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Abstract

Marginal short-period contact binaries are important for understanding astro-
physics because their shallow degree of contact exhibits different physical scenar-
ios from those predicted by theoretical models based on the thermal relaxation
oscillation mechanism. Here, we conducted optical and X-ray studies of the
contact binary source RW Dor using the Transiting Exoplanet Survey Satellite
(TESS) and the XMM-Newton telescope. We report for the first time a variable
O’ Connell effect and adopt a starspot model to explain this asymmetry.

Based on new minima times, we performed a robust estimation of the orbital
period of the third body, resulting in 47.01 0.52 yr with an eccentricity of e =
0.21. We show that the observed period decreasing trend in the O-C variations
can be jointly explained by conservative mass transfer from the primary to the
secondary and angular momentum loss (AML) caused by stellar wind. RW
Dor exhibits no significant variation in X-ray luminosity across three different
observations, with a value of approximately 3.34 x 107{29} erg s—1. Assuming
the quiescent X-ray emission originates from an undisturbed ring-like structure,
the ring size is estimated to be 0.6-1 x 107{10} cm, which is smaller than the
Alfvén radius rA 8 x 107{10} cm.
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Abstract

Marginal short-period contact binaries are important to understand as they pose
a different physical scenario than the predicted theoretical model based on the
thermal relaxation oscillation mechanism due to their shallow degree of contact.
Here we present the optical and X-ray studies of a contact binary source RW
Dor using the Transiting Exoplanet Survey Satellite (TESS) and XMM-Newton
telescopes. For the first time we report the varying O’ Connell effect and explain
the asymmetry with a spot model. Based on the new times of minima, we make a
robust estimate of the orbital period of the third body at 47.01 £+ 0.52 yr with an
eccentricity e = 0.21. We show that the period-decreasing trend observed in O
— C variation can be explained by both conservative mass transfer from primary
to secondary and AML via stellar wind. The X-ray luminosity exhibited by RW
Dor did not vary significantly on three different occasions and was found to be
about 3.34 x 107{29} erg s"—1. Assuming that the quiescent X-ray emission
is emitted from an undisturbed loop structure, the loop size is estimated to be
0.6-1 x 107{10} cm which is « Alfvén radiusr_A 8 x 107{10} cm.

Key words: (stars:) binaries (including multiple): close -X-rays: binaries -stars:
activity

1. Introduction

Contact binaries are a subclass of close binary systems whose primary or sec-
ondary components have filled their Roche lobes and share a common convective
envelope (CCE) (Kopal 1959; Lucy 1968). The fundamental parameters of these
binaries provide us with a better understanding of some of the most interesting
physical processes, such as mass transfer, magnetic cycles, strong interactions
between stars and stellar mergers (see Qian et al. 2017 for a detailed review).
There exist two types of contact binaries, i.e., A- and W-subtypes based on the
temperatures and masses (Binnendijk 1970). In the W-subtype, the primary
eclipse is due to the more massive cooler component transiting the less-massive
hotter component, and it is the opposite scenario for the A-subtype.

Based on long-term periodic studies, it also draws a picture of the presence of a
third body in many such systems which can explain the low angular momentum
configuration often observed in these systems. The optical imaging by Rucinski
(1969) clearly indicates the presence of a third body in most contact binaries,
explaining their pivotal dynamical role in the evolution of these systems. This
was further confirmed by the O — C diagram-based studies carried out on those
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binary systems.

Contact binaries are known to exhibit the O’ Connell effect (O’ Connell 1951)
which is the asymmetry observed in the photometric light curve generally at-
tributed to magnetic activity on the stellar surface. The synchronous fast rota-
tion of common envelopes is somehow associated with the origin of X-ray emis-
sion (e.g., Gondoin 2004a). These systems exhibit high chromospheric activity
along with high coronal emission and thus are strong X-ray emitters (Carroll et
al. 1980; Huenemoerder et al. 2006; Hu et al. 2016). It has been observed that
the strength of X-rays is correlated to the orbital period and also the tempera-
ture of binary companions (St pien et al. 2001).

