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ABSTRACT

We use extensive model grids to estimate the global parasatiour partially-eclipsing W UMa
contact binaries near the period cutoff. All four systemssist of K-type main sequence primaries
and M-type secondaries that appear undersized and undedusifor their masses because of the
energy transfer through the common envelope. Three of thestars exhibit light curve asymmetry
that is explained in terms of magnetic activity and modeléith wark spots. We discuss the relia-
bility of the photometric mass ratios and derived absolaeameters in context of total or partial
eclipses and compare them with a sample of totally-eclgpsirort-period W UMa systems from the
literature.

Key words: binaries: close — binaries: eclipsing — Stars: fundamepi@iameters — Stars: individ-
ual: 2MASS J02272637+1156494, 1SWASP J040615.79-4Z5ABWASP J121906.35-240056.9,
2MASS J2326101-2941470

1. Introduction

In a previous paper (Latko@iand Ceki 2021, hereafter P1), we investigated
six of the 29 southern eclipsing binaries with short periadd W UMa-like light
curves observed by Koeat al. (2016). We estimated their photometric mass ratios
using theg-search method. In general, the mass ratio of a binary can twml
established from radial velocity measurements (the spsobpic mass ratio), but
in contact binaries, the components share a common envdkfpped by a single
Roche surface, whose size is uniquely determined by the raties As sizes of
the components influence the shape of the light curve, it igrimciple possible
to estimate the mass ratios of contact binaries even wheal ragocities are not
available. The six targets of P1 had either a readily reaadpie total eclipse, or
could only be matched with totally eclipsing models. Thality aids the analysis
of a contact binary by decoupling the mass ratio from thetakbiclination, which
has a similar effect on the shape of the light curve, so thatttého parameters
are generally correlated. The total eclipse breaks theeladion by constraining
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the inclination to a small range close to“Q0For a detailed discussion of how
totality (or the lack thereof) affects the reliability of immetric mass ratios in
contact binaries, semg, Latkovic, Ceki and Lazareti (2021). When the eclipses
are partial, the photometric mass ratio is far less reliitda the spectroscopic one.

In the present study, we examine four more W UMa binaries ftoensame
set of observations made by by Koenal. (2016): 2MASS J02272637+1156494
(hereafter J022726), 1ISWASP J040615.79-425002.3 (Herda#0615), 1SWASP
J121906.35-240056.9 (hereafter J121906), and 2MASS 12328941470 (here-
after J232610). Among these stars, only J022726 has begiedforeviously (Liu
et al. 2015). For the others, this work is the first published analygvhile they
do not display a visible totality in the available obseroat, we show that their
mass ratios and inclinations are constrained to a well-défiegion of the param-
eter space using a high-resolution model grid. This allogvsowderive reasonable
estimates of their orbital and stellar parameters.

The procedure of finding the photometric mass ratio of a artianary by
modeling of the light curve, where, for a series of fixed mas®trial values, one
adjusts all the other model parameters and eventually elsadbe mass ratio of the
best-matching model, is known as thesearch. We performed thgsearch for
all 29 stars observed by Koest al. (2016) using a heuristic approach where the
other parameters of candidate models at each fixed massarateorandomized
(the procedure is detailed in P1). This gave us an overvigtheparameter space
so that we were reasonably confident that our solutions war®ocal minima. The
current study was motivated by the appearance of the reguitisearch curves
(where one plots the reduced, i.e., X2, or some other goodness-of-fit indicator,
against the mass ratio). Namely, the four stars that we figzge now have similar
g-search curves as the six studied in P1, despite the appac&rdf totality.

For these new targets, we redo thesearch in two dimensions, with the in-
clination on the other axis, and show that the region comtgiall the best-fitting
models is well-defined. The procedure is detailed in Se®ioBtarting from the
best-fitting models found during thgsearch, we perform detailed modeling de-
scribed in Section 4, and compare the results with a seteofigimilar objects in
Section 5.

