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Abstract Traditionally, some physical details (e.g., magnetic braking, energy transfer, angular mo-
mentum loss, etc.) have to be taken into consideration during investigations into the evolution of contact
binaries. However, the real evolutionary processes which usually contain several of these physical mech-
anisms are very complicated as a result of strong interaction between components. To avoid dealing

with these factors, a linear relationship is applied to the temperatures of components. It is found that the
higher the mass ratio (Ms/M;) of a contact system, the weaker the deviation from thermal equilibrium.
On this basis, a variation trend of fill-out factor (f) changing with mass ratio can be inferred, which is

consistent with observations. Moreover, if we stick to this point of view, it should be natural that the
number of semi-detached binaries in the predicted broken-contact phase of relaxation oscillations is less

than the number in the contact phase.
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1 INTRODUCTION

According to Binnendijk (1970), W UMa-type contact
binaries are divided into two subtypes: A and W. In this
system of classification, temperatures of primaries are
higher in A types and lower in W types than secon-
daries. Based on the investigations into period changes
of W UMa-type systems by Rucinski (1973), W types
might be thermally unstable, which contradicts the com-
mon envelope model built on thermal equilibrium by
Lucy (1968). Based on the possibility of thermal non-
equilibrium, thermal relaxation oscillation (TRO) the-
ory was set up by Lucy (1976), Flannery (1976) and
Robertson & Eggleton (1977). In this theory, W UMa-
type contact systems are obliged to undergo periodic
thermal relaxation oscillations between a contact phase
and a semidetached phase. Because timescales spent in
these two phases are roughly equal, both of their num-
bers should also be the same. Although candidates of pre-

dicted semidetached binaries have been found by Lucy &
Wilson (1979), prediction about their numbers still seems
to be incompatible with observation, such that an absence
of this kind of binary still exists (Paczynski et al. 2006;
Pietrukowicz et al. 2013). A possible explanation related
to this contradiction refers to angular momentum loss
considered by Li et al. (2005). Their model has the ability
to undergo cycles without loss of contact. However, the
evolutionary track of fill-out factor f versus mass ratio ¢
is not consistent with observational facts.

On the basis of observations, many inferences about
the evolutionary characteristics of W UMa-type contact
binaries have been given by researchers. Based on the
continuous transition of physical quantities and W types
having a higher density in the primary than A types, there
is the possibility of evolution from W types to A types af-
ter considering evolutionary expansion (Maceroni et al.
1985). From the view that statistical distributions of A
types have higher average values than W types in both
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total mass and orbital angular momentum, there is also
the possibility of evolution from A types to W types
when the loss of mass and angular momentum is taken
into account (Gazeas & Niarchos 2006). Although the
detailed mechanism is still a controversial problem, a
contact system almost certainly cannot exist in a state
of static equilibrium undergoing periodic thermal relax-
ation oscillations. Wang (1994) proposed that A types
and W types are slowly expanding toward their equilib-
rium configuration and shrinking toward their zero age
main sequence (ZAMS) point, and W types are caused by
the gravitational energy released from contraction of the
secondary which makes its effective temperature slightly
higher than the primary. However, in the model of Li
et al. (2004), contraction of the secondary is one of the
mechanisms which leads to the appearance of W types.
It only lasts for a very short period, so effective temper-
ature of the secondary being higher than the primary is
mainly caused by depletion of part of the luminosity of
the primary due to its rapid expansion. In cyclic evolu-
tion, thermal equilibrium is unlikely to be achieved be-
tween components of a contact binary as a result of the
difference in their thermal timescales. However, they still
attempt to reach the non-existent case of thermal equilib-
rium, which is the driving force for the cyclic behavior.

From the above standpoints, it is clear that deviation
from thermal equilibrium of a contact system leads to ex-
pansion or contraction of components and the expansion-
contraction phenomenon is related to the interconver-
sions between A types and W types. Owing to the dif-
ficulty of directly studying thermal non-equilibrium, the
key aspect becomes interconversions between these two
types, which can be considered as a natural laboratory
for this kind of investigation. This paper investigates a
variation trend in the degree of deviation from thermal
equilibrium in cyclic evolution and constructs the rela-
tion between this evolutionary characteristic and obser-
vational data. Note that our topic in this paper is about
thermal non-equilibrium of the whole contact system, not
the transferred energy between components.