It was noted that the massive component is responsible for the X-ray emission
through their magnetic activity, e.g., VW Cep and YY Eri (Vilhu & Maceroni
2007). The Advanced Satellite for Cosmology and Astrophysics (ASCA) spectra
displayed the characteristics of a corona and found two-component model tem-
peratures of 7 x 1076 K and 22 x 1076 K along with a flux of 1 x 107—11 erg
cm™—2 s7—1 and VW Cep appears to show polar spots (Hendry & Mochnacki
2000). It has been found that magnetic loops in rapidly rotating low-mass stars
would sweep to the poles (Buzasi 1997). Moreover, contact binaries display a
super-saturation effect (McGale et al. 1996; Chen et al. 2006) and it has been
argued that this is due to the large loops becoming unstable by the Coriolis
force and being extended along the poles (Jardine & Unruh 1999). In this
model, the loops are large and extended but St pien et al. (2001) showed that
the loops could be compact when compared to the stellar radius and spatially
associated with the equatorial region of the stellar surface. The study of O —
C curves of overcontact binaries by Tran et al. (2013) using the Kepler satellite
gave anticorrelated imaging maps based on Doppler this effect for the primary
and secondary eclipses that they interpreted as the outcome of the longitudinal
movement of starspots on the stellar surface. A detailed study of O — C curves
indicates that the movement of a stellar spot is associated with the rotational
motion of the individual star, and is asynchronous in 50% of the cases.

RW Doradus (RW Dor) is an interesting binary system with a short orbital
period of 0.2854 day exhibiting G4/5 spectral type. The light curve displays
a difference in the depth of minima and shows asymmetry in the light curve
which was modeled as a hot spot in the massive component around the joining
of the two stars (Marton et al. 1989). However, Kaluzny & Caillault (1989)
did not find any significant asymmetry in the light curve, rejecting the idea of
a spot over either of the stellar components. Marino et al. (2007) did observe
asymmetry in the light curve but a strong O’ Connell effect can be ruled out
due to the large scatter in the maximum phase of the light curve. They also
observed an orbital period that was decreasing with a rate of AP/P = —6.3 x
107—11. In addition, Deb & Singh (2011) did not find any asymmetry in the
light curve which was confirmed by the absence of a third light. Sarotsakulchai
et al. (2019) did not find any observational signature of asymmetry in the light
curve or O’ Connell effect, strongly indicating no or a low level of stellar activity.
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They also found weak evidence of a decreasing period along with a cyclic trend
in the O — C curve, suggesting the possible presence of a third body. The radial
velocity measurements found a spectroscopic mass ratio q_{sp} = 0.68 with a
similar spectral type exhibiting features of a K1 type star (Hilditch et al. 1992).
Later, a similar q {sp} = 0.63 was reported by Duerbeck & Rucinski (2007)
who found V_o = 25 km s”—1. Overall, these studies suggest that no strong
activity has been observed in RW Dor with weak evidence of periodic variations
in the respective light curve studies.

In the present work, we focus on the modeling of the light curve observed by the
Transiting Exoplanet Survey Satellite (TESS) which displayed an O’ Connell
effect for the first time. Detailed studies have been performed to find a robust
estimate of the periodic variation using previously published times of minima
along with new ones with TESS and the All Sky Automated Survey (ASAS).
We also studied the X-ray emission on different occasions observed by the XMM-
Newton observatory to check the variations in the X-ray flux in the observed
duration.

2. Observation and Data Analysis

TESS was placed at a stable orbit in a 2:1 resonance with the Moon following
an elliptical orbit of 13.7 days (Ricker et al. 2015). The goal of the satellite
is to look for exoplanets orbiting bright stars using the transit method. TESS
observes the selected fields with a 10.5 cm optical telescope in the wavelength
range of 600-1000 nm at 21 pixel”—1. Its field of view is 24 x 96 deg™2 and
scans the sky for 27 days. RW Dor was observed by TESS on two occasions, i.e.,
2018 October 19 and 2018 December 15, with a cadence of 2 minutes. Pre-search
Data Conditioning Simple Aperture Photometry (PDCSAP) data were used to
study the light curve variation, and data were downloaded from the Mikulski
Archive for Space Telescopes (MAST)."1

