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Abstract We present analyses of new optical photometric
observations of three W UMa-type contact binaries FZ Ori,
V407 Peg and LP UMa. Results from the first polarimet-
ric observations of the FZ Ori and V407 Peg are also pre-
sented. The periods of FZ Ori, V407 Peg and LP UMa are
derived to be 0.399986, 0.636884 and 0.309898 d, respec-
tively. The O—C analyses indicate that the orbital periods
of FZ Ori and LP UMa have increased with the rate of
2.28 x 1078 and 1.25 x 10~® d yr—!, respectively and which
is explained by transfer of mass between the components. In
addition to the secularly increasing rate of orbital period, it
was found that the period of FZ Ori has varied in sinusoidal
way with oscillation period of ~30.1 yr. The period of os-
cillations are most likely to be explained by the light-time
effect due to the presence of a tertiary companion. Small
asymmetries have been seen around the primary and sec-
ondary maxima of light curves of all three systems, which is
probably due to the presence of cool/hot spots on the com-
ponents. The light curves of all three systems are analysed
by using Wilson-Devinney code (WD) and the fundamental
parameters of these systems have been derived. The present
analyses show that FZ Ori is a W-subtype, and V407 Peg and
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LP UMa are A-subtype of the W UMa-type contact binary
systems. The polarimetric observations in B, V, R and [
bands, yield average values of polarization to be 0.26+0.03,
0.2240.02, 0.22 +0.03 and 0.22 £ 0.05 per cent for FZ Ori
and 0.21 £ 0.02, 0.29 £ 0.03, 0.31 £ 0.01 and 0.31 £ 0.04
per cent for V407 Peg, respectively.

Keywords Binaries - Close-binaries - Eclipsing-stars -
Evolution-stars - Individual (FZ Ori, V407 Peg and LP
UMa)

1 Introduction

W Ursae Majoris (W UMa)-type variable stars are over-
contact eclipsing binary stars whose light curves have
strongly curved maxima and minima that are nearly equal
in depth. Binnendijk (1970) divided EW stars into two
sub-classes which he called A-type and W-type. In the
A-type systems the larger component has the higher tem-
perature whereas in the W-type systems the smaller com-
ponent has the higher temperature. Observationally it has
been found that the A-type systems tend to have low mass
ratios (¢ < 0.3) and spectral type from A to F. W-type sys-
tems usually have mass ratios ¢ > 0.3 and spectral types of
G or K. Most light curves of W Ursae Majoris binaries usu-
ally show differences in the brightness of their maxima. This
asymmetry is called the O’Connell effect (O’Connell 1951;
Milone 1968) and has been of particular interest in under-
standing the light variations of W UMa binaries. It has also
been reported that the shape of the light curves and the
depth of eclipses vary with time for some systems. Thus,
the asymmetric light curves of W UMa type systems may
indicate the presence of starspots on one or both stars in the
system. Many W UMa-type contact binaries show secular
changes in orbital period which point to the possibility of
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gas streams and mass transfer between components. These
instabilities are important when studying the evolution of
close binaries. The changes in orbital period can be inves-
tigated by analyzing the residuals between observed and
computed times of primary and secondary eclipses (the so-
called O—C plots). However, such analysis requires long
term photometry. The effect of a stream on the total light in-
tensity is usually small and sometimes difficult to find from
photometric observations. The light scattered in the gaseous
matter may be highly polarized (Piirola 1977). Therefore,
polarimetric observations are important to derive the effect
of gas stream and mass transfer rate (Shakhovskoi 1965;
Oshchepkov 1978; Shakhovskoy and Antonyuk 2004).

The eclipsing binary FZ Orionis (= HD 288166) has
been discovered to be a variable by Hoffmeister (1934).
Figer (1983) and Le Brogne et al. (1984) suggested the sys-
tem to be a W UMa type binary and reported a period of
0.3999860 d. The studies by Rukmini et al. (2001) and By-
both et al. (2004) indicate a slightly asymmetric light curve,
which was explained in the latter paper by the presence of
a spot on the primary component. The period variation of
FZ Ori was analysed by El-Bassuny Alawy (1993). He re-
ported a continuous period decrease at a rate of dP/dt =
2.61 x 107 day yr~!, which is rather large for a contact bi-
nary. However, Qian and Ma (2001) have compiled many
times of light minimum and they find out a period decrease
rate of dP/dt =5.20 x 1077 day yr~!, which is a typical
value for W UMa type contact binaries. Recently, a period
analysis was performed by Zasche et al. (2009) and they
have found a steady period increase besides the cyclic vari-
ation of its orbital period. The results of the above three
analyses for FZ Ori are in conflict with each other and the
detailed analysis of this system is still lacking. The V407
Peg (= BD+14°5016) contact binary system was found to
be variable during the Semi-Automatic Variability Search
program at the Piwnice Observatory close to Torun, Poland
(Maciejewski et al. 2002). Maciejewski et al. (2003) and
Rucinski et al. (2008) had performed the spectroscopic anal-
ysis and obtained the preliminary solutions containing the
mass ratio gspec = 0.256 £ 0.006. Deb and Singh (2011)
have analyzed the publicly available V band observations of
All Sky Automated Survey (ASAS) data (Pojmanski 1997,
2002) using the previous spectroscopically determined pa-
rameters as inputs and have found the photometric solution.
Zasche (2011) has plotted O—C diagram compiling all the
published times of light minimum and found that the dif-
ference between primary and secondary minima is although
visible but not significant. Recently, Lee et al. (2014) have
determined the binary parameters of V407 Peg using their
BVR bands observations. To obtain a unique set of the binary
parameters, they have modeled the light curves simultane-
ously with the RV curves of Rucinski et al. (2008). The con-
tact binary LP UMa (= GSC 3822-1056) was found to be
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variable by Martin (2000) and Biro (2000) during their ob-
servations of DW UMa (nova-like variable). Martin (2000)
found LP UMa to be a § Scuti variable. The colour indices
of LP UMa indicate a mid G spectral type but this is incon-
sistent for a § Scuti type variability. Biro (2000) has found,
due to the evidence of light curve having alternate minima
with different depths of the repeating cycles, LP UMa to be a
B Lyr-type eclipsing binary system. Csizmadia et al. (2003),
who performed the photometric analysis of LP UMa, ob-
tained the preliminary solutions of the LP UMa containing
the mass ratio, g = 0.886 £ 0.015.

There is still lack of light curves of FZ Ori, V407 Peg
and LP UMa in all optical bands in their analyses, there-
fore we decided to observe these systems for investigating
the orbital and physical parameters. Further, no polarimetric
observations are made till the date, which are useful to de-
rive gas stream properties. In this paper, we report the multi-
band light curves analysis using our new photometric ob-
servations. We describe the observations and data reduction
procedures in Sect. 2. In Sect. 3, we present the determina-
tion of ephemeris and period analysis. Sections 4 and 5 cover
light curves and estimation of basic parameters. In Sect. 6,
we present the analysis of the observations using Wilson-
Devinney light curve modeling technique (WD code). The
results of polarimetric observations are presented in Sect. 7.
The results from this work are discussed and summarized in
Sect. 8.

2 Observations and data reduction
2.1 Optical photometry

The photometric observations have been carried out in the
U, B, V, R and I photometric filters during 2009 to 2011
at Aryabhatta Research Institute of observational sciencES
(ARIES), Nainital, India, with a 2k x 2k Wright CCD cam-
era mounted on Cassegrain focus of the 104-cm Sampur-
nanand telescope. FZ Ori was observed for 16 nights, V407
Peg was observed for 14 nights and LP UMa was observed
for 5 nights. The exposure times are ranging from 10 to 300
seconds depending upon individual system and observing
conditions. The CCD system consists of 24 x 24> size
pixel. The gain and readout noise of CCD are 10e~ /ADU
and 5.3e7, respectively. To improve the signal-to-noise ra-
tio, the observations have been taken in a binning mode
of 2 x 2 pixel?, where each super pixel corresponds to
0.72 x 0.72 arcsec’. Several bias and twilight flat frames
were also taken during each observing run. Bias subtraction,
flat fielding and aperture photometry were performed using
IRAF.!

