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Contact binaries at various stages of evolution unveil various operating mecha-
nisms that drive them. We report the photometric and period variation analysis
of two contact binaries EV Cnc and AH Cnc in open cluster M67. We observed
the cluster from the JCBT 1.3 m telescope and utilized TESS and Kepler ob-
servations. The photometric solutions of EV Cnc and AH Cnc revealed a mass
ratio of g 0.41 and 0.15 with an inclination of i = 42° and 87° respectively.
These solutions suggest that EV Cnc is probably a semi-detached and AH Cnc
is a deep low-mass ratio contact binary. The study of O — C variation analysis
indicates that for both systems, the period is increasing which suggests the mass
transfer is occurring from secondary to primary. In the case of AH Cnc and
based on simulations by randomly varying the time of minima to fit the LITE
solution, we noted the third body orbital period to be around P3 = 26.82 4 2.54
yr, which is different from earlier reported values and conclude that future ob-
servations are required to confirm this scenario. We compare these two systems
with other similar contact binaries to get an estimate of the final configuration
of the respective systems.
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Abstract

Contact binaries at various stages of evolution unveil various operating mecha-
nisms that drive them. We report the photometric and period variation analysis
of two contact binaries EV Cnc and AH Cnc in open cluster M67. We observed
the cluster from the JCBT 1.3 m telescope and utilized TESS and Kepler ob-
servations. The photometric solutions of EV Cnc and AH Cnc revealed a mass
ratio of ¢ 0.41 and 0.15 with an inclination of i = 42° and 87° respectively.
These solutions suggest that EV Cnc is probably a semi-detached and AH Cnc
is a deep low-mass ratio contact binary. The study of O — C variation analysis
indicates that for both systems, the period is increasing which suggests the mass
transfer is occurring from secondary to primary. In the case of AH Cnc and
based on simulations by randomly varying the time of minima to fit the LITE
solution, we noted the third body orbital period to be around P = 26.82 + 2.54
yr, which is different from earlier reported values and conclude that future ob-
servations are required to confirm this scenario. We compare these two systems
with other similar contact binaries to get an estimate of the final configuration
of the respective systems.

Key words: (stars:) binaries (including multiple): close — (stars:) binaries:
eclipsing — stars: activity

1. Introduction

Contact binaries are a special class of binaries where one or both of the stellar
components, with F, G, and K spectral type stars, fill their Roche lobe and
have dissimilar or similar surface temperatures. Massive contact binaries are
also being observed with A and B spectral type stars (Li et al. 2023) and some
are also seen with M spectral type (Qian et al. 2015a). The primary reason
for thermal or non-thermal equilibrium among the components is due to the
presence of a shared convective common envelope (CCE) located across the inner
and outer equipotential surfaces (Lucy 1968). Through this envelope, both mass
and energy exchange takes place, driving the binary from overcontact to the
marginal or semi-detached phase. Contact binaries are classified into two broad
classes: W and A-type (Binnendijk 1970). The evolution of these sub-types is
not understood and theory predicts that they formed via angular momentum
loss (AML) and are driven by magnetic braking and finally merge to form a
rapidly rotating star.

These systems undergo a thermal relaxation oscillation (TRO, Lucy 1976; Lucy
& Wilson 1979) which explains the exclusive state of marginal contact binaries
or semi-detached binaries. As the contact binary evolves toward this state, the
stellar components have high-temperature differences reflected as unequal min-
ima in the light curves and are observed to be associated with a shallow CCE.
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Moreover, a secular mass transfer from the secondary to the primary compo-
nent drives the binary to a marginal contact state. It was predicted that this
oscillation has a thermal timescale of 107 yr due to non-thermal equilibrium.