2 EVOLUTION UNDER LINEAR
APPROXIMATION

2.1 Static Characteristics in Cyclic Evolution

Considering a real contact system in thermal non-
equilibrium, the evolutionary track should always os-
cillate around thermal equilibrium, which cannot be
reached. Hence, temperatures of two components (77 —
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the primary; 75 — the secondary) should also have sim-
ilar oscillations near the isothermal state (77 = T5),
which corresponds to interconversions between A types
and W types. As shown in Figure 1, this behavior is de-
scribed by the solid line with label 2. In order to show the
difference between thermal non-equilibrium and thermal
equilibrium, it is assumed that there is another contact
system in the non-existent case of thermal equilibrium.
Hence, temperatures of components should always stay
the same. This evolutionary behavior is associated with
the straight solid line on the diagonal with label 1. Now,
the difference between these two states is clear to us. The
solid line 2 can be regarded as a spring. When a contact
system in thermal non-equilibrium (line 2) gets closer to
thermal equilibrium (line 1), the spring (line 2) has to
be stretched. If the spring (line 2) is straightened, line 2
will be equivalent to line 1, which means that the contact
system achieves thermal equilibrium, although this is im-
possible. Here, a state closer to thermal equilibrium than
line 2 is introduced by the dashed line with label 3. In
other words, the evolution track on line 3 is still in ther-
mal non-equilibrium, but the degree of deviation from
thermal equilibrium is weaker than for line 2. Additional
information about Figure 1 is that the spring (line 2 or
line 3) does not correspond to a real evolutionary track
for a contact system in thermal non-equilibrium, but it
is an approximation when a contact system enters into a
state with a small temperature difference between its two
components.

Accordingly, investigation into the degree of devi-
ation from thermal equilibrium of a contact system de-
pends on the differences between line 2 and line 3.
Firstly, an imaginary point is placed in the lower right
corner of Figure 1. This point is introduced and defined
in the next subsection. Then we draw rays from this point
and make them cover these two lines. Here, the slope of
these rays is described by A and temperature at intersec-
tions between line 2 or line 3 and the diagonal is repre-
sented by Tp. Therefore, two differences are apparent to
us:

(1) The range of A on line 3 is larger than that on line 2,
which means that o(\3) > o(\2). o represents the
standard deviation.

(2) The interval between Tj for two adjacent intersec-
tions on line 3 is also larger than that on line 2, which
means that §(Tp3) > 6(Toz2). d represents the aver-
age of the interval.
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Fig.1 Imaginary oscillations of temperatures around the isothermal state. The straight solid line on the diagonal with label 1
represents a contact system in the non-existent case of thermal equilibrium. The solid line with label 2 represents a contact system
in thermal non-equilibrium. The dashed line with label 3 represents a contact system closer to thermal equilibrium than the solid
line but still in thermal non-equilibrium. A represents the slopes of the rays from the imaginary point. 7 represents the intersections
between line 2 or line 3 and the diagonal (dotted line). Ty’ represents the intersections between these rays and the diagonal. Note
that scales of axes are not the real values of temperatures but rather their relative variation trends.

Overall, a weaker deviation from thermal equilib-
rium requires two conditions — a larger () and a larger
3(To).

2.2 Method and Calculations

Rays from the imaginary point are described as
=Ty, (1)

where )\’ is the weighted parameter and T’ is the isother-
mal temperature when 77 = T5.

Through an appropriate transformation, 75 can be
rewritten as a function of Ty (i.e., To = =T1 /N + (1 +
1/N)Ty'). Then we have A = —1/). Hence, the com-
parison of o(\) is equivalent to the comparison of ().
However, there is no correlation between Tj and Tp’. As
shown in Figure 1, the former comes from intersections
between spring and diagonal, but the latter is from in-
tersections between rays and diagonal. Fortunately, these
rays also go through the spring, and the intersections be-
tween them represent samples of W UMa-type contact
binaries consisting of A types and W types. If the sam-
ples are random enough, the comparison of 6(7p) will
also be equivalent to the comparison of 6(7,"). Here, 118
samples of W UMa-type contact binaries with sufficient
absolute quantities (e.g., mass, radius, luminosity, etc.)

have been collected. They are listed in Table 1 (A types)
and Table 2 (W types), and we presuppose that these
samples are random. Hence, two original conditions on

a(A) and 6(Tp) are converted into conditions on o (\)
and §(7Ty).

Let us come back to Equation (1). There are two
points on each of the rays. One point is from the samples
on the spring. The other is the imaginary point which is
still unknown to us. Hence, a unified definition of this
point is needed. In this paper, this imaginary point is set
in the critical phase between the contact phase and the
broken-contact phase for convenience, which means that
the fill-out factor of a contact system on this point should
be equal to 0 and the transferred energy between compo-
nents is at a low level because of the poor thermal con-
tact. Owing to the mass difference, the secondary (the
less massive one) should be more sensitive to the trans-
ferred energy than the primary (the more massive one).
Based on these restrictions and the fact that components
of most EWs are main sequence (MS) stars (Qian et al.
2017), luminosities of the two components at the imagi-
nary point are roughly equal to those on the MS, and the
MS radius of the primary is maintained. However, radius
of the secondary has to be computed by Roche geome-
try. Accordingly, temperatures of a contact system at the
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Table 1 Samples of A-type Contact Binaries

Star Per My Mo R Ro L1 Lo 71 T2  qpn f Reference N To'