1IRAF is distributed by National Optical Astronomy Observatories,
USA; http://iraf.net.
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Table 1 Basic information of

comparison and check stars with Star RA (J2000) Dec (J2000) B (mag) V (mag) J (mag) H (mag) K (mag)
the target stars: GSC
00119-00214 and GSC FZ Ori 054121.01 +023622.98 11.18 10.53 9.639  9.366 9.297
00119-00771 for FZ Ori, and GSC 00119-00214 054117.59 +023529.70 13.30 .. 11.593 11.270 11.163
2mass 23364621+1550367 and GSC 00119-00771 05415.14 +023711.90 1550 ... 12.630 12204  12.062
2mass 23363947+1546301 for
V407 Peg, and GSC V407 Peg 23365537 +15486.43 9.79 9.45 8.498 8.376 8.317
03822-00070 and 2mass 2mass 23364621+1550367 23 3646.21 +155036.73 ... ... 10.868 10.646 10.613
10342247+5852446 for LP 2mass 23363947+1546301 23 3639.47 +154630.14 ... . 12.132 11.759  11.704
UMa
LP UMa 1033 57.78 +585215.6 13.50 12.53 11.392  11.073  10.992
GSC 03822-00070 1033 48.87 +585231.0 13.92 13.29 11.797 11.358 11.308
2mass 10342247+5852446 10342247 +585244.68 ... ... 12.870 12.479  12.510
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Fig. 1 Folded V-band light curves along with the comparison-check folded light curve in V band of (a) FZ Ori, (b) V407 Peg and (c¢) LP UMa

The comparison and check stars have been chosen re- 2.2 Optical polarimetry

SP ecti\fely, as GSC 00119-00214, GSC 00119-00771 for The broad-band B, V, R and [ polarimetric observations
FZ Ori, and 2mass 23364621+1550367, 2mass 23363947+ of FZ Ori and V407 Peg were taken from ARIES Imag-

1546301 for V407 Peg. GSC 03822j00070 and 2mass ing Polarimeter (AIMPOL; Rautela et al. 2004) mounted
10342247+5852446 are used as comparison and check stars on the cassegrain focus of the 104-cm Sampurnanand tele-
for LP UMa. The basic parameters of the target, comparison  scope of ARIES, Nainital, India. The star V407 Peg was ob-
and the check stars are given in Table 1. Differential pho- served on October 15, 16, 2010, November 26, 2010, and
tometry has been done in the sense of variable minus com-  December 17, 2010, while, FZ Ori was observed on Decem-
parison star because all the program, comparison and check ~ ber 17, 18, 2010. The imaging has been done by using TK
stars were in the same CCD frame. The comparison-check 1024 x 1024 pixel> CCD camera. Each pixel of the CCD
light curves in V band along with the V-band light curves  corresponds to 1.73 arcsec and the field of view of the CCD
of FZ Ori, V407 Peg and LP UMa are shown in Figs. 1(a) is ~8 arcmin in diameter. The gain and read out noise of
1(b) and 1(c), respectively. The ephemeris used are given the CCD are 11.986_./ADU and 7.Qe_, resp.ectlv.ely. Detail
in Egs. (2), (9) and (10), respectively. From the light curve about AIMPOL and its data reduction are given in Rautela
L e ) * etal. (2004), Medhi et al. (2007).
it is clear that the comparison .and check stars were con- The AIMPOL consists of a half-wave plate (HWP) mod-
stant through out the observations. The nightly mean of . .

o ) i ulator and a Wollaston prism beam-splitter to produce or-
standard deviation (o) of different measures of compari-

i i dinary and extraordinary images of each source. The im-
son minus check stars in B, V, R and I bands were 0.023, ages in the CCD frame are separated by 27 pixels along the

0.015, 0.017 and 0.016 for FZ Ori, 0.017, 0.014, 0.014 and  porth-south direction on the sky plane. The HWP is rotated
0.013 for V407 Peg, and 0.014, 0.008, 0.012 and 0.012 for  at 22.5° intervals between exposures for linear polarimetry.

LP UMa, respectively. Additionally, the o of comparison—  Therefore, a single polarization measurement has been ob-
check stars in U band was 0.025 for V407 Peg. tained from every four exposures (i.e. at the HWP position of
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Table 2 Observed polarized

and unpolarized standard stars Filter Polarized standard Unpolarized standard
Schmidt et al. (1992) Present work Present work
P (%) 0 () P (%) 6 () g%  u%
HD 204827
B 5.65£0.02 58.20+0.11 5.62£0.01 58+1
14 5.3240.01 58.73 +£0.08 5.494+0.03 59+1
R 4.89£0.03 59.10£0.17 4.97 £0.06 59+1
1 4.19£0.03 59.94 £0.20 4.10£0.05 60+ 1
HD 25443 B UMa
B 5.23£0.09 134.28 £0.51 6.01 £0.60 133+4 0.061 0.106
% 5.13£0.06 13423 +£0.34 5.05£0.09 13442 0.066 —0.009
R 4.73+£0.05 133.65+0.28 4.824+0.05 13341 —0.056 0.067
I 4.25£0.04 134.21 £0.28 3.96+0.14 135+2 —0.003 —0.046
HD 19820 6 UMa
B 4.70 £0.04 115.70 £0.22 448 £0.79 116 £6 —0.060 —0.113
Vv 4.79+0.03 11493 +£0.17 4.70+0.12 116 £2 —0.050 0.066
R 4.534+0.03 114.46 +£0.16 4.52+0.06 115+1 0.165 0.072
1 4.08 £0.02 114.48 £0.17 4.06 £0.03 115+1 —0.193 —0.017

0°, 22°.5, 45° and 67°.5). Fluxes of ordinary (/,) and extra-
ordinary (/,) beams for all the observed sources were ex-
tracted by standard aperture photometry after bias subtrac-
tion using the IRAF package. We have used the following
relation to obtain the degree of polarization (P), defined as
the fraction of the total linearly polarized light and the po-
larization angle (6) of the plane of polarization:

_lo/Ig—1

R = olle +1

= Pcos(20 — 4a) (1)
Here, (Ip) and (Ig) represent, respectively, the intensities
of the ordinary and extraordinary beams, and, « is the angle
which the retarder makes with north-south direction.

For calibration of polarization angle zero-point, we ob-
served highly polarized standard stars, and the results are
given in Table 2. Both the program and the standard stars
were observed during the same night. The obtained values
of polarization and position angles for standard polarised
stars are in good agreement with Schmidt et al. (1992). To
estimate the value of instrumental polarization, unpolarised
standard stars were observed. These measurements show
that the instrumental polarization is below 0.1 per cent in
all pass bands (see Table 2 and also Rautela et al. 2004,
Medhi et al. 2007, 2008; Pandey et al. 2009; Eswaraiah et al.
2011, Patel et al. 2013). The instrumental polarization was
then applied to all measurements.