The AML driven by magnetic activity plays a key role in the evolution of con-
tact binaries (vant Veer 1979; Rahunen 1981; Vilhu 1982; Guinan & Bradstreet
1988; van’t Veer & Maceroni 1989). When the system is in a contact stage, the
magnetic activity induces a torque that drives the binary to form a low-mass
ratio system with hotter components, further decreasing the efficiency. The
efficiency decreases since as the system evolves toward a shorter orbital period,
the magnetic activity lowers and hence the AML mechanism slowly ceases due
to magnetic braking (Qian 2001). On the other hand, the secular mass transfer
from the secondary to the primary would increase the orbital period, further de-
creasing the density of the CCE. Moreover, the primary component will become
massive, further shallowing the CCE and magnetic activity restarts (Maceroni
& van’t Veer 1996). This mechanism will make the system evolve toward a
marginal contact binary and drive it toward a semi-detached configuration.

Conservation of angular momentum (AM) alone is not a physically feasible
scenario and hence Rahunen (1981) reported a hypothetical critical AML rate
of about 2 x 102 yr—!. If the observed AML is more than the critical AML, the
system will coalesce to form a single star, and if it is less then the system will
oscillate back to a marginal contact state. It is clear that since these systems
oscillate, a critical mass ratio must exist where the secular mass transfer changes
from primary to secondary and vice-versa. Qian (2001) showed that such a
mass ratio is observed based on a study of contact binaries and found g to be
around q = 0.4. The q < 0.4 systems tend to display a period decrease in
the O — C diagram whereas the orbital period was found to increase in high
mass ratio systems viz. q > 0.4. Based on a catalog of Kepler eclipsing binary
systems, Kouzuma (2018) reported that a process of mass transfer from primary
(massive) to secondary becomes rapid while it slows when the mass transfer
occurs from secondary to primary when both AML and mass loss mechanisms
were considered. Kouzuma (2018) also noted a critical mass ratio ¢ = 0.5 where
the mass transfer and loss trend display opposite behavior.

EV Cnc is a short period semi-detached binary system with an orbital period of
P = 0.44124 day (Gilliland 1991). It is a partially eclipsing binary system and
exhibits an ellipsoidal variation in the light curve possibly due to mutual tidal
effects, and this system emits X-rays probably from the magnetically active
coronae component (van den Berg et al. 2002). The earlier light curve dis-
plays asymmetry at the maxima probably caused by hot spot activity (Yakut et
al. 2009). O — C studies show that the orbital period was found to be increasing
in EV Cnc with a rate of dp/dt = 2.4 x 107¢ days yr~!, which is relatively high
and further observations are needed to confirm it. We studied this system for a
few basic reasons: (1) EV Cnc mass ratio was estimated to be q = 0.4-0.5 with
sparse data and we would like to confirm the result (Yakut et al. 2009); (2) To
determine more robustly the rate of change of period, i.e., dp/dt and constrain
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the mass transfer and mass loss rates.

On the other hand, AH Cnc is a well studied contact binary system with a
low mass ratio configuration (Qian et al. 2006; Yakut et al. 2009). The O — C
variation exhibits the presence of a third body along with a period increasing
trend. In the present work, a detailed analysis of photometric solutions and an
O — C diagram analysis are performed for both EV Cnc and AH Cnc, and their
probable final binary configurations are discussed.

2. Data Reduction and Analysis

The sources EV Cnc and AH Cnc were observed from the JCBT 1.3 m telescope
at Vainu Bappu Observatory (VBO), ITA, equipped with a 2k x 2k CCD during
2018 March 8th to 2023 February 9 with an exposure time of 300 s in the V
band. It should be noted that we used 2019 year data for photometric solutions
as in other nights, but we did not obtain complete phase light curves. However,
we obtained the times of minima from other night data. We used the apphot
IRAF package to perform differential photometry (e.g., Sriram et al. 2016).
We also used Kepler K2 (EPIC 211412192) and Transiting Exoplanet Survey
Satellite (TESS) (TIC 437039183) data to model the light curves and estimate
the photometric solutions. Further, the data were used to obtain the times of
minima to perform the study of the O — C diagram.