@ Mg) Me) (Re) (Bp) (Le) (Le) K K) (T)
CC Com 0.2207 0.720 0.379 0.708 0.522 0.151 0.079 4300 4263 0.529 0.180 Zola et al. (2010) 1.00979 0.74073
J1558 0.2601 1.300 0.800 0.940 0.770 1.170 0.675 6200 5970 0.650 0.069 Djurasevic et al. (2016) 1.14952 1.05138
VZ Psc 0.2613 0.560 0.510 0.660 0.650 0.160 0.130 4500 4305 0.920 0.070 Maceroni et al. (1990) —1.08343 0.34041
VW Cep 0.2783 0.851 0.340 0.870 0.568 1.246 0.373 6547 5993 0.401 0.180 Khajavi et al. (2002) —0.18466 1.15441
XY Leo 0.2841 0.813 0.593 0.833 0.714 0.448 0.220 5200 4701 0.717 0.080 Zola et al. (2010) 0.53315 0.86963
TZ Boo 0.2972 0.990 0.210 1.080 0.560 1.260 0.330 5890 5873 0.207 0.525 Christopoulou et al. (2011) 0.11748 1.01872
SX Crv 0.3166 1.246 0.098 1.347 0.409 2.627 0.216 6340 6160 0.079 0.270 Zola et al. (2004) 0.12572 1.09341
ASAS 0212 0.3182 1.150 0.220 1.180 0.580 0.990 0.230 5307 5254 0.189 0.587 Acerbi et al. (2011) 0.45543 0.91530
AH Tau 0.3327 1.040 0.530 1.050 0.770 1.190 0.640 5840 5816 0.505 0.066 Xiang et al. (2015) 0.22795 1.00961
EQ Tau 0.3413 1.233 0.551 1.143 0.775 1.360 0.610 5860 5810 0.447 0.130 Zola et al. (2005) 0.38098 1.01145
V508 Oph  0.3448 1.010 0.520 1.060 0.800 1.305 0.662 6000 5830 0.530 0.104 Lapasset & Gomez (1990) 0.13863 1.03448
GR Vir 0.3470 1.370 0.170 1.420 0.610 2.870 0.480 6300 6163 0.122 0.786 Qian & Yang (2004) 0.20716 1.08590
CK Boo 0.3552 1.386 0.154 1.448 0.586 2.716 0.434 6380 6340 0.111 0.717 Yang et al. (2012) 0.18504 1.10273
AH Cnc 0.3605 1.188 0.185 1.332 0.592 2.504 0.449 6300 6151 0.156 0.510 Peng et al. (2016) 0.11903 1.08722
UCAC4 0.3615 0.700 0.300 1.000 0.650 0.398 0.167 4590 4580 0.400 0.077 Djurasevic et al. (2016) 0.50464 0.79354
DZ Psc 0.3661 1.352 0.183 1.469 0.617 2.836 0.493 6210 6187 0.145 0.790 Gazeas et al. (2005) 0.22152 1.07367
V410 Aur 03663 1.304 0.188 1.397 0.605 2.294 0.396 6040 5915 0.143 0.524 Yang et al. (2005a) 0.25653 1.04057
XY Boo 0.3706 0.912 0.169 1.230 0.607 2.138 0.515 6324 6307 0.186 0.559 Yang et al. (2005a) -0.04862 1.09427
U Peg 0.3748 1.149 0.379 1.224 0.744 1.583 0.577 5860 5841 0.331 0.244 Pribulla & Vanko (2002) 0.26957 1.01314
DX Tuc 0.3771 1.000 0.300 1.200 0.710 1.970 0.660 6250 6182 0.290 0.149 Szalai et al. (2007) 0.02606 1.08102
HN UMa 0.3825 1.279 0.179 1.435 0.583 2.550 0.410 6100 6082 0.147 0.320 Zola et al. (2005) 0.21662 1.05481
AU Ser 0.3865 0.895 0.635 1.100 0.940 0.988 0.541 5495 5114 0.710 0.198 Giirol (2005) 0.36036 0.93323
EX Leo 0.4086 1.573 0.313 1.560 0.734 3.474 0.663 6340 6110 0.200 0.350 Zola et al. (2010) 0.33173 1.08697
QX And 0.4122 1470 0450 1.460 0.880 3.285 1.179 6440 6420 0.306 0.352 Djurasevi¢ et al. (2011) 0.25860 1.11348
V1918 Cyg 0.4132 1.520 0.400 1.520 0.870 5.143 1.559 7060 6924 0.264 0.497 Yang et al. (2013) 0.09870 1.21934
RZ Tau 0.4157 1.700 0.640 1.560 1.040 6.190 2.600 7300 7194 0.379 0.550 Yang & Liu (2003b) 0.17146 1.26029
Y Sex 0.4198 1.210 0.220 1.500 0.750 3.000 0.690 6210 6093 0.180 0.640 Yang & Liu (2003a) 0.16040 1.07160
V899 Her 0.4212 2.100 1.190 1.570 1.220 2.320 1.400 5700 5677 0.566 0.237 Ozdemir et al. (2002) —4.75760 0.98112