3 Studies of the orbital period
3.1 Period analysis

The CLEAN algorithm (Roberts et al. 1987) was used to
derive the orbital period of the stars. The clean power spec-
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trum was obtained in each B, V, R and I bands time se-
ries data. The power spectrum of V band data is shown
in Figure 2(a) for FZ Ori. The peak frequency occured at
~5 d~! in each filter. The light curve of an eclipsing binary
can be represented by two sine waves, therefore multiplying
the period (= 1/frequency) by 2 gives appropriate orbital
period of the binary system. The mean value of period of
the FZ Ori using the CLEAN algorithms was derived to be
0.39998 +0.00002 d. This value of the orbital period is sim-
ilar to the period derived by Figer (1983), Le Brogne et al.
(1984) and Zasche et al. (2009). The period corresponding
to peak frequency in clean power spectrum for the star V407
Peg was derived to be 0.63686 £ 0.00006 d (see Fig. 2(b)),
which is similar to the period derived by the previous au-
thors as Zasche (2011) and Deb and Singh (2011). In the
CLEANed power spectrum of LP UMa the maximum power
occured at frequency ~6.45386 d=! (see Fig. 2(c)). The cor-
responding period was derived to be 0.309892+0.000016 d.
This value of the orbital period is similar to the period de-
rived by Csizmadia et al. (2003).

3.2 O—C analysis
3.2.1 FZ Ori

The light minima timings were derived by using Kwee and
van Woerden’s (1956) method. We have derived 10 timings
of minima using our quasi-simultaneous B, V, R and [
broad bands observations and 12 timings of minima using
All Sky Automated Survey (ASAS; Pojmanski 2002) data
(see Table 3). However, 195 timings of minima were col-
lected from the world-wide? database of Paschke and Brat

Zhttp://var.astro.cz/ocgate/.
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Fig. 2 Cleaned power spectra 0.005 0.008
of (a) FZ Ori, (b) V407 Peg and
(c¢) LP UMa (the most dominant 0.004 0.005
peak in the spectra occurs to
~5.0 (d71), ~3.1404 (d~") and .| 0.004
~6.45386 (d~!) for the FZ Ori, 8 ' 5
V407 Peg and LP UMa binary K 8
3 0.002
systems, respectively) o002 |
0.001 0.001 |
0 " - A i i i 0 " . v . .
1 3 4 5 6 7 8 9 10 1 3 4 5 6 7
Frequency (c/d) Frequency (c/d)
(a) FZ Ori (b) V407 Peg
0.00025
0.0002 |
& 000015 |
<
0.0001
5e-05
0 2 4 6 8 10 12 14
Frequency (c/d)
(c) LP UMa
Table 3 Times of light minima . N : . " ;
of FZ Ori, V407 Peg and LP HJID-2400000+ Type Method Filter HJID-2400000+ Type Method Filter
UMa FZ Ori V407 Peg
Observed Observed
54878.2435 S ced BVRI 55140.1054 p ced RI
54880.2497 S ced BVRI 55144.2463 s ced UBVRI
54886.2333 S ced BVRI 55541.0398 s ced UBVR
55143.4221 S ced BVRI 55903.1023 p ced BVRI
55163.4249 S ced BVRI ASAS
55164.4266 p ced BVRI 52812.9352 p cced Vv
55165.4329 s ced RI 52918.6604 p ced \%4
55254.2218 s ced BVRI 52992.5385 p ced 1
55257.2165 p ccd BVRI 53273.7092 s ced \%4
55258.2229 S ced BV 54305.8004 p cced Vv
ASAS 54385.7193 s cced Vv
52502.9151 p ccd Vv
52734.5074 p ccd Vv LP UMa
52745.5055 s ccd Vv Observed
52884.9031 p ced 1 55311.1819 p ced BVRI
52993.6967 p ccd 1 55312.2515 s ced BVRI
53113.4959 S ccd Vv 55342.1710 p cced BVRI
53626.8773 p ccd % 55679.1827 s ccd BVRI
54230.4542 p ced Vv
“Type: p = primary minimum 54373.8496 s ced 1
time, s = secondary minimum 54392.8484 p ced Vv
time 54398.8486 p ced 1%
®Method: ccd = charge-coupled 54459 6454 p ced 1%

device
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Fig. 3 (a) The top panel: (O—C); diagram computed using is not changing significantly). (¢) The upper panel: (O—C) diagram

Eq. (2) (the general trend of the (O—C); curve reveals a long-term
period increase (dashed line)). The middle panel: the (O—C), curve
from the parabolic fit and its description by a sinusoidal equation (solid
line). The bottom panel: residuals from Eq. (3)(b) O —C residuals from
the observed timings of minimum light of V407 Peg (the O —C curve

(2006) leading total 217 timings of minima over 79 years.
From the present photometry the ephemeris of FZ Ori was
determined as

Min.I (HID) = 2455164.4267(32) + 09.3999860(2) x E
@)
Here and onwards the numbers given in parentheses repre-

sent the probable errors and are expressed in terms of the
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computed using Eq. (10); (the general trend of the (O—C) curve re-
vealing a long-term period increase and its description by a quadratic
equation (solid line)). The lower panel: residuals from the parabolic fit
of Eq. (11)

last quoted digits. The variation of O —C residuals is shown
in the top panel of Fig. 3(a). As seen from the figure the
parabolic distribution of the (O—C) vs epoch diagram in-
dicates a long time change in the orbital period. Therefore,
we fit the second order polynomial to the data; shown by a
dashed line in the top panel of Fig. 3(a). The residuals from
second order polynomial fit, (O—C)1, is shown in the mid-
dle panel of Fig. 3(a). It is noticed that there is still another
change, which seemingly may be sinusoidal. The continuous
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curve in the middle panel of Fig. 3(a) shows the best sinu-
soidal fit. The residuals of the sinusoidal fit is shown in the
bottom panel of Fig. 3(a), indicating no significant variation.
The combined quadratic and sinusoidal fit for the observed
data yields

0—C = —0.0051(£0.0015) — (1.0+0.1) x 107® x E
+(1.25+0.24) x 1071 x E?
+0.0133(£0.0011) sin[(2.288 £ 0.039) x 10~
x E +0.388(£0.091)]. 3)

Using the coefficient of square term the rate of change of
period (d P/dt) was found to be 2.28 x 1078 dyr_1 (see
Dryomova and Svechnikov 2006). The corresponding rate of
change of period per cycle (d P/d E) was found to be 2.5 x
10~ deycle™!, which is equivalent to a period increase of
0.2 scentury~!. The positive sign in the rate of change of
period indicates that the period is increased over the course
of observations. In the case of conservative mass transfer,
this would be caused by a continuously increasing mass flow
from the smaller to the larger component of the binary. As
the two components of FZ Ori are in a state of over-contact,
we take the most likely cause of the period changes as the
transfer of mass between the components. The amount of
mass transfer, dm is related to the change in period, d P,
for a system of total mass, M via (see Coughlin et al. 2008;
Yang and Liu 2003)

dm Mgq dP

== @)
dt 3P(1 —g*) dt

Employing M =2.17My and g = 0.86 £ 0.03; the results
transported from Sect. 6, we determine mass transfer rate be-
tween the components of FZ Ori to be 1.36 x 10" Mg yr~!.
The rate of change of mass ratio (dg/dt) is related with
dP/dt via:

d_q_ q(l+4+gqg) dP

i = T3P0 dr ©)

(see Yang and Liu 2003). Employing this relation we have
obtained the value of dg /dt to be —2.17 x 10~7 yr~!.