3. Photometric Solutions of EV Cnc

EV Cnc is an interesting source as its location is close to the turn-off point of
the cluster (Yakut et al. 2009). The light curve exhibits a difference between the
primary and secondary minima closely resembling a semi-detached or a marginal
contact binary system. Generally, these systems have a high-temperature dif-
ference (e.g., Qian et al. 2020). We noted that the Kepler light curve displays
an asymmetry in the maxima at phases 0.25 and 0.75, which is also observed
in the JCBT light curve. Since the source has not been explored in terms of
a photometric solution except by Yakut et al. (2009), we again determine the
various photometric solutions using JCBT, Kepler, and TESS light curves.

The Phoebe software (Prsa & Zwitter 2005) was invoked to perform the photo-
metric analysis which uses primarily the Wilson-Devinney (WD) methodology
(Wilson & Devinney 1971; Wilson 1979, 1990). We adopted the following proce-
dure to get the best solution for the light curves (for more details see Sriram et
al. 2016, 2017, 2018). The gravity darkening coefficient g; = g, = 0.32 was fixed
(Lucy 1967) along with the adopted albedos A; = A, = 0.5 for both compo-
nents (Ruciriski 1969). We fixed the primary temperature T; = 6900 K (Yakut
et al. 2009). Bandpass and bolometric limb darkening coefficients (square root)
were adopted from the table determined by van Hamme (1993). A circular and
synchronous (F = 1) orbit was assumed.

Four parameters were adjusted initially: temperature of the secondary compo-
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nent (T,), orbital inclination (i), the dimensionless potentials of the primary
and secondary components (£2;, €2,) (depending on the configuration), and
the respective bandpass luminosity of the primary star (L;). We attempted
non-thermal contact, semi-detached primary (SD1) and secondary (SD2) filled
Roche lobe configurations to obtain the solutions. Since there is no spectro-
scopic mass ratio available for this source, we adopted a grid search method to
constrain it. The grid search was performed in the range of 0.04 < q < 5 by
varying the adjustable parameters (Figure 1 [Figure 1: see original paper], top
panel). Later the mass ratio parameter was also freed to get the best fit (Figure
1, bottom panel). It is clear that the SD2 configuration resulted in the lowest
residual among the three trial solutions, yielding q = 0.410 4+ 0.007.

Table 1 displays solutions for thermally decoupled contact and SD2 (for compar-
ison) best-fits for the observed light curves for JCBT, Kepler, and TESS data.
Figure 2 [Figure 2: see original paper| displays the best fit for JCBT (top),
Kepler (middle), and TESS (bottom) light curves. It can be vividly seen that
all light curves display asymmetry and we fitted a hot and a cool spot over the
cooler component which decreased the residuals (Figure 2, Table 1). Such a hot
spot region was also observed by Yakut et al. (2009). The size of the hot spot
(25° £ 4°) is noted to be larger than that of the cool spot (18° + 2°). The hot
spot could be due to the impact of the material over the stellar surface causing
the increase in the temperature of that region.

4. Period Variation

The O — C diagram of EV Cnc displays period variation and earlier studies
found that the period is increasing with a rate of dp/dt = 2.4 x 1076 days yr—!.
With new times of minima, we studied the period variation of EV Cnc. Table
2 displays the log of all times of minima and Figure 3 [Figure 3: see original
paper] displays the O — C diagram using JCBT times of minima and the period
of the binary is found to be consistently increasing. A parabolic equation was
fitted which resulted in the following equation using a least-squares solution for
JCBT times of minima. The increase in the period suggests that mass transfer
is taking place from the secondary to the primary component and is determined
from the following Equation (2).

The mass of the primary component was found to be 1.31 M and is derived
from Equation (3) (Kilicoglu 2021). The secular increase in the period (using
JCBT Min. I) with a rate of dp/dt = 2.28 x 10~7 days yr—! was observed,
where:

T=logTf—-4,g=1logg-4.