We have also studied the archival data of the XMM-Newton observatory taken
on three different occasions for the source RW Dor (o = 5h 18m 32.5s, § =
—68° 13 32.7) that was first observed on 2009 May 16 (Obsld.:0602980201)
for 20.9 ks for which only data from the EPIC MOS1 camera were available.
The second observation was on 2010 December 11 (ObsId.:0650020101) for a
duration of 24.1 ks and was observed by both the EPIC MOS(1&2) and PN
cameras. The third observation was on 2013 October 22 (ObsID:0723650201)
for a duration of 20 ks and only EPIC MOS1&2 data were available. We have
selected a circular source region and a background region having radius 50 for
our first and second observations, while for the third observation we have used
a circular region with radius 35 for both source and background regions. The
source and background spectra were obtained using the expression “PATTERN
< 12” for MOS data and “PATTERN < 4” for PN data using SAS version 19.1.0.
We have obtained the redistribution matrix file and the ancillary response file
utilizing rmfgen and arfgen tasks respectively. The spectral analysis was done
employing XSPEC v 12.12.0 (Arnaud 1996).
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3. TESS Detection of O’ Connell Effect and Light Curve
Solution

Previous optical studies of RW Dor have not reported any strong signature
of stellar activity, i.e., O’ Connell effect (for more details see Sarotsakulchai
et al. 2019). The TESS PDCSAP light curve clearly exhibits the variable O’
Connell effect (Figure 1 [Figure 1: see original paper|, top panel). Figure 1
is obtained by taking the difference between the consecutive maxima in the
observed light curve. During the first observation, which lasted for 25 days, a
weak signature of O’ Connell effect was observed, however, in the second span
of observation, the effect was relatively evident. It can be seen that initially
the O’ Connell effect was not observed and gradually it started appearing. We
fitted the phased light curve with and without the O’ Connell effect (Figure
1, bottom panel). The light curve solutions were obtained using the Wilson-
Devinney code-based program PHOEBE (Prsa & Zwitter 2005).

The following methodology was invoked to get the best solution for the light
curves (for more details see Sriram et al. 2016, 2017, 2018). The primary compo-
nent temperature was fixed at 5560 K based on a recent study by Sarotsakulchai
et al. (2019) who constrained this value based on B — V = 0.69. We adopted
gravity darkening coefficients g 1 =g 2 = 0.32 (Lucy 1967) and albedos A_ 1
= A_2 = 0.5 for both components (Rucinski 1969). Bolometric limb darken-
ing coefficients (logarithmic law) were adopted from the table determined by
van Hamme (1993). A circular and synchronous (F = 1) orbit was assumed.
Initially, four parameters were adjusted, i.e., the temperature of the secondary
component (T_2), orbital inclination (i), the dimensionless potentials (2_2 =
Q_ 1), and the luminosity of the primary star (I_1). The mass ratio was fixed
at 0.63 based on the spectroscopic observations (Duerbeck & Rucinski 2007) and
later freed along with other parameters to get the best solution. The best-fit
solution resulted in a mass ratio q = 0.614 + 0.006 and an inclination i = 77° +
0.12. The best-fit results are shown in Table 1 and the obtained values are simi-
lar to those reported in previous studies (Sarotsakulchai et al. 2019). In Figure
1, the middle panel displays the best fit using the black line. It is clear from the
fit that a no-spot solution produces more residuals around phase 0.75. Later,
we adopted a cool spot over the primary component and continued the fitting.
The cool spot model has four parameters: colatitude (), longitude ( ), radius
of the spot (r__{spot}) and spot temperature ratio (T__{spot}/T_ {star}). The
best-fit parameters are given in Table 1 after including a cool spot and finding
the size of the stellar spot to be 15° at a colatitude of 32° during the epoch HJD
2458489.2509 to HJD 2458489.3079 and the temperature ratio is 0.65. In order
to produce a robust solution, we varied the primary component’ s temperature
from 5400 to 5800 K and performed the fitting. The lowest residuals were noted
to be the best solution which is displayed in Table 1 (Figure 1, bottom panel).
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4. Period Variation Studies

Previous studies by Sarotsakulchai et al. (2019) observed a period-decreasing
trend along with weak evidence of sinusoidal variation, indicating the possible
presence of a third body with an orbital period of 50 yr. Many times of minima
were older than 1940 and hence we used TESS data to make the study of the
O — C variation more robust. The new times of minima along with others are
logged in Table 2 . The TESS time units are converted to HJD using the utility
mentioned in the link https://astroutils.astronomy.osu.edu/time/index.html. In
order to completely determine the various parameters of the third body assum-
ing cyclic variation, we applied Zasche’ s code (Zasche et al. 2009) in MATLAB
which implements the Simplex method in order to arrive at best-fit solutions.
The following equation was fitted to the overall O — C diagram in Figure 2
[Figure 2: see original paper| using a red line and a blue line displays only the
period-decreasing quadratic term:

(O—-C)=AP x E + (1/2)(dP/dt) x E™2 + (a_{12} sini_3)/c x (1 —e_3
cos E_3)/(1 +e_3cos _3) xsin(_3 + w_3)

where a_ {12} sin i, ¢, e_3, and w_ 3 are the projected semimajor axis, speed
of light, eccentricity, true anomaly of the binary orbit around the center of mass
of the triple system and the longitude of the periastron, respectively. Table 3
displays the best-fit values for various parameters for different times of minima
in the initial three columns.