The cyclic variation could be due to either from the
magnetic activity of one or both components (Applegate
1992), or the presence of tertiary companion known as LITE
(LIght-Time Effect; Irwin 1952, 1959). The amplitude of pe-
riod oscillations can be determined by using the following
relation given by Rovithis-Livaniou et al. (2000),

AP = /2[1 — cos2w P/ P3)] x A, 6)

where P3 is orbital period of the third body and A is semi-
amplitude of O—C oscillations. P and P; are expressed in
Years. The orbital period of the third body, P; (=27 P /w;

w =2.288 4 0.039 x 10™%) is calculated to be 30.1 years.
The amplitude of the period oscillation is computed to be
AP =3.03 x 107 d leading to the rate of the period vari-
ation to be AP/P =7.57 x 107°. In order to reproduce
this cyclic change, the required variation of the quadruple
momentum A Q can be calculated using the following rela-
tion due to Lanza and Rodono (2002) and Svechnikov and
Kuznetsovs (1990).

AP A
AP 5 A0

9 7
P M1,2a2 @

where a = 2.96 R, is separation between the component and
M 7 is mass of individual component.

We first determine the total mass (M| + M3), using Ke-
pler’s third law, to be 2.17Ms. Now we employ the value
of g as 0.86 = 0.03, obtained later (in Sect. 6) and obtain
masses of the primary and the secondary components of
FZ Ori to be 1.17M¢ and 1.0M,, respectively. Making use
of these values in Eq. (7), the AQ has been derived to be
0.83 x 10°° gem? and 0.71 x 10°° gem? for primary and
secondary components of FZ Ori, respectively. These val-
ues of quadruple momentum are smaller than the typical
value of 10°'-10°2 gcm? known for close binaries (Lanza
and Rodono 1999), suggesting, that the magnetic mecha-
nism may not suffice to explain the cyclical period varia-
tion. Hence we are in favour of the other explanation for the
cyclic period variation arising due to the light-time effect
via the presence of a third body, with a semi-amplitude of
the O—C oscillations. We discuss in the following about an
estimate of the mass M3 of the third body. We first use the
relation aj> sini’ = A x ¢, where i’ is the inclination of the
orbit of the third component and c is the speed of light, and
obtain the value of ajzsini’ to be 2.30 AU. Now the mass
function [ f (M3)] for the third body is computed using the
following well known relation,

472 A3 (M3 sini’)?
3 X (a12 Ny ) = 3
G P; (My + Mz + M3)

f(M3) = ®)

where M1, M;, and M3 are the masses of the eclipsing pair
and the third companion, respectively, and G is the gravita-
tional constant and we obtain it to be 0.014M. Assuming
that the third body is coplanar to the orbit of the eclipsing
pair (i.e., i/ =i = 57.8 £ 0.2 degree), the value of the lowest
mass of the third body was calculated to be M3 = 0.56 M.

3.2.2 V407 Peg

The ephemeris of V407 Peg have been derived as

Min.I(HJD) = 2455140.10540(87) + 0¢.6368840(4) x E
9
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We derive the timings of the 4 minima using our quasi-
simultaneous B, V', R and I broad bands observations and 6
timings of minima using ASAS data. These timings of min-
ima are given in Table 3. Including the timings of minima
from Paschke and Brat (2006) we have a collection of total
74 timings of minima over a span of 9 years. We make use
of this data set for O—C analysis. The variation of O—C
residuals, against the epoch number is shown in Fig. 3(b). As
seen from this figure the O —C is constant over the course
of observations, indicating no change in the orbital period
during 9 years of its observations.

3.2.3 LP UMa

We, making use of our observations, have determined the
ephemeris of LP UMa as

Min.I(HJD) = 2455311.18194(211) + 09.3098980(2) x E
(10

The timings of minima derived from present photometry are
given in Table 3. Total 118 timings of minima over a span
of 14 years were found using the world-wide database of
minima timings of Paschke and Brat (2006). The residu-
als of O—C curve as a function of epoch number is plot-
ted in Fig. 3(c). The O—C vs epoch diagram distribution is
parabolic, similar to FZ Ori. The best fit second order poly-
nomial is shown by continuous line in the upper panel of
Fig. 3(c). The residuals from polynomial fit is shown in the
lower panel of Fig. 3(c), which reveal that there is no sig-
nificant variation. The quadratic fit for the observed data is
obtained as:

0—C = —0.0036(+0.0008) + (8.2+0.3) x 107® x E
+(5.3+£02) x 10719 x E? (11)

Using the similar method as used for FZ Ori system, the
period of LP UMa has been determined and is found to
be increasing with rate of 1.25 x 107¢ dyr~! equivalent to
1.06 x 10~2 dcycle™ . This indicates that the period has in-

creased by 10.8 scentury !

4 Light curves from present observations

The phase folded light curves of FZ Ori, V407 Peg and LP
UMa are shown in Figs. 6(a), 6(b) and 6(c), respectively.
The features of the light curves seen are typical of W UMa
type systems. The primary and secondary minima of FZ
Ori and LP UMa are found to be rounded, whereas, the
light curves of V407 Peg present a flatter bottom at the sec-
ondary eclipse and inclined and distorted primary one. The
secondary eclipse is slightly deeper than the primary one.

@ Springer

The corresponding difference between the primary and sec-
ondary minima is found to be in the range 0.01-0.02 magni-
tudes for FZ Ori. The difference is well within 1o level. But
for V407 Peg and LP UMa, the primary eclipse is deeper
than the secondary one with the respective differences in
B, V, R and I bands, in range of 0.07-0.1 magnitudes and
0.06-0.08 magnitudes. The differences of magnitudes be-
tween the primary maximum (¢ = 0.25) and the minimum
(¢ =0.0)in B, V, R, and I bands are about 0.40-0.43 for
FZ Ori, 0.47-0.54 for V407 Peg and 0.20-0.23 for LP UMa,
respectively. However, differences between the secondary
maximum (¢ = 0.75) and the minimum (¢ = 0.50) in B,
V, R, and I bands range from 0.37-0.41 magnitudes for
FZ Ori, 0.35-0.38 magnitudes for V407 Peg and 0.15-0.20
magnitudes for LP UMa. Such differences in this range are
also found for additional U band data of V407 Peg. Similar
differences between maximum and minimum have also been
observed for FZ Ori by El-Bassuny Alawy (1993), Rukmini
et al. (2001) and Byboth et al. (2004), for V407 Peg by Deb
and Singh (2011), Zasche (2011) and Lee et al. (2014) and
for LP UMa by Csizmadia et al. (2003).

In the W UMa systems, both the stars are very close to
each other, so, there is a continuous variation outside of the
eclipses as well. Because of this, the stars will experience
gravitational distortion and heating effects. The observed
light curves of FZ Ori, V407 Peg and LP UMa are asym-
metric. The primary maximum of FZ Ori and of V407 Peg
are brighter than the secondary maximum, whereas the sec-
ondary maximum of LP UMa is brighter than the primary
maximum. The magnitude differences between the phases
0.25 and 0.75 were found to be in the range of 0.02-0.05
magnitudes in all bands for all the binaries. These may be
due to stellar activity such as starspots caused either by a
magnetic property or by impact of mass transfer between
the component stars.

5 Estimation of basic parameters

The colour of the binary system is calculated using period-
colour relation (Wang 1994):

(B —V)o=0.062 — 1.3101og P (12)

where orbital period P is in days. This relation yields the in-
trinsic colours [(B — V)p] to be 0.583, 0.319 and 0.729 mag
for the FZ Ori, V407 Peg and LP UMa stars systems, respec-
tively. The effective temperature of primary component is
now computed by using the following relation (Wang 1994):

3.970 — log Tt
B-V)y=——7—" 13
( )0 0310 (13)
The values of Teft for primary components of FZ Ori, V407

Peg and LP UMa are calculated to be 6030 K, 7394 K and
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5570 K, respectively. The infrared colour suffers negligible
reddening, therefore, is a good tracer for spectral type. The
(J—K) colour indices for FZ Ori, V407 Peg and LP UMa,
using 2MASS catalogue (Cutri et al. 2003) turns out to be
0.342 4+ 0.035, 0.181 £ 0.033 and 0.400 % 0.034, respec-
tively. These values when used in the colour-temperature
calibration of Cox (2000) yield temperatures and corre-
sponding spectral types of 5940 K and GO0, 7300 K and FOV,
and 5794 K and G5V for the primary components of the FZ
Ori, V407 Peg and LP UMa, respectively.