The mass transfer rate was found to be 1.54 x 1078 M yr—!. Moreover, it is

possible that mass loss can occur from either of the companions which further
increases the period of the system. The mass loss can be estimated from the
following Equation (3) (Tout & Hall 1991; Kouzuma 2018). The mass loss rate
M, was found to be 4.47 x 107" M yr 1.
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The distance to the source is found to be 2793 ly or 856 pc based on Gaia
parallax measurement, which is close to the distance of the M67 cluster, and it
indicates that EV Cnc is a member of the cluster.

5. Photometric Solution of AH Cnc

We obtained the data in the V band as discussed above for the overcontact
binary system AH Cnc. One can see a total eclipse which helps us to constrain
the mass ratio more accurately than other partially eclipsing binaries. We used
Phoebe software for the analysis of the light curve of the system which uses
the WD code in Mode 3 (Wilson & Devinney 1971; Wilson 1990). Based on
the color index B-V, the adopted value for the primary star was T; = 6300 K,
gravity darkening coefficients were taken as g; = g, = 0.32 (Lucy 1967), and
adopted values for albedos were A; = A, = 0.5 (Rucinski 1969). The logarithmic
limb-darkening coefficients (x;, X5) were obtained from van Hamme (1993).

The following parameters were made to vary during the fitting procedure: q
(mass ratio), L; (V band luminosity), the surface potential of the primary com-
ponent 2, T, and inclination i°. After many iterations, we finally achieved the
best fit for the observed light curve (see Figure 4 [Figure 4: see original paper|
and Table 3 ). We noted a filling factor of f = Q —Q/Q —Q to be 0.55, i.e.,
55% of the Roche lobe is filled, and AH Cnc has a high degree of contact which
is essential for the criteria of the merger scenario.

Previous studies revealed that the light curve solution sometimes needs a spot
over the primary; however, we did not see such type of solution in our light
curves in the present study.

6. Results and Discussion

The EV Cnc light curve displays a temperature difference of 1700 K and the
photometric mass ratio is noted to be q = 0.41. We attempted various solutions
and noted that the best-fit solution suggests that the secondary component
filled its Roche lobe. Recently Xiong et al. (2024) studied TESS sectors 1-26
and found 77 semi-detached binaries with an orbital period ranging from 18.75
to 0.37 days, and there were only 10-11 SD systems whose periods are lying in
the range of 0.4-0.5 day. It clearly suggests that such low angular momentum,
i.e., tight SD, systems are rare among binaries. The orbital period for EV Cnc
is still far away from the lower limit P = 0.248 days for SDs for A-F stars
(Zhai et al. 1989), which is further validated by Xiong et al. (2024). This kind
of system can be considered as a prototype which connects the classical Algol
and Contact binaries.

EV Cnc O — C variation strongly indicates an increasing trend in the orbital
period with dp/dt = 2.28 x 1077 days yr~!, which is almost ten times lower
than the previously reported rate of period change (Yakut et al. 2009) but still,
the observed period change is similar to that generally seen in these types of
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systems. In general, SD2 type systems have a lower degree of variation in the
period when compared to the classical Algol (Wang et al. 2022). In the case
of EV Cnc, as the secondary Roche lobe is filled, the material will transfer
to the primary’s surface, further increasing the orbital period and decreasing
the mass ratio. This phenomenon shall drive the system toward the classical
Algol configuration. Qian et al. (2018) studied the distribution of thousands
of Algol/SD2 type binaries and found a peak around 0.7 day, below which
the number of such systems drastically decreases. It is also possible that the
mass of the secondary component would decrease which is due to the mass loss
phenomenon. It is quite possible that as the convective layer depth decreases,
the magnetic winds would enable the secondary mass to escape via the winds
and hence the mass ratio may further lower.

Since both conservative mass transfer and AML are important driving mech-
anisms occurring in these systems, it can be concluded that TRO is ongoing.
Generally, oscillation occurs over a duration of a few million years (Qian 2001).
As the geometric contact lowers, the CCE depth decreases. As the CCE slides
off, the respective stellar activity will increase its strength and cause the mate-
rial to go off from the stellar surface. Later the AML increases, which decreases
the orbital period and the mass transfer would take place from primary to sec-
ondary. This will lead the binary to evolve toward contact configuration via the
marginal contact binary phase.