2. DataPreparation

We prepared the light curves of our four stars the same way &4.i Their
general characteristics are listed in Table 1. The cootééand magnitudes are
taken from theSimbad database, and the orbital periods from Norébml. (2011).
The available data allowed us to measure a single pair gfsctimes for each star.
This was done by fitting a low-order polynomial through themum. We used
the eclipse times for the deeper minimum (listed in Table Z;asnd the periods
in Table 1 to calculate the orbital phases.
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Tablel

The main characteristics of the studied stars

Nickname ID RA DEC my  Period [d]

J022726  2MASS J02272637+1156494 NPP"26°38 +11°5649/45 15.11 0.21095
J040615  1SWASP J040615.79-425002.3"0B'15583 —42°5002/33 14.14 0.22234
J121906  1SWASP J121906.35-240056.9"122'06333 —24°0056/96 15.25 0.22637
J232610 2MASS J23261012-2941470 M28"10512 —29°4147/08 13.58 0.23012

The coordinates and visual magnitudes are taken from thé&irdatabasehftp://simbad.u-
strasbg.fr/simbad/ The periods are adopted from Nortenal. (2011).

Table?2

The eclipse times measured from our data

Nickname T, [HJID] Ty [HJD]

J022726  2457009.6198 2457009.7257
J040615  2457013.6276 2457013.7392
J121906  2456768.6441 2456768.5299
J232610 2457274.9329 2457274.8167

While Koenet al. (2016) do not provide measurement errors for individual
observations, they estimate that these errors for the tas studied in this work
are under 0.02 mag. We adopt this constant as the standaragtine observations
when calculating the? metrics.

3. Theg-search

We will not repeat the description of the initigtsearch, which is given in
detail in P1. In what follows, we refer to this step of the aséd as “the randomized
g-search”. lIts results are the starting point for the curweotk. They consist of
100 models initialized with random parameters and themapéd to best fit the
observations for each mass ratio in the range from 0.01 @ With the step of
0.01, that is 10 000 models for each of the two possible cordtguns: the A-type
(the more massive star is also the hotter one) and the W-thgenfore massive
star is colder than the companion). When jtjeof the best-fitting model in each
mass ratio bin is plotted against mass ratio, we gej-a€arch curve” (see Fig. 1).
For all 29 stars in the dataset of Koehal. (2016), it is possible to prejudge the
A/W configuration of the system just by looking at thegasearch curves. One
configuration is always superior to the other (in the sensebieving better fits to
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the observations). In this work, we select the better of W d¢onfigurations and
disregard the other. According to this indirect criterid@22726 is a W-type star
and all the others in the current sample are A-types.

We made the selection of stars to study further despite ttle dé a visible
total eclipse on the basis of thesesearch curves. In Fig. 1, we compare the
g-search curves of J00437 (one of the stars from P1, whichHajisf@a clear total
eclipse), J022726 (the star in the current sample with testg-search curve)
and 1SWASP J212808.86+151622.0 (an example of a “lpggarch curve for a
star from the same dataset, which we did not include in neRienor this study).
A line is drawn on each of these plots at arbitrary coordimateaid the eye in
recognizing that the first two curves have discernible mainvhile the third is
monotonous, with the best fit achieved at mass ratio of 1. thaw binaries of the
W UMa type, mass ratios are typically around 0.3 and raretges 0.5, so a mass
ratio as high as this would be highly unusual and therefospect. We show in
Section 4 that the estimated mass ratios for the four staesiigated in the present
work lie within the range expected for W UMa stars.
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Fig. 1. Left Comparison ofg-search curves for a contact binary with a clearly visible
total eclipse (1SWASP J000437.82+033301.2, studied in Bhg of the binaries from the
current study (J022726), and another binary from the samiessef observations (1SWASP
J212808.86+151622.0), for which tlgesearch fails to constrain the mass ratio.

Right Results of the one-dimensional, randomizpdearch for J022726 in thg—i plane. Darker
points correspond to better-fitting models (lower valuex®f. Compare wittmiddle panebn the
left.

In randomizedg-search performed in P1, all relevant model parameterd apar
from the mass ratio are adjusted to obtain an optimal fit, abdlated for all trial
models. The most important parameter in terms of constrgiail subsequent
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results is the orbital inclination. Plotting the inclinati against the mass ratio
can identify the region of the parameter space that conthimglobally optimal
model. Fig. 1 shows such a plot for J022726, based on the naimdd g-search.
Each point is a trial model, and the colors are set up so th#telmodels with

X3 > 1.25 min(x3) are a very pale green, enhancing the visibility of the “good”
candidates. They are clearly confined to the region rougbtywéen mass ratio
0.45 and 0.65 and inclinations between 80 and 90 degrees.