Rucinski and Duerbeck (1997) have obtained a calibra-
tion of absolute magnitude (My) of W UMa-type systems
in terms of their (B — V)¢ colour and period as

M, =—4.4410og P +3.02(B — V)o +0.12 (14)

Employing this calibration we obtain My of FZ Ori to be
3.65 mag. Now taking the visual magnitude (V') as 10.53 and
assuming the negligible reddening, the distance modulus of
FZ Ori is calculated to be 6.88 mag, leading to a distance of
237.68 pc. Using the parallax of V407 Peg as 3.06 £ 0.38
mas (Bilir et al. 2005), the distance of V407 Peg turns out to
be 327 4+ 41 pc. Using Equation (14), we find the value of
My to be 4.06 mag for the LP UMa binary system, which
when adopted with its the visual magnitude (V) as 12.53,
results its distance modulus to be 8.47 mag. This leads to a
distance of 493.40 pc for LP UMa binary system.

6 Light curve modeling and photometric solutions

We have modeled multi-band light curves of FZ Ori, V407
Peg and LP UMa using WD code (Wilson and Devinney
1971), implemented in PHOEBE? (Prsa and Zwitter 2005).
It is a modified package of the widely used WD program
for deriving the geometrical and physical parameters of the
eclipsing binary stars. In the WD code, some of the param-
eters need to be fixed and the convergence of the solutions
are obtained using the methods of multiple-subsets (Wilson
and Biermann 1976). Since most of the W UMa binaries are
contact binaries, therefore, mode-3 of WD code is the most
suitable for the light curve analysis. However, we start with
mode-2 (detached binary) and achieve the convergence of
the solution and thereafter go to mode-3 (over-contact con-
figuration) for the final convergence. In the light curve anal-
ysis using the WD code, star 1 is the one eclipsed at primary
minimum and star 2 is the other eclipsed at secondary mini-
mum.

The temperature of the star 1, the mass ratio (q), the
bolometric albedos (A = Ay = 0.5 for stars with convec-
tive envelopes and 1.0 for radiative envelopes; Ruciriski
1969) and gravity darkening coefficients (g1 = g» = 0.32

3http://phoebe.fiz.uni-1j.si/.
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Fig. 4 The upper panel: plot of the sum of weighted-square devia-
tions, Zwi(O—C)2 versus mass ratio, ¢ of FZ Ori for several iter-
ations. The lower panel: variation of g with Za)[(O—C)2 for small
range

for convective envelopes and 1.0 for radiative envelopes;
Lucy 1967) were the input parameters for all binaries (see
Table 4). These parameters were kept fixed to obtain ex-
act solution. The bolometric (X1p0i, Y1boi> X2bol> Y2bo1) and
monochromatic (x1, x2, y1, ¥2) limb darkening coefficients
of the components are interpolated using Logarithmic law
from van Hamme (1993) tables. The adjustable parameters
were the temperature of the star 2 (73), orbital inclination
(i), the surface potentials of both components (£2; and §2;;
£21 = §2 for contact binaries), and monochromatic lumi-
nosity of star 1 (L1). During the photometric solution, a third
object, with light /3 has also been taken as an adjustable
parameter in order to get better fit of the light curves. The
third light /3 is in the unit of total light as implemented in
PHOEBE. However, determination of third light from the
photometric light curve modeling sometimes affects the or-
bital inclination and amplitude of the light curve. However,
evidence of a third light was found in the case of FZ Ori (see
Section 3), hence we can not ignore light curve modeling.
We performed test solutions at the outset by using a
g-search method. In the g-search method, the test solutions
have been obtained for several of the assumed values of
the mass ratio, g (= M>/M;) starting from 0.1 to 1.3 in
steps of 0.1 for achieving a reliable mass ratio of the sys-
tem. Also, assuming that the system is a detached binary,
the differential corrections (dc) have been started from the
mode-2 and thereafter rapidly ran into the mode-3 (con-
tact configuration). The behavior of the resulting sum of
weighted-square deviations, 3" w; (O —C)? versus ¢ is plot-
ted in Fig. 4. The upper panel of Fig. 4 is showing the vari-
ation of Za),-(O—C)2 with ¢ for several iterations. The
minimum of sum of weighted-square deviations, obtained
after several iterations, and their corresponding mass ratio
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values determined from the upper panel are plotted in the
lower panel of Fig. 4. The purpose of this plot is of check-
ing the variation of the mass ratio with sum of weighted-
square deviations for small range. Now it is easy to see
from the plot that Za)i(O—C)2 is minimum at g = 0.86.
To check this value of the mass ratio, we performed a dif-
ferential correction once again starting from the dc solu-
tions at ¢ = 0.86 and by considering the mass ratio as freely
adjustable parameters along with the other adjustable pa-
rameters. The final solution with converged mass ratio, g =
0.86 +0.03 has been obtained. The spectroscopic mass ratio
(gspec) of 0.256 £ 0.006 (Rucinski et al. 2008) for V407 Peg
has been adopted during the modeling of the light curves.
While, in case of LP UMa, we have used the mass ratio,
q = 0.886 £ 0.015 (Csizmadia et al. 2003) for modeling of
the light curves. During the modeling of the light curves, we
find that the theoretical light curves do not fit very well with
the observed ones, especially around the maxima. Therefore,
the spot models were adopted to fit the observed light curves.
We consider the possible spot models of hot / cool spots on
the primary/secondary component. We then carry forth by
iteration, allowing the spot latitude (ranging from 0° at the
north pole to 180° at the south pole), the longitude (ranging
from 0° to 360°, with 0° at the inner Lagrangian point, 180°
at the back end, and increasing in the direction of rotation),
the angular radius (where 90° covers exactly half the star),
the temperature factor (the ratio of the spot temperature to
the underlying surface temperature), and temperature of sec-
ondary (77) to vary until a satisfactory fit was found i.e. until
any further corrections are less than the errors. At this point,
having obtained both orbital and spot parameters, we solve it
further for a final solution for folded un-binned light curve,
allowing all previously mentioned parameters to vary, once
again until any further corrections were less than the errors.
It turns out that placing spots on the primary components of
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FZ Ori, V407 Peg and LP UMa were found to be better than
the spot on the secondary. Therefore, we take these as our fi-
nal (best fit) solutions that corresponds to the minimum sum
of the square of the residuals value among them. The best fit
theoretical light curves (solid lines) along with the observed
light curves of FZ Ori, V407 Peg and LP UMa are shown
in Figs. 6(a), 6(b) and 6(c), respectively. The corresponding
geometric configurations with a bright spot on the primary
components of FZ Ori and V407 Peg, and cool spot on this
component of LP UMa are shown in Fig. 7.

The spot solutions included in the WD code can eas-
ily be fitted to the whole light curve but poses a serious
problem regarding uniqueness of the solution (Maceroni
and van’t Veer 1993) unless other means of investigation
such as Doppler Imaging techniques are applied (Maceroni
et al. 1994). The WD’s differential correction (dc¢) mini-
mization program yields the values of the fitting parame-
ters as well as the formal statistical errors associated with
each of them. We perform the Monte Carlo parameter scan
(heuristic scan) around the best solution making use of the
PHOEBE’s scripter capability (Bonanos 2009) with a view
to explore the values, errors and stability of the solutions.
The WD’s (dc¢) minimization program was run 1000 times,
updating each time the input parameter values for the next it-
eration. We obtain the final values for the parameters as the
mean of the parameters resulted in various iterations. The
errors on these parameters were derived by determining the
standard deviations. Figure 5 shows the histogram of the re-
sult obtained using the heuristic scan method for the orbital
inclination, { in the contact mode with PHOEBE for the FZ
Ori and V407 Peg.