Overall the mutual inter-dependent mechanisms of mass transfer and AML con-
trol the evolution of these systems. Assuming that this period variation is due
to conservative mass transfer from the secondary to the primary component,
then the mass transfer rate is found to be around M = 2.28 x 1078 M yr—L.
We used Gazeas’ three-dimensional relation (Gazeas et al. 2009) to calculate the
mass and radius. One can estimate the mass transfer timescale or oscillation
timescale which is of the order of My/M = 23.2 Myr and the corresponding
period increase timescale is P/P = 1.93 Myr.

The asymmetry in the light curve indicates the presence of spots over the sec-
ondary based on our solutions. Previous studies by Yakut et al. (2009) also
reported the presence of spots over the cool star. This suggests that stellar ac-
tivity is also triggering the AML from the system. This would tend to drive the
system toward the contact configuration rather than the semi-detached phase.
The AML via the magnetic winds can be calculated using the following equation
(Bradstreet & Guinan 1994):

P = (87%/5) x (k*/G) x (M;R;* + MyRy?) x (R; + Ry)* / (a®M;M,) x
P

where the gyration constant is k? 0.07 to 0.20 for solar-type stars. By adopting
a value of k2 = 0.1 (Bradstreet & Guinan 1994) and assuming M; = 1.31 M ,
M, =053 M, R, =143 R, R, = 1.17 R and q = 0.41, the rate of orbital
period decrease due to AML can be computed as P = —1.76 x 107Y days
yr~1. This results in a period variation timescale of P b/P = 0.025 x 10° yr
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25 Myr. This timescale is much longer than the timescale deduced assuming
conservative mass transfer which was 1.93 Myr. Hence we conclude that EV Cnc
is driven by the process of mass transfer from secondary to primary component
though it has magnetic activity. Although the stellar winds might be present,
the magnitude is not enough to drive the system to the contact phase.

Cohen et al. (2009) showed in their simulations that the spot location on the
stellar component can control the AML. Our photometric solution suggests that
spots were located close to the equator. As per their simulations, if the spots
are lying close to the poles, then it would trigger a relatively higher AML than
if the spots would have been located at the equator. It has also been found that
the AML somehow controls the stellar dynamo and hence the magnetic field
structure over the stellar surface. Kouzuma (2019) studied a small sample of
semi-detached binary systems and noted that the size of the hot spot increases
with decreasing mass ratio in the range of 0.2 < q < 0.6 and is often seen in the
star whose temperature is greater than 6000 K. It was concluded that the mass
transfer should occur primarily from their spots. Further studies on the spot
location and its variation require more precise photometric and their movement
observations.

In this study, we obtained times of minima for AH Cnc using JCBT, Kepler,
and TESS data, and others were collected from the literature (Table 4 ). This
is to date the largest times of minima collected for this source. Using JCBT
times of minima, the best-fit updated quadratic solution is found to be:

Min.I = HJD 2459670.2685 + 0.3604485 x E + 4.10 x 1077 x E2

The O — C variation is plotted versus Epoch (Figure 5 [Figure 5: see original
paper] top panel). The variations suggest that the period is increasing and
follows a parabolic variation. The increase in the period indicates the mass
transfer in this system. The period is increasing at a rate of P = 4.1 x 1077
days yr~! in AH Cnc, which is higher than that reported by Yakut & Ibanoglu
(2000) (P = 2.4 x 1075 days yr!), whereas Qian et al. (2006) reported a P
=4.00 x 1077 days yr—!. On the other hand, Peng et al. (2016) reported a P =
4.29 x 10710 days yr—'. Mass is being transferred from a low mass component
to a more massive component. Earlier studies strongly indicate that AH Cnc
has a possible presence of a third body (Qian et al. 2006; Pribulla & Rucinski
2006; Yakut et al. 2009).