To make the analysis of the third body more robust, we varied the eccentricity
of the third body, i.e., e 3 = 0-1 and allowed other parameters to vary, and
noted the lowest residual at e 3 = 0.21. Later, we kept e_ 3 = 0.21 which was
freed subsequently and obtained the best solutions (see Table 3). To confirm the
third body orbital period, we took different times of minima as shown in Figure
2 and we found that the orbital period varied from 46 to 54 yr. The best period
P 3 =46.90 + 0.73 was obtained for JD 0 = 2458435.0148 based on the sum
of the residuals. We also performed a similar analysis by considering the times
of minima observed after the year 1980. Figure 3 [Figure 3: see original paper]
shows the best fit and we noted a period of P_3 26.55 + 1.13 yr (see Table 3
last column).

To make the result even more robust, we randomly selected epochs after the year
1985 (see Table 2) and estimated the third body orbital period. The distribution
of the period is depicted in the histogram (Figure 4 [Figure 4: see original paper],
top panel) and it is clear that the peak is observed around 47 yr. A Gaussian
profile is fitted to this peak which is displayed with a dashed line in Figure 4
(top panel) and the best fit resulted in a mean period of P_3 = 47.01 and ¢
= 0.52 yr. The higher periods were sparse and resulted due to the older epochs.
A very similar analysis was performed for the times of minima after the year
1980 which are relatively more robust. Figure 4 (bottom panel) displays the
histogram along with a Gaussian fit with a dashed line. The best fit resulted in
a mean period of P_3 = 2722 and ¢ = 3.12 yr.
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5. X-Ray Spectral Analysis

We explored whether the X-ray emission of RW Dor varied during a span of four
years as observed by the XMM-Newton telescope. It was done because previous
studies did not observe the O’ Connell effect or any stellar activity in the form
of spots (Sarotsakulchai et al. 2019). We fitted the X-ray spectra of MOSI,
MOS2 and PN as shown in Figures 5-7. First, we tried with a simple power-
law model and observed ~2 values were noted to be poor. Then we unfolded
the spectra with wabsbremsstrahlung and wabsbbody models. The hydrogen
column density was fixed to 5 x 107{20} cm™—2 based on Dickey & Lockman
H I in the Galaxy (Dickey & Lockman 1990). In the case of the bremsstrahlung
model, the electron temperature was kT e = 0.60 keV with a poor fit (Table 4
). The blackbody temperature was found to be about kT 0.17 £ 0.02 on all
the occasions (Table 5 ), not displaying any variation.

Later we attempted a plasma model, i.e., apec model (Smith et al. 2001), which
has two main parameters, viz. plasma temperature kT e and abundance Z
(Z__). Initially, a single apec model resulted in a high 72, and hence a two-
component apec model was used. The results are shown in Table 6 for MOS 1
and 2 and PN for different years. The kT 1 = 0.24 + 0.08 keV and kT_2 =
0.93 + 0.15 keV for the year 2010 along with flux 1.61 x 107—13 erg cm™—2
s~ —1. In general, if the source would have been active then the active coronal
X-ray emission would have three or four components which was not evident from
the present studies. The observed coronal temperatures strongly indicate the
presence of a quiescent corona in RW Dor and found no significant variation
from 2009 to 2013. The X-ray luminosity was estimated based on the distance
determined from the Gaia parallax, i.e., d = 123.57 pc (Table 6).