AK Her 0.4215 1.200 0.340 1.400 0.800 3.020 0.820 6500 6180 0.277 0.332 Caligkan et al. (2014) 0.08837 1.12007
EF Dra 0.4240 1.815 0.290 1.702 0.777 3.961 0.793 6250 6186 0.160 0.467 Yang (2012) 0.52228 1.07752
AW UMa 04387 1.636 0.162 1.752 0.656 6.530 0.570 6980 6201 0.099 0.353 Pribulla & Rucinski (2008) 0.16436 1.18859
DN Boo 0.4476 1428 0.148 1.710 0.670 3.750 0.560 6095 6071 0.103 0.640 Senavci et al. (2008) 0.28103 1.05359
FO Hya 0.4696 1.310 0.310 1.620 0.910 5.650 0.550 7000 5213 0.238 0.680 Prasad et al. (2013) 0.02117 1.20466
DK Cyg 0.4707 1.741 0.533 1.708 0.986 8.270 1.755 7500 6700 0.306 0.300 Baran et al. (2004) 0.15900 1.27859
VW LMi 0.4776 1.680 0.710 1.690 1.180 4.402 1.820 6440 6180 0.423 0.504 Djurasevic¢ et al. (2013) 1.02014 1.09147
XZ Leo 0.4877 1.742 0.586 1.689 1.004 6.926 2.073 7240 6946 0.336 0.190 Gazeas et al. (2006) 0.22054 1.24340
00 Aql 0.5068 1.060 0.897 1.406 1.309 2.453 1.894 6100 5926 0.846 0.370 Lietal. (2016) 6.65555 1.02919
V357 Peg 0.5785 0.850 0.340 1.480 0.990 4.730 1.770 7000 6687 0.401 0.312 Ekmekgi et al. (2012) -0.26847 1.23095
e CrA 0.5914 1.700 0.230 2.100 0.850 7.750 1.020 6678 6341 0.128 0.252 Yang et al. (2005b) 0.30934 1.14159
V2150 Cyg 0.5919 2.350 1.885 1.982 1.786 14.416 11.245 8000 7920 0.802 0.190 Kreiner et al. (2003) -3.47652 1.36465
AQ Tuc 0.5948 1.930 0.690 2.050 1.320 8.950 3.470 6982 6866 0.350 0.580 Hilditch & King (1986) 0.43678 1.20186
HI Dra 0.5974 1.700 0.420 1.970 1.070 7.870 1.800 7000 6550 0.250 0.230 Caligkan et al. (2014) 0.25551 1.19523
V402 Aur  0.6035 1.638 0.327 1.997 0915 7.528 1.512 6775 6700 0.200 0.030 Zola et al. (2004) 0.21591 1.16984
RR Cen 0.6057 1.820 0.380 2.100 1.050 8.890 2.200 6912 6891 0.205 0.351 Yang et al. (2005b) 0.31986 1.19497
UZ Leo 0.6181 1.989 0.603 2.286 1.389 10.964 3.708 6980 6830 0.309 0.970 Zola et al. (2010) 0.45972 1.19944
FP Boo 0.6405 1.604 0.154 2310 0.774 11.193 0.920 6980 6456 0.096 0.380 Gazeas et al. (2006) 0.14171 1.19636
IK Per 0.6760 1.990 0.340 2.400 1.150 35.040 5.670 9070 8597 0.171 0.600 Zhu et al. (2005) —0.05568 1.57403
HV UMa 0.7108 2.800 0.500 2.620 1.180 15.400 2.900 7074 6944 0.184 0.018 Csdik et al. (2000) 0.83013 1.21367
V592 Per  0.7157 1.743 0.678 2.252 1.468 9.580 2.500 6800 6020 0.389 0.590 Zola et al. (2005) 0.46449 1.13367
V1073 Cyg 0.7859 1.730 0.530 2.330 1.360 9.770 3.010 6700 6520 0.303 0.174 Ekmekgi et al. (2012) 0.38035 1.15059
V376 And 0.7987 2.491 0.759 2.662 1.549 30.441 6.139 8350 7335 0.320 0.240 Zola et al. (2010) 0.60400 1.37851
V2388 Oph 0.8023 1.800 0.340 2.600 1.300 13.500 2.430 6900 6349 0.186 0.650 Yakut et al. (2004) 0.34528 1.16930
TY Pup 0.8193 2.300 0.420 2.840 1.390 26.915 5.754 7800 7567 0.185 0.520 Gu et al. (1993) 0.33374 1.33939
V921 Her 0.8774 2.068 0.505 2.752 1.407 23.526 5.094 7700 7346 0.244 0.230 Gazeas et al. (2006) 0.26846 1.31922
DU Boo 1.0559 2.080 0.487 3.190 1.740 34.622 9.098 7850 7610 0.234 0.502 Djurasevic¢ et al. (2013) 0.22633 1.35047
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Table 2 Samples of W-type Contact Binaries