To fully determine the different parameters of the third body assuming the cyclic
variation is caused due to a third body (i.e., LITE, see Equation (6)), we used
Zasche’s code (Zasche et al. 2009) which implements the Simplex method to find
best-fit solutions. A blue line is used to show the period-increasing quadratic
term only, and a red line displays the following equation applied in the overall
O — C diagram in Figure 5 top panel:

(O—C)=Ax[((1-e3®)/(1 +e3 x cos )) x sin( + wy)] + Q x E?

where the projected semimajor axis, speed of light, eccentricity, the true anomaly
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of the binary orbit around the triple system’s center of mass, and the longitude
of the periastron are, respectively, represented by a5 sin i, ¢, e5, , and wy. JD;
is the starting epoch, E is integer eclipse cycle number, P is the orbital period
of the binary, Q = % x (dP/dt), which is a measure of the rate of change of
the period.

During the fitting procedure, different parameters were left free and allowed the
program to get the lowest residual. Initially, we constrained the eccentricity
to be fixed at e; = 0.68 (Yakut et al. 2009) but later kept it free to obtain
the uncertainty. The mass transfer in the Zasche code was obtained from the
parabolic curve as discussed above (Figure 5 top panel). The best-fit estimated
parameters along with error bars are shown in Table 5 . The third body period
was found to be P, = 24.58 £+ 1.22 yr along with an eccentricity e; = 0.33
4+ 0.12. It can be noticed that the previously reported third body period is
different than that estimated in the present study. Yakut et al. (2009) reported
a period of 34 yr whereas Qian et al. (2006) estimated it to be 36.5 yr along
with another companion with a period of 7.75 yr. With more times of minima,
Peng et al. (2016) reported a value of 35.26 yr assuming a circular orbit of the
third body.

To robustly calculate the orbital period, we ran the computation by considering
all the times of minima and estimated the best solutions for the third body
orbital period and eccentricity (for more details, see Sriram & Mamatha Rani
2023). Histograms were obtained and each of them was fitted with a Gaussian
function. Figure 6 [Figure 6: see original paper]| top panel displays the histogram
for the orbital period (Pj) along with the best fit Gaussian line shown with a
thick line, and the lower panel shows the same for eccentricity (e;). The best
fit resulted in a third body period of P; = 26.82 + 2.54 yr. Similarly, the
eccentricity was found to be e5 = 0.69 + 0.07. The uncertainties are at the 90%
confidence level ( % = 2.71).

AH Cnc is an important source due to its low mass ratio. These types of
systems are predicted to merge due to instability. The coalescence into a single
star from a binary system is theoretically well explored but lacks observational
evidence. The low mass ratio eclipsing binary systems of EW light-curve type
(EWs) provide laboratories to study and understand the merger scenario and
challenge the current models (Eggleton 2010, and references therein). There
is hardly any binary source that merged and was observed. In at least one
case, V1309 Sco, such a merger event has been directly observed (Nakano et
al. 2008). This defined a distinct new class of luminous red novae that was later
attributed, upon analysis of archival photometric data from OGLE (the Optical
Gravitational Lensing Experiment; Udalski 2003), to the merging components
of a cool overcontact eclipsing binary system with a decreasing orbital period
(Tylenda et al. 2011).

What triggers the binary to merge is still controversial. The widely accepted
scenario is Darwin’s instability model (Darwin 1879). When the binary is in
contact configuration, the binary will merge and form a single star if the spin
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AM of stellar components is more than one-third of the orbital AM, i.e., J >

J b (Hut 1980; Rasio 1995). Generally, this scenario is possible if the mass
ratio of the binary system is low (q < 0.2) and the secondary component is small
and less massive. In these circumstances, the secondary star synchronicity with
the primary breaks down due to tidal interaction. Due to this phenomenon,
with higher spin velocity, the respective AM is transferred to the surface of the
primary and eventually spins up the primary component. This causes the orbit
of the binary to shrink and the period starts to decrease, eventually leading to
the merger.