Based on such plots, we select a region indghei plane to examine in greater
detail using the “gridg-search”. We generate new initial models along| & i
grid with the step in theg direction of 0.001 (an order of magnitude finer than
in the randomizedy-search) and in the direction of 0.1 degree. In the case of
J022726, the selected region i#®8< q < 0.68 and 80 <i < 90° and contains
around 20 thousand candidate models. For J040615 and J23&6é&re a larger
region had to be considered, the size of the grid is closebtarl 70 thousands,
respectively. The mass ratio and the inclination in thesdatmowere kept fixed
to the grid values, the other parameters were initializeddpying the best-fitting
model in the corresponding mass ratio bin from the randodnigsearch, and then
optimizing to best fit the observations.

The results of the grid-search are shown in Fig. 2.
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Fig. 2. Results of the 2}-search for our stars. Each pixel represents a trial mod&. goodness
of fit (x2) is color-coded. The best models with lowegt are in the central part of each plot, and
indicated by a dark red color. The final solution is markedlite white cross.
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4. Detailed Modeling

The best-fitting model resulting from the 2ipsearch described above is taken
as the starting point for detailed modeling. Here and thihowg this paper, light
curve modeling is done with the program introduced by Djev&s(1992) and
DjuraSevc et al.(1998), as described in P1.

Table3

The model parameters for the studied stars

Quantity J022726 J040615 J121906 J232610
q 0.52(4) 0.46(6) 0.41(3) 0.44(6)
i[°] 86(2) 80(2) 81(3) 82(2)
T1 [K] 3980(20) 4840 4840 4840
T, [K] 4050 4680(20) 4740(30) 4900(20)
F12 1.020(7) 1.013(2) 1.027(6) 1.025(3)
43(B) 0.00(2) 0.07(3) 0.07(6) 0.09(3)
3(V) 0.03(3) 0.06(3) 0.10(7) 0.11(3)
3(R) 0.07(3) 0.07(3) 0.12(6) 0.13(4)
23(1) 0.15(2) 0.09(3) 0.15(6) 0.16(3)
r1[aorp) 0.4507 0.4569 0.4761  0.4695
r2[aorb] 0.3354 0.3230 0.3222  0.3258
Q1 2.8567 2.7716  2.6357  2.6904
Qin 29053 2.8040 2.6975 2.7496
Qout 25985 25254 24482  2.4860
fover [%0] 15.83 11.64 24.79 22.46
Spot — Primary Primary Primary
Tspot/ Tstar — 0.9(2) 0.9(2) 0.9(2)
o - 16(2) 14(1) 21(2)
A - 192(4) 107(4) 95(3)
[0} - 0.00 0.0 0.00
Point count 168 223 246 357
Parameter count 10 13 13 13
Degrees of freedonvy 158 210 233 344
X2 0.4244  0.2601  0.1948 0.4806

In this step of the analysis, we examine the details of thet lgurve and
add spots to the model to match any out-of-eclipse asymesetithe mass ratio
(q), orbital inclination {), passband-dependent third light contributiofs)( size
(parametrized with the filling factof, which is equal to the ratio of the critical
Roche potential and the Roche potential of the stellar sajfahe temperature of
the primary (secondary) component in the W (A) configuratiba spot parameters
and the phase and magnitude shifts are treated as free garanteor the albedos
(A1 and Ay) and gravity darkening exponent;(and 32), we adopt the theoreti-
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Fig. 3. Observed and synthetic light curves of our stift)( with residuals fight) arbitrarily shifted

along the magnitude axis for clarity.
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cal values appropriate for each component according tertpérature (von Zeipel
1924, Lucy 1967, Ruéiski 1969). For each system, we assign the temperature es-
timated by Koeret al. (2016) to the component eclipsed in the deeper minimum,
while the temperature of the other star is adjusted as a femneter. The spots
are kept fixed at the equator.

The final model parameters of our four stars are given in TablBo estimate
the errors, we perform random sampling of the parameterespeaund thex?
minimum (achieved with the final model), in a range definedhgyibcrease of the
X2 by 1. This provides the d. error estimate for each fitted parameter. Note that
the temperature of one component is always fixed to a refesdne¢. Due to this,
the reported errors are necessarily optimistic.