In case of our target contact binaries, the light curve syn-
thesis solutions from the present data indicate the need of a
third light. The presence of third light shows a tight correla-
tion with the inclination angle and the mass ratio. However,
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in the light curve modeling of the FZ Ori and V407 Peg the
mass ratios were kept fixed, therefore the third light is highly
correlated with the orbital inclination angles as shown in
Figs. 5(a) and 5(b), respectively. During light curve model-
ing of the LP UMa, the inclination angle and mass ratio val-
ues were adopted from previous study due to lack of huge
data points. Precession of the orbital plane and an apsidal
motion of the close binaries could be due to the third body
orbiting the binary system. In eclipsing binaries, the change
in orbital inclinations and consequently, change in the pho-
tometric amplitude of the eclipses are due to the precession
of the orbital plane.

The best fit parameters of FZ Ori, V407 Peg and LP UMa
are given in the Table 4. The fractional stellar radii r1 > ob-
tained from the light curve modeling are normalized to the
semi-major axis of the binary system, i.e., r12 = R 2/a,

from the WD light curve modeling technique considering the case as
presence of spot on the primary component of FZ Ori, V407 Peg and
LP UMa, respectively)

where a and R are the semi-major axis and the component
radii, respectively. The component radius for each star (in
solar radius units) may be determined using the above re-
lation, in which r is taken as the geometrical mean of the
r-pole, r-side and r-back radii. For V407 Peg the value of a
is calculated using i and P from the present-study and radial
velocity amplitude from Rucinski et al. (2008). However, for
LP UMa a was taken from Csizmadia et al. (2003). From
the modeling of the light curves, the temperature difference
between the primary and secondary components of FZ Ori,
V407 Peg and LP UMa systems were found to be ~43 K,
~812 K and ~873 K, respectively.

We determine the absolute physical parameters (mass, ra-
dius and luminosity) of the components of the binaries sys-
tems based on the results of the light curve solution. The
luminosity of the star was calculated using the temperature

@ Springer
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Fig. 7 Geometric configurations (a) and (b) FZ Ori, (¢) and (d) V407 Peg, and (e) and (f) LP UMa generated by PHOEBE showing spots on the
The eclipsing binaries are classified into contact, semi-

primary component
and radius of each of the individual components. Table 5

lists the results regarding the physical parameters of the in-
dividual components of the FZ Ori, V407 Peg and LP UMa

systems.
detached and detached binaries according to fill factor (f)
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Table 4 Photometric solutions obtained from the light curve modeling of the FZ Ori, V407 Peg and LP UMa

Parameters Symbol FZ Ori V407 Peg LP UMa
Mass ratio (M2 /M) q 0.86+0.03 0.256 + 0.006 0.886 £0.015
Orbital inclination [°] i 57.77+£0.18 90.32 £3.96 62.84 £1.35
Relative luminosity of star 1 (U) [L1/(L1 + Ly)] . 0.877 .
(B) [Li/(L1+ Ly)] 0.534 0.852 0.749
V) [Li/(L1+ Ly)] 0.532 0.830 0.717
(R) [Li/(L1+ Ly)] 0.533 0.802 0.691
) [Li/(L1+ Ly)] 0.526 0.798 0.667
Monochromatic 1d coefficients (U) (x1y = x2v) 0.773
0w = yv) .. 0.305 ...
(B) (x18 =x2B) 0.774 0.803 0.769
(y1B =y2B) 0.159 0.294 0.171
) (x1v =x2v) 0.731 0.698 0.732
(v =y2v) 0.065 0.285 0.051
(R) (x1Rr = X2R) 0.644 0.590 0.650
(Y1R = Y2R) 0.170 0.276 0.164
) (x17 = x21) 0.568 0.492 0.572
(y11 = y21) 0.207 0.259 0.202
Bolometric 1d coefficients (X1bol = X2bol) 0.627 0.650 0.622
(Y1bol = Y2bol) 0.098 0.238 0.099
Third light (U) Ly 0.23+0.03
(B) I3p 0.71£0.01 0.20 +£0.02 0.46 + 0.06
V) 1£3% 0.67 +0.02 0.20+0.02 0.46 +0.07
(R) I3R 0.61 +0.04 0.224+0.01 0.43 +0.07
) 137 0.51+0.03 0.21+£0.04 0.45+0.11
Surface Potentials (821 =$27) 3.509 4+ 0.002 2.231 +£0.005 3.496 +0.013
Inner contact surface (2in) 3.519 2.367 3.562
Outer contact surface (2our) 3.039 2.206 3.071
Fill-out factor f 0.02 0.84 0.14
Effective temperatures T1 (K) 5940 7300 5794
T (K) 5983 £ 16 6504 £ 67 4921 +£41
Surface albedos (bolometric) A=A 0.50 1.0 0.50
Gravity darkening coefficients g1=g 0.32 1.0 0.32
Synchronicity parameters Fi=F 1.0 1.0 1.0
Relative Radii of components
(pole) ' pole 0.3691 £ 0.0004 0.450 + 0.004 0.383 £ 0.003
T2pole 0.3439 £ 0.0004 0.286 + 0.005 0.363 £+ 0.003
(side) Tlside 0.3885 £ 0.0005 0.551 £ 0.006 0.406 £ 0.004
Tside 0.3607 £ 0.0005 0.304 + 0.006 0.384 £ 0.004
(back) T'lback 0.4191 £ 0.0007 0.588 + 0.008 0.446 £ 0.006
T2back 0.3923 £ 0.0007 0.395 +£0.026 0.425 £ 0.007
Spot parameters
Spot latitude [¢p (®)] 90.0 90.0 90.0
Spot longitude [6 (*)] 349.56 333.0 86.0
Spot radius [rs (°)] 11.01 7.21 17.0
Spot temperature factor (Ts/ Ty) 1.418 +0.003 1.83 1.197 £0.005
Absolute bolometric magnitudes Mpon 3.71 1.95+0.09 4.139
Mpop 3.70 3.4940.11 4.402
Effective gravity of the components log g1 (cgs) 4.38 4.03 £0.08 4.221
log g2 (cgs) 4.37 3.86 +0.30 4.123
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Table S Absolute parameters

obtained from the light curve Parameters Symbol FZ Ori V407 Peg LP UMa
modeling
Semi-major axis [aory (Ro)] 2.96 4.17 +£0.08 2.170
Total Mass (M1/Mg + Ma/ M) 2.17 2.4040.10 1.424
Mass function f (Mg) 1.32 2.40+0.08 1.003
Mass
Primary (M1/Mo) 1.17 1.91£0.08 0.755
Secondary (My/Mo) 1.0 0.49 £0.06 0.669
Radius
Primary (Rs1/Ro) 1.16 2.21+0.05 0.894
Secondary (R«2/Ro) 1.08 1.37 +£0.06 0.849
Luminosity
Primary (L1/Lo) 1.50 12.43 £0.39 0.807
Secondary (Ly/Lg) 1.34 3.01 +£0.19 0.379
T T T T T age main sequence (ZAMS) stars. It is also noticed from
the figure that the mass-radius relation of the secondary is
2o slightly different from that of ZAMS stars, i.e. the secondary
component is clearly far above the ZAMS and which is
b due to the fact that the mass transfer between the compo-
E& nents may restructure the secondary and make it over-sized

ZAMS
FZ Ori (P)
FZ Ori (S)