So the question arises: if the merger is not seen observationally, then is there any
indirect evidence for such a mechanism to be proved? It is believed that FK Com
and blue straggler-type stars could be the result of this coalescence process due
to their high spin and special location in the Hertzsprung-Russell (HR) diagram
(Rasio 1995; Stepien 2006; Stepien & Kiraga 2015). Other possible physical
processes may trigger the merger. Both AM and mass loss from the binary due
to stellar winds and the presence of a third body companion/companions help
in tightening the binary, slowly evolving the binary toward coalescence (Stepien
& Gazeas 2012). Actually, the frequency of the contact binary is often seen to
be high and most of them host a third body, clearly indicating that such tight
binaries with low AM are possible (Rucinski et al. 2007; Raghavan et al. 2010;
Rappaport et al. 2013).

There is another source, KIC 9832227 (Molnar et al. 2017), which shows a large
period change of the order of 1076 days yr~—! which is 10-100 times faster when
compared with normal period change often seen in contact binaries. In addition,
both the loss of mass and AM through magnetic winds (Stepien 2006; Stepien &
Gazeas 2012) and the presence of other companion(s) plays a crucial role in the
merging process. Since most stars are in binaries, and a significant fraction are
in triples or higher order systems (Rucinski et al. 2007; Raghavan et al. 2010;
Rappaport et al. 2013), potential stellar mergers may serve as keys to the binary
fate.

On the other hand, as orbital variations are common in contact binaries, the
orbital period decay at a high rate induced by a third star proved to be crucial
in the case of the recently claimed red nova precursor KIC 9832227 (Molnar et
al. 2017) after the revision of its period variations (Socia et al. 2018; Kovacs et
al. 2019). This system is a contact binary with an orbital period P = 0.4579 day,
considered to be a red nova precursor. It harbors a distant low-mass companion
with an orbital period of 13.5 yr. Other binary systems display large period
changes. A steep period decrease of dp/dt = -3.4 x 107% days yr—! over 11 yr
was seen in ASAS J102556+4-2049.3 (Kjurkchieva et al. 2019). V1222 Tau has one
of the largest period variations of dp/dt = -8.9 x 107¢ days yr~! and an extreme
O’Connell effect. Like in many low-mass ratio (LMR) systems, the long-term
period variations are associated with the presence of an additional component
(Pribulla & Rucinski 2006) that plays a particular role in AM evolution.

The low-mass ratio systems with high fill-out factors are known as deep low-
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mass ratio (DLMR; Yang & Qian 2015) systems and are potential sources of
mergers. Based on the O — C variation, 35 such binaries have been identified as
low-mass ratio systems (Pietrukowicz et al. 2017). A bigger sample was surveyed
by Hajdu et al. (2019) using the OGLE IV archive and 1000 systems were noted
out of 80,000 with cyclic observations. Christopoulou et al. (2022) increased the
sample size of LMR systems based on the Catalina Sky Survey data. Among
30 systems, 12 were found to be associated with high fill-out factors with mass
ratio q < 0.25, and out of them, eight have very low mass ratio q < 0.1. For
the sample, the mean primary and secondary masses were found to be 1.42 M
and 0.77 M along with a temperature range of 5000-6500 K. It was concluded
that there is no bias toward A or W sub-types of W UMa systems.

We have listed the LMR systems in the period range of 0.30-0.40 day (Table 6
). In Table 6, the columns are organized as follows: Period (in days); mass ratio
(q = M,/M,;); mass ratio determination method photometric with total eclipses
(T) or spectroscopic (SP); primary mass (M, ); primary radius (R;); secondary
radius Ry; fill-out factor (f); the derived ratio of total spin angular to orbital mo-
mentum for gyration radii k = 0.06; and the derived ratio of total spin angular to
orbital momentum for different values of the massive component and for the less
massive component (this work). It is noticed that one system closely resembles
the AH Cnc physical configuration, i.e., CSS J155637.0+060949 (Christopoulou
et al. 2022). This source has a similar period of P = 0.36052 day and displays
a large period change of the order dp/dt 107 days yr~! in nine years of CSS
data. Now an interesting question arises: if this system has a similar physical
and radiative configuration (i.e., similar orbital period, mass ratio, primary and
secondary component temperature) to that of AH Cnc, then what causes the
large period change? It could be possible that there is some other mechanism
that is triggering the binary to spiral down. Maybe a larger magnetic activity,
causing huge stellar winds viz. a thousand times stronger winds often seen in
these types of systems 1076-1077 M yr~!, is removing the total AM driving
the systems toward merger. Future studies are required to focus on such DLMR
systems to explore the underlying mechanism observationally and theoretically.