Star Per M; Mo R; Rs Ly Ly T1 T> qpn f Reference N To'
d M) M) (Re) (Be) (Le) Le) ®) &) (Tw)
J2128 0.2248 0.700 0.260 0.700 0.470 0.157 0.105 4350 4800 0.400 0.115 Djurasevi¢ et al. (2016) 0.52855 0.77952
V523 Cas 0.2337 0.740 0.381 0.728 0.536 0.139 0.104 4152 4500 0.533 0.080 Zola et al. (2010) 0.98187 0.74817
RW Com 0.2373 0.800 0.380 0.770 0.540 0.264 0.151 4720 4900 0.471 0.061 Djurasevi¢ et al. (2011) 0.55551 0.82773
J0645 0.2486 0.700 0.300 0.760 0.550 0.230 0.135 4590 4720 0.480 0.160 Djurasevi¢ et al. (2016) 0.46868 0.80129
BD +07° 3142 0.2752 0.740 0.490 0.810 0.670 0.272 0.232 4640 4900 0.662 0.095 Djurasevi¢ et al. (2011) 0.62162 0.82001
BX Peg 0.2804 1.020 0.380 0.966 0.623 0.658 0.324 5300 5528 0.372 0.200 Samec & Hube (1991) 0.39967 0.92822
BL Leo 0.2819 0.920 0.430 0.920 0.650 0.704 0.457 5520 5896 0.476 0.213 Yang et al. (2013) 0.21339 0.96646
RW Dor 0.2855 0.640 0.430 0.790 0.670 0.295 0.288 4780 5200 0.672 0.130 Hilditch et al. (1992) -0.50855 0.75180
BW Dra 0.2922 0.920 0.260 0.980 0.550 1.110 0.410 5980 6164 0.280 0.140 Kaluzny & Rucinski (1986) 0.04288 1.03591
OU Ser 0.2968 1.109 0.192 1.148 0.507 1.480 0.340 5950 6226 0.172 0.440 Zola et al. (2005) 0.15922 1.03597
GN Boo 0.3016 0.840 0.270 0.950 0.560 1.234 0.629 6250 6879 0.320 0.058 Yang et al. (2013) -0.07551 1.07243
GZ And 0.3050 1.115 0.593 1.005 0.741 1.031 0.727 5810 6200 0.532 0.080 Baran et al. (2004) 0.27685 1.01982
V1128 Tau 0.3054 1.100 0.580 1.010 0.760 1.294 0.839 6200 6400 0.534 0.134 Caliskan et al. (2014) 0.12292  1.07645
FU Dra 0.3067 1.173 0.312 1.110 0.588 1.130 0.420 5670 6100 0.266 0.150 Zola et al. (2005) 0.30225 0.99824
V1191 Cyg 0.3134 1.280 0.140 1.270 0.480 2.160 0.320 6215 6300 0.107 0.295 Ekmekgi et al. (2012) 0.17227 1.07742
SW Lac 0.3207 0.980 0.780 1.020 0.920 0.762 0.762 5347 5630 0.797 0.309 Albayrak et al. (2004) 6.32991 0.96737
SW Lac 0.3207 1.240 0.964 1.090 0.976 0.971 0.953 5515 5800 0.787 0.300 Gazeas et al. (2005) —10.79574 1.00849
FG Hya 0.3278 1.445 0.161 1.438 0.515 2.702 0.422 6200 6519 0.104 0.690 Zola et al. (2010) 0.24252 1.08344
AO Cam 0.3299 1.119 0.486 1.092 0.732 1.043 0.582 5590 5900 0.435 0.120 Baran et al. (2004) 0.36128 0.98136
AB And 0.3319 1.042 0.595 1.025 0.780 0.657 0.499 5140 5500 0.571 0.050 Gazeas et al. (2005) 0.59855 0.91259
RZ Com 0.3385 1.140 0.500 1.120 0.780 0.648 0.341 4900 5000 0.425 0.201 He & Qian (2008) 0.90694 0.85598
GM Dra 0.3387 1.213 0.219 1.252 0.606 2.190 0.562 6306 6450 0.210 0.230 Gazeas et al. (2005) 0.12608 1.09379
ET Leo 0.3465 1.586 0.542 1.359 0.835 1.115 0.564 5112 5500 0.342 0.550 Gazeas et al. (2006) 0.96870 0.91746
BV Dra 0.3501 1.040 0.430 1.120 0.760 1.709 0.839 6245 6345 0.411 0.114 Kaluzny & Rucinski (1986) 0.05796 1.08140
QW Gem 0.3581 1.314 0.438 1.258 0.747 1.707 0.692 5890 6100 0.334 0.230 Kreiner et al. (2003) 0.35608 1.02857
V829 Her 0.3582 0.856 0.372 1.058 0.711 0.840 0.549 5380 5900 0.435 0.200 Zola et al. (2004) 0.19379 0.94540
VZ Lib 0.3583 1.480 0.378 1.335 0.692 1.961 0.567 5920 6030 0.255 0.130 Zola et al. (2004) 0.42952 1.02994
BB Peg 0.3615 1.424 0.550 1.279 0.813 1.610 0.810 5780 6100 0.386 0.210 Zola et al. (2005) 0.48957 1.01820
AM Leo 0.3658 1.294 0.594 1.226 0.846 1.840 0.946 6100 6221 0.457 0.250 Zola et al. (2010) 0.30224 1.06022
V752 Cen 0.3700 1.302 0.400 1.280 0.754 1.846 0.763 5955 6221 0.317 0.087 Barone et al. (1993) 0.30866 1.04113
V417 Aql 0.3703 1.377 0.498 1.314 0.808 1.796 0.777 5860 6066 0.355 0.310 Gazeas et al. (2005) 0.42434 1.02446
RT LMi 0.3749 1.284 0.494 1.272 0.838 1.681 0.803 6200 6350 0.382 0.280 Zola et al. (2010) 0.23585 1.07762
V2612 Oph 0.3753 1.300 0.370 1.300 0.750 2.230 0.750 6250 6280 0.286 0.221 Caliskan et al. (2014) 0.21507 1.08223
YY CrB 0.3766 1.393 0.339 1.385 0.692 2.347 0.755 6100 6499 0.232 0.230 Gazeas et al. (2005) 0.28247 1.07057
TX Cnc 0.3829 1.350 0.610 1.270 0.890 2.130 1.260 6250 6537 0.450 0.210 Zhang et al. (2009) 0.26497 1.09172
BICVn 0.3842 1.590 0.650 1.370 0.920 3.389 1.546 6700 6720 0.410 0.180 Qian et al. (2008) 0.25662 1.15988
FI Boo 0.3900 1.070 0.400 1.280 0.850 1.270 0.710 5420 5746 0.373 0.502 Christopoulou & 0.37442 0.95308
Papageorgiou (2013)