V407 Peg (P)

V407 Peg (S)

LP UMa (P)
L‘P UMa (S)

05

omp>»Oe

. . .
0.5 1 15 2 25
M/M,

Fig. 8 Location of the primary and secondary components of FZ Ori,
V407 Peg and LP UMa on a mass-radius diagram. The continuous line
shows the zero age main sequence, where P and § represent primary
and secondary components of the binaries, respectively.

potential (£2) of common envelope for the binary system
(i.e. 21 = 29 = 2). For semi-detached binaries with the
primary and secondary components filling their Roche lobe,
21 = §29 = §2;y,, respectively. However, for detached bina-
ries £212 > £2;,. The fill-out factors for the FZ Ori, V407
Peg and LP UMa are obtained to be 0.02, 0.80 and 0.14,
respectively indicating the that these are contact binaries.
The computed absolute parameters of FZ Ori, V407 Peg
and LP UMa, as reported in Table 5, are used to esti-
mate the evolutionary status of the system by means of
the mass-radius diagram, shown in Fig. 8. In this plot, the
solid line represents the zero age main sequence (ZAMS)
from Schaifers and Voigt (1982). The positions of primary
and secondary components of FZ Ori are on ZAMS. How-
ever, the position of both components of V407 Peg on
the mass-radius diagram are far above the ZAMS. In case
of LP UMa, both components are located slightly above
the ZAMS. It is evident from the figure that the radius of
the primary component approaches to the value for zero

@ Springer

and over-luminous for its mass (see also Webbink 2003;
Li et al. 2008).

7 Results of polarimetric observations

The values of Stokes parameters (Q and U) and the degree
of polarization (P) in B, V, R and [ bands at different or-
bital phases for FZ Ori and V407 Peg are given Table 7. The
variations in the Stokes parameters of FZ Ori and V407 Peg
with their orbital phases in the different bands are shown in
Fig. 10. The phases of FZ Ori and V407 Peg were computed
using the Eqs. (2) and (9), respectively. The polarimetric ob-
servations of FZ Ori have been taken during the phases 0.01-
0.21 and 0.88-0.99. While, most of the polarimetric obser-
vations of V407 Peg were taken during the phase from 0.54
to 0.85. The Stokes parameters appear to be orbital phase
dependent. However, due to lack of the full phase cover-
age, the phase locked variability could not be confirmed.
Furthermoer we have not found any defnitiv trend in polar-
ization variation. The mean values of degree of polarization
and polarization position angles in B, V, R and I bands,
of FZ Ori were calculated to be 0.26 4 0.03, 0.22 £ 0.02,
0.22 £0.03 and 0.22 = 0.05 per cent & 117 £2, 104 £ 2,
74 + 3 and 86 =+ 3 degree, respectively. While for V407 Peg,
the mean values of degree of polarization and polarization
position angles in B, V, R and I bands, were calculated to
be 0.21£0.02,0.29£0.03, 0.31 £0.01 and 0.31 +£0.04 per
cent & 75+2,61+3,73+1 and 62+ 3 degree, respectively.

The interstellar polarization, due to the dust in the in-
terstellar medium (ISM) located between the observer and
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Table 6 Stars taken from . - o

Heiles (2000) catalog for Star’s name P Lep (%) Distance (pc) 0 +en (°) 0 (%) U (%)

finding interstellar polarization

of FZ Ori HD 37958 0.143 £0.024 35779 48.0£4.8 —0.015+0.024 0.142 £ 0.024
HD 37984 0.080 £0.032 90+£3 46.0£11.3 —0.003 +£0.032 0.080 £ 0.032
HD 37606 0.150 £0.032 394+£93 36.0+6.1 0.046 £0.032 0.143 £0.032
HD 38047 0.138 £0.023 218 £35 47.0+£4.8 —0.010£0.023 0.138 £0.023

the star, may also contribute in the observed polarization
values of FZ Ori and V407 Peg. Hence, in order to obtain
the true value of polarization, it is essential to subtract the
component due to the ISM from the observed polarization
values. Following Schlegel et al. (1998), the interstellar ex-
tinction [E(B — V)] towards the direction of FZ Ori and
V407 Peg are 0.539 and 0.067, respectively. The extinction
towards the direction of FZ Ori appears to be high, there-
fore, the polarization due to ISM needs to subtracted from
the observed polarization. However, in case of V407 Peg the
extinction is very low indicating the negligible polarization
due to ISM. Further, the maximum polarization due to ISM
can not exceed the empirical upper limit of 9.0E (B — V);
the maximum polarization towards the direction FZ Ori and
V407 Peg was derived to be 5.0 % and 0.6 %, respectively.
The contribution to the polarization values due to the fore-
ground ISM at a distance of program stars can be estimated
by measuring the polarization values of stars with known
distance. In order to derive polarization values due to ISM,
we have searched stars within a circular region of radius
of 1.5° around FZ Ori, whose both polarization and dis-
tance measurements are available in the literature. We found
4 such stars. Their polarization measurements are given in
Heiles (2000) catalog. Their distances based on the Hippar-
cos parallax measurements are available in the catalog by
van Leeuwen (2007). Their distances along with their polar-
ization values in V-band are given in Table 6. We have plot-
ted the values of the Q and U Stokes parameters as a func-
tion of their distances in Figs. 9(a) and (b). We have derived
the Stoke’s parameters Qg and Uiy, representing the fore-
ground dust component by making a straight line fit to the
data points, as shown in Figs. 9(a) and (b). We found the fol-
lowing relations for Qjg, and Ujgn: Qjigm = 1074.d —0.027
and Ujgy = 1.9 x 107%.d + 0.079, respectively. Using these
relations, we have derived Qjy, and Uiy, for FZ Ori (dis-
tance = 237.68 pc) as —0.003 and 0.124, respectively. These
values were subtracted from the corresponding Stoke’s pa-
rameters to get foreground corrected Stokes parameters Q;,
and Uj, values. The stars selected from Heiles (2000) cat-
alog have polarization values only in V-band, therefore,
we have made corrections only in V-band polarization val-
ues. The V-band polarization due to ISM at the distance of
FZ Ori is calculated to be 0.124 %. Using Serkowski law
(1975), the maximum ISM polarization, of about 0.1 % is

found near the V-band (A 0.55 nm), indicating that the po-
larization due to ISM at a distance of FZ Ori in B, R and [
bands should be less than 0.1 %. The ISM polarization cor-
rected average values of the Stoke’s parameters of FZ Ori
are found to be —0.147 and —0.119 leading to degree of po-
larization in V-band to be 0.190 % and the corresponding
position angle to be 20°.

The intrinsic polarization can be explained by the scat-
tering of light in a gaseous envelope. Shakhovskoi (1965)
had suggested a model envelope to estimate the degree of
polarization of the light scattered by the envelope, where the
envelope has the shape of a ring lying in the orbital plane
of the system and where Thomson scattering is the principal
scattering mechanism. It is well known that many close bi-
nary systems contain gaseous streams and envelopes formed
through ejection of the material from the atmospheres of one
or both components. If such an envelope is not spherically
symmetric, for example, if the gas is concentrated towards
the orbital plane, scattering of light in the envelope may gen-
erate a polarization that would be observed in the integrated
light of the system. In W UMa-type binaries one component
fills its Roche lobe and loose mass through the inner La-
grangian point in the form of gas stream and latter it being
located in the plane of orbit. The polarization arises at light
scattering of both components on gas streams and the polar-
ization is maximum when the scattering angles approaches
to 90°.