We calculated the ratio of spin AM to orbital AM using the equation shown
below:

/I =k?+k?q) /(1+aq) x(1+aq?/q

where k; and k, are the dimensionless gyration radii of both components, and
q is the mass ratio. The exact values of k; and k, are difficult to calculate as
they depend on the structure of each stellar component, but the main sequence
star has a value of 0.075 for full radiative configuration and 0.205 for fully
convective configuration. For Sun-like systems, k 0.1. For k = 0.06, the ratio
was estimated to be (J /J ) = 0.134 and (J /J ) = 0.141 for k;? = 0.705 and k,?
= 0.205 for the massive component. These ratios are still slightly far from the
instability criterion of J /J = 0.33, but secular period decrease and occasional
mass loss from the systems would trigger AH Cnc to merge, forming a rapidly
rotating star. It should be noted that AH Cnc shows a period-increasing trend
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and may eventually tend to evolve away from Darwin’s instability criterion.
Future photometric studies are essential to study the period variation in AH
Cnc.

The number of low mass ratio binary systems in clusters is small. For example,
QX And is a short-period contact binary in the open cluster NGC 752 with a
mass ratio q = 0.23 and has a cluster age of 2 Gyr (Qian et al. 2007), EP Cep
in NGC 188 with q = 0.18 has an age of 56 Gyr (Chen et al. 2016), Tx Cnc
in M44 with a q = 0.45 has an age of 0.3-0.5 Gyr, KIC 4937217 in NGC 6819
with g = 0.26 has an age of 2.2 Gyr (Li & Liu 2021), and KIC 9470175 and
KIC 9532591 with g = 0.24 and 0.43 in NGC 6811 have an age of 1 Gyr (Li et
al. 2020). V12 is a contact binary with mass ratio g = 0.26 in an open cluster
NGC 7789 with an age of 1.6 Gyr (Qian et al. 2015b). It can be observed
that low mass ratio CBs are observed in clusters with an age spanning 1-6 Gyr
and hence it is difficult to reason the possible merger time of AH Cnc in M67
which has an age of 4 Gyr (Pols et al. 1998). AH Cnc is an evolved system
as it has a low mass ratio q = 0.161 and this configuration is plausibly due to
the effect of TRO and variable AML. EV Cnc is a member of the cluster (Gao
2018), with a possible semi-detached binary with a mass ratio ¢ = 0.41, and
is likely to evolve toward a classical Algol system configuration from a contact
configuration as the period is found to be increasing. It is clear that EV Cnc
and AH Cnc are at different stages of evolution in terms of mass ratio even
though they are members of the same cluster.

7. Conclusions

We studied two variables, EV Cnc and AH Cnc, in open cluster M67 using
JCBT, TESS and Kepler data. The photometric solutions suggest that EV
Cnc is a short period semi-detached binary with a mass ratio q = 0.41 and
the asymmetry in the light curves can be explained by the presence of hot and
cool spots. Based on the O — C studies, we confirm that the orbital period is
increasing with a dp/dt = 2.28 x 107 days yr—! which is well in agreement
with other such similar systems. Photometric solutions of AH Cnc are well in
agreement with previous studies; however, we did not find any signature of the
presence of spots over the stellar surface. Based on the simulations, we estimated
the orbital period of the third body to be around P, = 26.82 + 2.54 yr along
with an eccentricity e = 0.67 4+ 0.07. Future photometric and spectroscopic
observations are needed to confirm these results.
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