V396 Mon 0.3963 1.200 0.470 1.170 0.750 1.490 0.740 5922 6210 0.402 0.047 Yang & Liu (2001) 0.27328 1.03526
V870 Ara 0.3997 1.503 0.123 1.670 0.610 2.960 0.500 5860 6210 0.082 0.964 Szalai et al. (2007) 0.34711 1.02944
V1123 Tau 0.3999 1.270 0.350 1.360 0.780 1.910 0.660 5821 5920 0.279 0.165 Ekmekgi et al. (2012) 0.34429 1.01148
EP And 0.4041 1.100 0.410 1.271 0.821 2.070 0.907 6171 6250 0.372 0.249 Liao et al. (2013) 0.12188 1.06913
BH Cas 0.4059 0.730 0.350 1.090 0.780 1.010 0.720 5550 6000 0.475 0.210 Zota et al. (2001) 0.01710 0.96152
AH Vir 0.4075 1.360 0.412 1.397 0.826 1.380 0.645 5300 5699 0.303 0.230 Lu & Rucinski (1993) 0.62287 0.94345
HT Vir 0.4077 1.284 1.046 1.223 1.107 1.720 1.500 6010 6100 0.815 0.080 Zola et al. (2005) —11.79220 1.05681
V839 Oph 0.4090 1.572 0.462 1.528 0.874 3.148 1.097 6250 6349 0.294 0.530 Gazeas et al. (2006) 0.37063 1.08595
TV Mus 0.4125 1.350 0.220 1.700 0.830 3.330 0.710 5900 5938 0.177 0.743 Qian et al. (2005) 0.32458 1.02237
UV Lyn 0.4150 1.344 0.501 1.376 0.858 1.860 0.840 5770 6000 0.372 0.180 Zola et al. (2005) 0.44351 1.01050
V2357 Oph 0.4156 1.191 0.288 1.392 0.689 1.782 0.468 5640 5780 0.231 0.230 Gazeas et al. (2006) 0.34423 0.98198
V842 Her 0.4190 1.450 0.380 1.470 0.810 2.080 0.770 5723 6020 0.259 0.250 Erdem & OZkaIde§ (2009) 0.47286 1.00664
EF Boo 0.4205 1.547 0.792 1.431 1.064 3.084 1.731 6425 6450 0.534 0.180 Gazeas et al. (2005) 0.77834 1.11348
ER Ori 0.4234 1.530 0.980 1.390 1.140 2.558 1.851 6200 6314 0.640 0.150 Goecking et al. (1994) 2.22523 1.08627
AP Leo 0.4304 1.460 0.434 1.477 0.817 2.796 0.913 6150 6250 0.297 0.060 Kreiner et al. (2003) 0.34499 1.06845
V776 Cas 0.4404 1.750 0.242 1.821 0.748 5.900 1.010 6700 6725 0.138 0.770 Zola et al. (2005) 0.30958 1.16019
VY Sex 0.4434 1.423 0.449 1.497 0.864 2.174 0.832 5756 5960 0.315 0.220 Gazeas et al. (2006) 0.48237 1.00733
UX Eri 0.4453 1.450 0.540 1.450 0.910 2.440 1.030 6046 6100 0.373 0.120 Qian et al. (2007) 0.41605 1.04877
EZ Hya 0.4497 1.370 0.350 1.540 0.850 2.276 0.896 5721 6100 0.257 0.342 Yang et al. (2004) 0.41025 1.00887
AA UMa 0.4681 1.610 0.890 1.530 1.170 2.570 1.550 5917 5963 0.551 0.143 Lee etal. (2011) 2.81015 1.02957
V728 Her 0.4713 1.800 0.280 1.870 0.820 5.900 1.240 6600 6743 0.158 0.810 Erkan & Ulas (2016) 0.36767 1.14852
AQ Psc 0.4756 1.682 0.389 1.753 0.890 3.760 0.984 6100 6124 0.231 0.440 Gazeas et al. (2006) 0.52091 1.05679
AH Aur 0.4941 1.674 0.283 1.897 0.837 4.729 1.090 6200 6418 0.165 0.750 Gazeas et al. (2005) 0.41613 1.08375
DN Cam 0.4983 1.849 0.818 1.775 1.224 5.133 2.705 6530 6700 0.442 0.330 Baran et al. (2004) 1.15741 1.14554
BX Dra 0.5790 2.194 0.635 2.141 1.187 9.723 3.300 7000 7174 0.281 0.410 Zola et al. (2010) 0.54061 1.22164