6.1. Conservative Mass Transfer

For the first time, we report clear evidence of the variable O’ Connell effect in RW
Dor. Based on the photometric solutions, we observed that a cool spot of size 15°
at a latitude of 60° on the primary component is necessary for the best fit. The
photometric solution mass ratio was found to be ¢ = 0.61 with an inclination of
77° which is well in agreement with previous studies (Sarotsakulchai et al. 2019).
Based on previous times of minima along with TESS and ASAS data, we found
that the orbital period of RW Dor is decreasing at a rate of —2.80 x 10”—8 day
yr —1 along with a cyclic variation. This suggests that material is transferring
from the primary to the secondary component, driving the mass ratio of the
system to increase. Assuming a conservative mass transfer rate from primary
to secondary, it can be estimated from the following equation:

dP/dt = —3P(M_1/M_2)(1 — @)M_1/M_1

Assuming M_1 =052 M__ and M_2 = 0.82 M__ , M1 was found to be 4.6}
X 107—8 M yr~—1. The timescale of mass transfer is M_1/M_ 1 = 11.2 Myr.
The mechanism of angular momentum loss (AML) due to magnetic stellar wind
has a tendency to decrease the orbital period during a timescale of 8.6 Myr
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(Sarotsakulchai et al. 2019). Based on the results of the present study, the time
P/P = 10 Myr, which is close to the value obtained from the AML mechanism.
This indicates the magnetic stellar wind can also drive the decrease in the orbital
period as the spot activity has been initiated in the source. These systems
often go through thermal relaxation oscillation (TRO) along with the AML
mechanism, whose period is of the order of a few million years (Qian 2001). As
the period continues to decrease, the degree of contact between the components
must increase. In the present study, we observed evidence of a cool spot on the
primary component, suggesting that variable activity has been initiated which
was not observed in earlier optical photometric or spectroscopic studies. This
stellar activity would have triggered the AML and contributed to the decrease
in the orbital period in RW Dor. In general, as the degree of contact increases
it reduces the AML as the convective envelope probably veils the activity (e.g.,
Qian 2001). However, in the present scenario, it is not the case because of the
appearance of the activity and this system has a shallow degree of contact (f
10%). Future observations are necessary in order to confirm the results as well
as to track the stellar activity of the source.

6.2. Non-conservative Mass Loss in RW Dor

Justham et al. (2006) derived an analytical magnetic braking model assuming
Ap/Bp stars for the formation of short period (P < 1 day) black hole low mass
X-ray binaries and the AML is given by:

J{amb} = —(2/3)QR"{2M}{wind}(R_A/R)™2

assuming M_1=0.52M_ , R =0.88 R__, B_s (surface magnetic field) = 1000
G (upper limit) and M{wind} was estimated to be 107—9 M yr~—1; J{amb} =
—2.54 x 107{36} g ecm™2 s"—2 and for M{wind} = 107—10 M__ yr"—1 upper
limit, J_{amb} = —8.02 x 107{35} g cm™2 s~ —2.

RW Dor’ s spectral properties are similar to another source, VW Cep, which has
been extensively studied both in optical and X-ray bands (Mitnyan et al. 2018).
The assumption of magnetic field B = 1000 G was based on observations of
X-ray activity of VW Cep (Sanz-Forcada et al. 2007). Even a higher subsurface
magnetic field of B = 20 kG is needed in VW Cep to explain the period modu-
lation (Mitnyan et al. 2018). The angular momentum for a binary system can
be written as:

J_0=DM_{IM}2/(Ga/(M_1 + M_2))

where q is mass ratio 0.63, M is the total mass of the system and a is the
semimajor axis in cgs units resulting in J_0 = 3.18 x 107{51} in cgs units.
Based on the period variation, we estimated P/P = 9.81 x 107—8 yr"—1 and
the AML rate is found to be JO = 3.81 x 107{36} g cm™2 s"—2. This value
is a few times the value of J{amb}. This indicates that the stellar wind also
plays a key role in removing the angular momentum from the system and helps
in decreasing the orbital period of the system. The location of the spot over
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the stellar surface also affects the AML in the system. In a simulation, it has
been found that higher latitude spots can trigger relatively more AML when
compared to a spot located at lower latitude (Cohen et al. 2009). Moreover,
it was also noticed that there was a feedback mechanism, i.e., AML affects
the stellar dynamo as it controls the stellar magnetic field distribution. In our
present study, we noted the spot located at a colatitude of 32° which is closer
to the pole of the star and hence would be extracting relatively more AML. For
such a study in contact binaries, it is necessary to know the role of spot location
and AML.