8 Discussion and conclusions

We have presented a detailed photometric analyses of eclips-
ing binaries FZ Ori, V407 Peg and LP UMa. The light
curves of these binaries are found to be variable. FZ Ori
and V407 Peg display O’Connell effects with the primary
maximum brighter than the secondary maximum. While, the
light curves of LP UMa show the O’Connell effects with the
secondary maximum brighter than the primary maximum.
The asymmetric light curves have been explained by the spot
model. The slightly variable bright spot on the primary star
may hold good to explain light-curve representations for all
three systems. The light curves of FZ Ori system show the
partial eclipse nature. The slightly higher temperature of the
secondary component of FZ Ori system and it’s mass ratio
value indicate that it is a W-type contact binary. Byboth et al.
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Fig. 9 (a) Q and (b) U versus distance plots using the stars distributed in a circular radius of 1.5° around FZ Ori (continuous line is best fit

straight line to the data)

(2004) have also found similar results. Depth of secondary
minima of the light curves of V407 Peg and LP UMa appear
to be lower than the primary one. Further their secondary
components temperatures are also found to be lesser than
that of primary. The light curves of V407 Peg show a total
eclipse configuration. However, the light curves of LP UMa
have a partial eclipse nature. The present characteristics of
the light cures of V407 Peg and LP UMa suggest that V407
Peg and LP UMa are A-type of W UMa contact binaries as
has also been obtained respectively by Maciejewski et al.
(2003) and Lee et al. (2014) and Csizmadia et al. (2003).
Our new times of light minimum of FZ Ori, V407 Peg
and LP UMa used including other eclipse times compiled
from the literature have resulted into the improvement of
the period change analysis. The orbital periods of FZ Ori
and LP UMa are found to increase with the rate of 2.28 x
1078 dyr~! and 1.25 x 107° dyr~!, respectively. The
change in orbital period could be due to the mass transfer
between the components of the system. The present anal-
ysis shows that mass has been transferred from primary to
secondary in both the cases. In the W UMa type binaries
the rates of change of orbital period are in the range from
41072 to £10~6 dyr~! (Dryomova and Svechnikov 2006).
The other few examples of W UMa binaries that show the
increasing trend in their orbital period are FO Hya (Prasad
et al. 2013), YY Eri (Kim et al. 1997), V839 Oph (Akalin
and Derman 1997), AB And (Kalimeris et al. 1994), DK
Cyg (Awadalla 1994), V401 Cyg (Herczeg 1993), V566
Oph (Maddox and Bookmyer 1981). The additional sinu-
soidal variation of FZ Ori may be interpreted as the light-
time effect due to the existence of a tertiary companion.
Under the assumption that the orbit of third companion is

coplanar with the eclipsing pair, the mass of the tertiary
companion was computed to be 0.56 M. Using the empiri-
cal relations of Southworth (2009), the radius and effective
temperature of the tertiary companion are calculated to be
R3 = 0.58Ry and T3 = 3726 K, respectively. These corre-
spond to a spectral type of about M1V and a bolometric lu-
minosity of 0.058 L. Further, the mass function, f(M3) and
a projected orbital semi-major axis, aj» sini3 of the tertiary
companion were found to be 0.014 M and 2.30 AU, respec-
tively.

Our light curve modeling of FZ Ori shows the mass ra-
tio of 0.86 £ 0.03, which is in between to that derived by
Rukmini et al. (2001) and Byboth et al. (2004). However,
the mass ratio for V407 Peg and LP UMa were adopted
0.256 £ 0.006 (Rucinski et al. 2008) and 0.886 + 0.015
(Csizmadia et al. 2003), respectively. The high mass ratio
systems FZ Ori and LP UMa have shallow contact config-
uration. However, their fill-out factors are of < 15 %, sug-
gesting that the system is a marginal contact binary. Such
contact binaries (f < 10 %) viz., V803 Aqgl (Samec et al.
1993), FG Sct (Bradstreet 1985), RW PsA (Lucy and Wil-
son 1979), XZ Leo (Niarchos et al. 1994), and S Ant (Russo
et al. 1982) are indicators of evolution time scale into the
contact stage (Liu et al. 2008). However, mass ratio and fill
out factor of V407 Peg indicate that this is a contact binary
system.

From the present light curve modeling, the temperature
difference between the two components of FZ Ori, V407
Peg and LP UMa were found to be 43 K, 796 K and 873 K,
respectively: the condition usually found in contact binaries.
Lee et al. (2014), Deb and Singh (2011) and Maciejewski
et al. (2003) have also found similar temperature difference
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Fig. 10 Stokes parameters Q and U as functions of the orbital phase in the B, V, R and I bands running from top to bottom for ((a) and (b)) FZ
Ori, and ((c) and (d)) V407 Peg

between the components and other features of light curve  than that determined by Csizmadia et al. (2003). To check
during the light curve modeling of V407 Peg system, except-  the exact configuration, spectroscopically determined mass
ing the orbital inclination presented in this paper differ much  ratio is required as an input in the photometric light curve
from those studies earlier than that of Lee et al. (2014). The  modeling but this was not available for the FZ Ori and LP
existence of a tertiary component (see Table 4) in our study =~ UMa binary systems. Since the FZ Ori and LP UMa binary
of V407 Peg is in agreement with the previous study made  systems are showing partial eclipse nature and the absolute
by Lee et al. (2014). While, for the LP UMa system, temper-  physical parameters are still uncertain yet, the solution is to
ature difference between the components is slightly smaller ~ be taken with caution. The precision radial-velocity curves
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will put our result on a strong footing. A precise spectro-
scopic radial velocity observations are needed for these bi-
nary systems.

We have inferred the mass, radius and luminosity of pri-
mary and secondary components of FZ Ori to be M| =
1.167My and M = 1.0Mg, R} = 1.161Rg and R; =
1.082Rg, and Ly = 1.504Lg and L, = 1.344L ), respec-
tively. In case of V407 Peg and LP UMa, the determined
parameters (M2, Ry 2 and L) are found to be consis-
tent with the earlier values reported in the literature. The
computed distance modulus of FZ Ori yield the distance
237.68 pc for the system, in conformity with Zasche et al.
(2009). While, the distance of V407 Peg is determined to
be 327 + 41 pc using the parallax of 3.06 + 0.38 (Bilir
et al. 2005). We have also found, similar to as obtained
by Lee et al. (2014), the orbital inclination (in degree) of
90.32 + 3.96 and a high degree of over-contact configura-
tion of 84 % for V407 Peg system. Whereas, for the LP UMa
system, the calculated distance modulus yield the distance to
be 493.40 pc.

The first multi-band optical polarimetric observations of
FZ Ori and V407 Peg show the average values in between
0.2-0.3 per cent. In W UMa-type binaries the degree of po-
larization was found up to 0.6 % (see Oshchepkov 1978;
Piirola 1977). The variable polarization in W UMa type bi-
naries have been found by Oshchepkov (1978), who sug-
gested that the photospheric scattering, the reflection effect
and scattering in a gaseous envelope or stream could be
the possible sources of variable polarization. However, Pi-
irola (1977) did not find any significant variability in the
polarization and has suggested that the polarization due to
gas streams may be a transient phenomenon. Furthermore,
with help of polarimetric observations one can estimate the
masses of the gas streams and mass loss rate of each com-
ponent. Due to lack of data points with full phase cover-
age shape, we are unable to compute the masses of the
gas streams, mass loss rate and rates of change of period.
The polarimetric observations with good phase coverage are
needed for such analysis and their comparison from photo-
metric study. The well studied systems with large amplitude
variations and developed gaseous envelopes; U Cep, U Sge,
RW Tau, RY Per and B Lyr also show the variable polar-
ization (Shakhovskoi 1965). These results demonstrate that
data of this type form a new source of information on a num-
ber of physical and geometric properties of eclipsing binary
systems.
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