MW Pav 0.7950 1.514 0.327 2.412 1.277 11.819 3.314 6900 6969 0.222 0.600 Alvarez et al. (2015) 0.12593 1.19511
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Table 3 Calculation Results for o(\") and 6(Tp")

q o(N) 5(To’)
0.0-0.1(0.05) 0.10282 0.05564
0.1 -0.2(0.15) 0.18334 0.02994
0.2-0.3(0.25) 0.15015 0.01474
0.3-0.4(0.35) 0.20294 0.02005
0.4 -0.5(0.45) 0.36887 0.02508
0.5-0.6 (0.55) 1.91961 0.04142
0.6 — 0.7 (0.65) 1.13679 0.11149
0.7-0.8 (0.75) 7.16099 0.04629
0.8 - 1.0 (0.90) 7.59619 0.34141

imaginary point can be written as

Ryi? "\ 7912Ry;? ’

where 7%; and Tb; represent temperatures of the primary

(Thi, Toy) =

and secondary at the imaginary point respectively, Lq;
and Lo; are their luminosities on the MS, Ry; is MS ra-
dius of the primary and ro; represents the radius ratio of
the secondary to the primary. Calculation of ro; refers
to the method proposed by Liu et al. (2018). About the
calculations of L; and R;, formulae describing the mass-
luminosity relation and mass-radius relation for MS stars
from Demircan & Kahraman (1991) are adopted

[ o ) 0:20M2% M < 0.7 Mg 3)
") L15M3SS M > 0.7 M,

R ) 089MOS M <1.66 Mg @
YT Lo1MOST M > 1.66 M.

So far, two sets of temperatures, (7%;,75%;) and
(Ths, Tas), are known to us. (71, Th;) is from the imagi-
nary point and (7', Tas) from the samples on the spring.
Hence, calculations of X and Ty’ can be carried out
by Equation (1). Values of these two quantities associ-
ated with each of the samples are listed in the last two
columns of Table 1 and Table 2. Additionally, we also
plot them in Figure 2 and Figure 3. Both of their abscis-
sas represent the mass ratio of sample systems. In order
to compute o(\') and 6(7Ty’), interval division of mass
ratio is needed. Here, the range from O to 1 is divided
into 10 intervals of 0.1. The last interval [0.9, 1] merges
with [0.8,0.9] into a larger one representing [0.8,1], be-
cause there is only one sample in it. Calculation results
for o(\') and §(7T}’) are shown in Table 3 and are drawn
in Figure 4 and Figure 5 respectively. It is clear that both
o(X\') and 6(Ty’) have a trend to be larger and larger with
the increase of mass ratio, roughly. Hence, we can draw
a conclusion that the higher the mass ratio (M /M) of

a contact system, the weaker the deviation from thermal
equilibrium.

3 EVIDENCE IN OBSERVATIONS

Considering a contact system in thermal non-
equilibrium, energy transfer from the primary to
the secondary happens because of overluminosity of the
latter (Yang & Liu 2001) and the approximate equality
between the sum of surface luminosities of components
and the sum of their nuclear luminosities (Jiang et al.
2009). Unfortunately, transferred energy between com-
ponents has nothing to do with energy sources and sinks.
It is just a process happening inside a contact system,
which is not associated with thermal non-equilibrium
of the whole system. In order to make the thermal
non-equilibrium clear, an equation describing energy

conservation is needed

Llnuc + L2nuc - Llsur + LQSur + A(L) 5 (5)

where Ly and Loy, are the nuclear luminosities of
the primary and the secondary respectively, Lig,, and
Loy, are their surface luminosities, and A(L) represents
the variation in gravitational potential of the contact sys-
tem with a small magnitude because of the fact of ap-
proximate equality found by Jiang et al. (2009).