In the TRO model, as the material is transferring from primary to secondary,
the decrease in the period should go along with an increase in the degree of
contact, i.e., the CCE must be thick. However, we noted it is just 10% which
is marginal contact in nature. There could be two possible reasons for such a
configuration. The first one is Liu et al. (2019) proposed a mechanism where the
period of the contact binaries varies and hence the evolution of q, from higher to
lower values, is driven by the oscillatory nature of fill-out factor f which depends
on the thickness of the CCE. It was shown that the increase or decrease of f can
decrease the period of the system and would be able to trigger a merger of the
system. In the present study, f was close to 10%, i.e., CCE is not thick, and the
mass transfer components has been ongoing as there is not sufficient material
in the CCE. Perhaps, as f continues to decrease, the material in the CCE would
be transferred to the accepter star, i.e., the secondary component which is the
second phase in the model of Liu et al. (2018). Another phenomenon could be
mass loss from the CCE which can drive away some of the angular momentum
and decrease the orbital period. It can be seen from O — C that, initially, the
period was increasing and later it was driven to a period decreasing trend. The
increasing trend can be explained by assuming a conservative mass transfer from
the secondary to the primary component, however, there could be a mass loss
from one or both of the components. The mass loss can be estimated from the
following equation (Tout & Hall 1991):

M/M = (1/3)(P/P)(1 + q)

assuming that the rate of mass transfer and loss is the same. We can equate
M__1 from Equation (2) and the above results in the quadratic equation in terms
of q, i.e., 372 + 2q — 3 = 0, with one of the roots being q 0.72. This indicates
that at the high mass ratio, both mechanisms can drive the contact binary and
this also can explain the low degree of contact as some mass is lost from the
system.

Since RW Dor is displaying stellar activity in the form of the O’ Connell effect, it
is possible that the AML mechanism is occurring due to mass loss, which further
helps in decreasing the orbital period. We assume that one of the components
is driving the AML via mass loss, a situation which is described by Tout & Hall
(1991):

J =—(1/3)M_{wind}QR_A"2
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Here R__A is the Alfvén radius and d is the distance between the binary com-
ponents. An upper limit on Alfvén radius can be estimated by assuming 8 =
(d/R_A)"2, and conservative mass transfer and mass loss due to AML is the
same, then it can be shown that ¢ = M_2/M_1 = (38 — 2)/(33 + 2) and for
q 0.60, R_A =d/1.63 =7.9 x 107{10} cm which is similar to the size of the
primary component radius.

A detailed study of the O — C diagram was performed and light travel time effect
(LITE) solutions with different epochs unveiled a third body with period P__3
= 47.01 £+ 0.52 yr (Figure 4, top panel), which is similar to the results reported
by Sarotsakulchai et al. (2019) but with zero eccentricity. In our analysis, the
eccentricity was found to be e_3 = 0.21 which was obtained after performing
a systematic search of the best e_3 based on the least residuals. Since a few
of the times of minima were old and may not be accurate, we estimated the
possibility of a third body’ s orbital period by removing the times of minima
before 1980 and noted a period of P_ 3 = 27.22 4 3.12 yr (see Figure 4, bottom
panel). Such an orbital period of the third body was observed in VW Cep of
about 31 yr (Kaszas et al. 1998), which has very similar properties except for the
mass ratio. Another source, BH Cas, which exhibits similar properties to RW
Dor and VW Cep also has a third body with P_3 = 20.09 yr (Liu et al. 2019).
For RW Dor, the mass of the third body was noted to be M_3 = 0.175 M__
for i = 90°. We also looked for the third light in the TESS light curve but the
data do not indicate any presence of it. Similar results were obtained in the
previous study. Such a long period of third bodies is not rare and many of the
contact binary systems have a third body (Pribulla & Rucinski 2006; Rucinski
& Pribulla 2007), with P_3 of more than 20 yr, and some of them have been
optically confirmed. Future studies are needed to constrain the nature of third
body solutions in RW Dor.

Generally, such a periodic modulation is ruled out based on the Applegate
mechanism (Applegate 1992) because it requires quadruple momentum AQ
101513104521 (Lanza & Rodono 2002). Lanza & Rodond (1999) showed that
magnetic energy is proportional to the quadruple moment perturbations. How-
ever, a more recent theory by Lanza (2020) where the orbital angular momentum
is turned into spin angular momentum notes that the AQ is larger by a factor
of 100-1000. Sarotsakulchai et al. (2019) explained the periodic variations using
the presence of a third body and ruled out the magnetic activity. With the new
theory put forward by Lanza (2020), now the magnetic activity cycle can be
one of the viable mechanisms for the observed periodic modulation as observed
in this source.