The observations are plotted together with the synthegiot Icurves corre-
sponding to these models in Fig. 3, and 3D representatighgdiinaries are shown
in Fig. 4. Using these results, we estimate the absolutasperameters of our tar-
gets in Section 5.

J022726 J040615

Phase = 0.70 Phase = 0.75
J121906 J232610

Phase = 0.75 Phase = 0.25

Fig. 4. 3D representations of the models for our stars. Thessgre marked in a different color.

Note that, while the initial model for J232610 indicated #aype configu-
ration, the final model rather implies the W-type configumatiwith a secondary
of a slightly higher temperature than the primary. This kgly a consequence
of the addition of a cool spot on the primary that has the eféalecreasing its
brightness, which is then compensated during model opditiaiz by increasing
the temperature of the secondary. Clearly, this is a margase, where radial ve-
locity time-series would be needed for a definite classificat-or now, we classify
J232610 as a W-type contact binary according to the final mode
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5. Absolute Parametersand Evolutionary Status

To estimate the masses, radii and luminosities of the coemsrof our four
stars in solar units, we adopt an approach similar as in PHetJtne assumption
that the more massive primary has not evolved far from thenreaguence, we
interpolate its mass from the tabulations derived by Ekeal. (2018) based on a
large sample of well-studied, detached binaries, accgrttirthe temperature es-
timated by Koeret al. (2016). The secondary mass can then be calculated from
the mass ratio, and the separation from the third Kepler kov.the referent tem-
perature, we adopt the uncertainty of 100 K reported by Keteal. (2016). The
uncertainty in the primary mass is then estimated as theerahgasses from the
Ekeret al.(2018) tabulations corresponding to the error of the prinbamperature.
The results are given in Table 4.

Table4

Absolute parameters of our stars

Quantity J022726  J040615 J121906  J232610

a[Ro] 1.45(2)  1.65(4) 1.653)  1.68(4)
M;[Mo] 0.609(7)  0.84(3) 0.84(3)  0.84(3)
M,[Mo]  0.32(3) 0.38(6) 0.34(4)  0.37(6)
Ri [Ro] 0.65(2) 0.75(2) 0.79(2)  0.79(3)
Ry [Ro] 0.48(1) 053(2) 053(2)  0.55(2)
T1 [K] 3980(20) 4840(100) 4840(100) 4840(100)
T,[K]  4050(100) 4680(20) 4740(30) 4900(20)

Li[Lo]  0.0956) 0.284) 0.30(4) 0.30(5)
Lo[Lo]  0.057(8) 0.122(8) 0.128(9)  0.16(2)
log(g)1 459(3)  4.60(4) 457(3)  4.57(4)
log(g)2 457(6) 457(9)  4.52(7) 4.5(1)

Judging by their absolute parameters, our four targetsyaieal short-period
W UMa stars, with sub-solar, unevolved primaries and seaodes that are un-
dersized and underluminous compared to main-sequenseo$tsimilar mass and
temperature, in consequence of matter and energy trarsfargh the common
envelope. A comparison with a sample of similar systems pattiods shorter than
0.25 d (listed in Table 5), demonstrates this further. Fighéws this sample to-
gether with our targets on the HR diagram. The main sequendigcted from
the MIST model archive (Dotter 2016, Cheii al. 2016) is indicated as well. The
primaries of J040615, J121906 and J232610, having the semmgetature, form
a tight group, while the secondaries are scattered overaeagreange. We take
the fact that our stars occupy the same region of the HR diagmthe sample
of totally eclipsing short-period W UMa binaries from Taldeas additional evi-
dence that the absolute parameters estimated from our itwerdionalg-search
are fairly reliable.
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Fig. 5. Our four stars on the HR diagram. The primaries areredl blue, and the secondaries, red.
Objects from Table 5 are also shown as smaller, empty circlé®e solid line indicates the main
sequence extracted from the MIST model archive (Dotter 2Ch@iet al. 2016).

Table5
Sample of totally-eclipsing W UMa binaries with periods geothan 0.25 days

Star P q M M Ry Ry Ty To Ly L, Ref.

