviour as well, however,
their eclipse timing variations diagrams do not imply secular
period decrease at least for the time being.

As a result of this analysis, we have concluded that all
systems considered in this work are W UMa-type eclipsing
binaries of the A-subtype. This result is also supported by the
HR and log M — log R diagrams given in Figure 10 in which
the tendency of the systems to be amongst the A-type can be
seen.

Obviously, spectroscopic observations should be made in
order to justify our findings and this is our priority for the fu-
ture work that we are planning to conduct. In this future work,
we are planning to extend the work to W UMa-type binaries
of the W-subtype and also Algol type systems having total
eclipses including their radial velocity data. Thus, we can
prove solidly that the photometric mass ratio method is not
reliable in the case of detached binaries and partial eclipses.
Furthermore, we can see whether the method is reliable in
case of classical Algols (semi-detached case).
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