6.3. Loop Size Emitting the Quiescent X-Ray Emission in
RW Dor

For a few contact binaries coronal emission temperatures are known. In Table
7 , we show the X-ray spectral parameters of four contact binaries including
RW Dor from the present work. Three contact binaries, viz. RW Dor, VW Cep
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and 44 Boo, have similar orbital periods and spectral types. Among these four
systems, BH Cas has the highest X-ray luminosity, i.e., L_X = 92.5 x 107{29}
erg s —1 and others have similar L_X (Table 7).

Based on present studies, it can be concluded that during the X-ray observations
by XMM-Newton, RW Dor and other contact binaries (VW Cep; Gondoin 2004a,
44 Boo; Gondoin 2004b, and BH Cas; Liu et al. 2019) were in a quiescent state
for some duration. The exact reason for coronal X-ray emission in a quiescent
state is debatable in terms of the distribution of magnetic field structures but
the presence of loops cannot be ruled out. Ventura et al. (1998) explained the
quiescent emission using two distinct classes of loops associated with the corona
in G-type stars. One of the coronal loops is cooler with a temperature T_ {max}

1.5-5 x 1076 K and the other one is relatively hotter with a temperature 1-3
x 1077 K. A detailed loop modeling is not possible for the present work but the
observed temperature (see Table 6) from the X-ray spectra does indicate the
presence of such loops primarily based on the coronal temperatures, viz. 0.27
and 1.03 keV (year 2013) (3.1 and 12 MK).

Assuming that the loop systems are not dynamic and each loop consists of
similar nonvarying pressure p, temperature T (K) and cross-section, then a
loop length scale (L) can be obtained (Mewe et al. 1982) using the relation T
= 1400(pL)"1/3 (Rosner et al. 1978) where L_ {10} is the loop half length in
units of 107{10} c¢cm, T_7 is the coronal region temperature in units of 1077
K, EM_ {52} is the emission measure in units of 107{52} cm™—3 and F is the
filling factor. Actually, F is a difficult parameter to calculate as it depends on
many parameters of the loop, for example, the area of the loop. In the case
of RW Dor, it is not known, however for 44 Boo, F was reported to be 50%-
70% (Gondoin 2004b). Adopting a value of F = 0.7, R = 0.88 R__ and the rest
of the values of parameters from Table 6, we estimated L = 1 x 107{10} cm
for temperature 0.93 keV (PN 2010). For other coronal temperatures, it varies
from 0.1 to 6 x 1079 cm. These values can be considered as upper limits due
to uncertainty in the value of F. It can be observed that the estimated loop
size from X-ray spectra is almost 7-8 times lower than that estimated from the
Alfvén radius.

There are many approximations in estimating the loop length as discussed with
one of them being the constant loop cross-section. If one considers a non-uniform
cross-section of the order of 10 (Schrijver 1987; with 1 being a uniform cross-
section) then the loop size increases. The estimated loop sizes are close to the
sizes seen in 44 Boo and VW Cep (O’ Connell 1951; Gondoin 2004b). Perhaps
the estimated smaller loop size could be due to the fact that during the X-ray
observations, the source was in a quiescent state, hence the estimated loop size
was smaller. Now during the TESS observations, it is probably higher due to
enhanced activity.
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7. Conclusions

Optical and X-ray studies have been carried out for a marginal contact binary
RW Dor using TESS and XMM-Newton telescopes. For the first time, we report
the variable O’ Connell effect in the light curve and the maximum asymmetry
in the light curve can be explained by a stellar spot of size 15° on the primary
component at HJD 2458489.2509. Using new times of minima, we produce a
robust estimate of the third body orbital period P_3 47 yr with an eccentricity
e_3 = 0.21. We show that non-conservative mass loss plays a key role in the
evolution of the binary apart from conservative mass transfer from the primary
to the secondary component. The X-ray luminosity did not vary significantly
during three different occasions of observation, indicating a constant X-ray qui-
escent emission from the source. Assuming that the quiescent emission arises
from an undisturbed loop, its size was estimated to be around 0.6-1.0 x 107{10}
cm. Future observations in optical and X-ray energy bands would be helpful
to understand the nature of coronal geometry in RW Dor and the associated
activity.
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