SDSS J012119.10-001949.9 0.2052 0.50 0.51 0.26 0.61 0.480 38812 0.07 0.04 [1]
2MASS J21042404+0731381 0.2091 0.32 0.59 0.19 0.67 0.400 42250 0.13 0.06 [2]
NSVS 7179685 0.2097 0.47 0.65 0.30 0.67 0.48 3979 4100 0.1@6 O0[3]
1SWASP J080150.03+471433.8 0.2175 0.43 0.72 0.32 0.71 01885 4696 0.23 0.11 [3]
CC Com 0.2207 0.53 0.72 0.38 0.71 0.53 4200 4300 0.14 0.08 [4]
1SWASP J074658.62+224448.5 0.2208 0.35 0.79 0.28 0.80 01523 4717 0.24 0.12 [5]
NSVS 2175434 0.2209 0.33 0.81 0.27 0.80 0.51 4898 4903 0.3B3 0[5]
1SWASP J052926.88+461147.5 0.2266 0.41 0.80 0.33 0.77 ®BZ7 5071 0.36 0.16 [6]
1SWASP J093010.78+533859.5 0.2277 0.40 0.86 0.34 0.79 01320 4700 0.27 0.12 [7]
1SWASP J212454.61+203030.8 0.2278 0.44 0.76 0.33 0.75 1B20 4810 0.28 0.13 [2]
1SWASP J044132.96+440613.7 0.2281 0.64 0.70 0.45 0.72 01603 3858 0.12 0.07 [6]
2MASS J21031997+0209339 0.2286 0.48 0.51 0.24 0.65 0.477 3@R50 0.09 0.05 [2]
1SWASP J050904.45-074144.4 0.2296 0.44 0.76 0.33 0.75 01B20 4933 0.28 0.14 [2]
V1009 Per 0.2341 0.36 0.87 0.31 0.86 0.47 5280 5253 052 0.B [
YZ Phe 0.2347 0.38 0.74 0.28 0.76 0.49 4658 4908 0.24 0.12 [9]
1SWASP J195900.31-252723.1 0.2381 0.51 0.81 0.41 0.78 ®bB27 5170 0.35 0.21 [2]
1SWASP J064501.21+342154.9 0.2486 0.48 0.70 0.30 0.76 01580 4720 0.23 0.13 [10]

[1] Jianget al. (2015), [2] Latkove andCeki (2021), [3] Dimitrov and Kjurkchieva (2015), [4] Kosa al.
(2011), [5] Kjurkchievaet al. (2018a), [6] Kjurkchieveet al. (2018b), [7] Lohret al. (2015), [8] Michelet al.
(2019), [9] Sarotsakulchait al. (2019), [10] DjuraSexi et al. (2016).
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Among our targets, J022726 is the only star that was studiedtp this work.
Liu et al. (2015) analyzed its multicolor CCD light curves (displayia convinc-
ing totality in the primary minimum) and derived its globa@rameters with similar
methods as those we used here. Overall, our results anedanbistent. We obtain
a higher mass ratio (0.52 in ouvs.0.46 in their study), larger degree of contact
(16%vs.10%) and slightly higher masses (0.61.,Ms.0.54 M., for the primary
and 0.32 M, vs.0.25 M, for the secondary component). Lét al. (2015) found
it necessary to include a small dark spot visible aroundtarphase 0.75 in their
model, while in our study, this addition is not required tpnaduce the observa-
tions. Long-term variability due to the appearance, disapgnce or migration of
spots is common-place among W UMa binaries, whose latedgpgonents are
expected to exhibit magnetic activity, so this discrepaseyot surprising.

6. Concluding Remarks

W UMa stars are interesting objects whose properties, goolland mem-
bership in multiple stellar systems are not fully underdtegen after decades of
research. As the most common class of eclipsing binarieg,rtiake a significant
fraction of variable stars observed by space telescopegruhd-based surveys.
In the context of the current and future deluge of light cgpigis important to
develop techniques that can be used to extract the physmaégies of stars from
this data even without the spectroscopic follow-up. Thsearch is one such tech-
nique, but the limits of its reliability are not well-known.

In this work, we performed a detailed, 2-dimensiogaearch for four W UMa
binaries near the period cutoff, using extensive grids oébi system models (with
up to 70000 models per grid). We showed that the mass ratidsnatinations
of our targets are confined to closed regions of the paramsesare that can be
assumed to contain the best possible model (the global mmiwf thex?). The
resulting absolute parameters can therefore be considsresbust estimates and
make a significant contribution to the still small sample bfaishort-period late-
type contact binaries.
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