When A(L) = 0, energy generated from nuclear
reactions is equal to energy released from the system’s
surface, which means the contact system is in thermal
equilibrium. On the contrary, when A(L) # 0, energy
generated from nuclear reactions is unequal to energy re-
leased from the system’s surface, which means the con-
tact system is in thermal non-equilibrium. Hence, A(L)
(variation in gravitational potential) is directly related to
the deviation from thermal equilibrium. Because A(L)
corresponds to the phenomenon of expansion and con-
traction, deviation from thermal equilibrium causes ex-
pansion or contraction of components.
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Fig.3 Distribution of the isothermal temperature Ty’ versus mass ratio q. White squares represent samples from A types. Black

circles represent samples from W types.

Accordingly, the expansion-contraction phe-
nomenon resulting from non-equilibrium
appears on the primary or the secondary, which leads
to matter entering or leaving the common envelope.
Additionally, the fill-out factor f can be regarded as

thermal

an indicator for thickness of the common envelope.
Behavior of the common envelope is predictable in that
there should be a greater amplitude on the fill-out factor
(i.e., A(f)), when the degree of deviation from thermal
equilibrium becomes larger (which means a greater
A(L)). Combined with the conclusion that a higher
mass ratio is related to a weaker deviation from thermal
equilibrium, it is natural that the smaller the mass

ratio, the larger the fill-out factor distribution range.
Distribution of f versus ¢ for our samples is presented
in Figure 6. It is in line with our expectation. We also
make a comparison with figure 4 in Liu et al. (2018).
Most of their samples are from Yakut & Eggleton
(2005). It shows a similar distribution of f except for
two interesting targets, NSVS 925605 (Dimitrov &
Kjurkchieva 2015) and 1SWASP J075102.16+342405.3
(Jiang et al. 2015). They seem to contradict our opinion
about the deviation from thermal equilibrium because of
their high mass ratios and large fill-out factors. Here, we
propose a conjecture that these two rare samples might
be in a special evolutionary stage if their solutions are
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Fig.4 Relation between standard deviation of weighted parameter o(\") and mass ratio q.
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Fig. 5 Relation between average interval of isothermal temperature §(7p") and mass ratio q.

reliable. The most probable cause is that one of their
components has evolved into post-MS. However, it is
not easy to identify the evolution state from spectral
observations as a result of mass transfer.

When a contact system has achieved the non-existent
case of thermal equilibrium, there is no need for oscilla-
tions between the contact phase and the broken-contact
phase owing to A(L) = 0, which means gravitational
potential stays stable and no expansion-contraction phe-
nomenon happens. Under the same logic, a real con-
tact system in thermal non-equilibrium might not en-
ter into the predicted broken-contact phase if the degree
of deviation from thermal equilibrium is small enough.
Based on the discovery of a higher mass ratio corre-
sponding to a weaker deviation from thermal equilib-

rium, contact systems with high mass ratios should have
the ability to avoid the broken-contact phase. As a re-
sult, both of their numbers are different from each other.
The number of the latter (in the broken-contact phase)
could be much less than that of the former (in the con-
tact phase) when the mass ratio is large enough. In fact,
there is a large difference in their numbers (Paczynski
et al. 2006; Pietrukowicz et al. 2013), which is consistent
with our expectation. Although these statistical analyses
are based upon the period, their samples should be dis-
tributed in the whole range of mass ratio. However, fur-
ther research that involves statistical analysis based on
mass ratio is still needed to verify this expectation. Note
that the evolutionary track of f versus ¢ in figure 6(a) of
Li et al. (2005) does not fit with the observational facts
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Fig. 6 Distribution of fill-out factor f versus mass ratio q. White squares represent samples from A types. Black circles represent

samples from W types.

in Figure 6, even though their model can be prevented
from the broken-contact phase after considering angular
momentum loss due to magnetic stellar wind.

4 DISCUSSIONS AND CONCLUSIONS

The limitation of this paper rests with samples we have
collected, which are thought to be random enough. About
the imaginary point in Figure 1, maybe the calculations
are not in accordance with physical reality, but this as-
pect does not matter. We only focus on a unified def-
inition of this point for all the samples. The key in
this paper is linear Equation (1) we have introduced.
It is very concise, so lots of physical mechanisms can
be avoided. There is a slight difference in values of \’
and Ty’ when the empirical formulae for MS cases (i.e.,
Eq. (3) and Eq. (4)) change, but the distributions of o(\")
and 0(7y’) in Figure 4 and Figure 5 still remain similar.
Accordingly, conclusions about the evolution character-
istics of W UMa-type contact binaries are reliable:

(1) Degree of deviation from thermal equilibrium of a
contact system decreases with the increase in its
mass ratio.

(2) The fill-out factor distribution range becomes larger
as the mass ratio becomes smaller (in accordance
with observations).

(3) A contact system with a high mass ratio should have
the ability to avoid the broken-contact phase because
of a weak deviation from thermal equilibrium (in ac-
cordance with observations, but further investigation
is still needed).
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