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Abstract

HH UMa and V1175 Her are two W UMa contact binary systems whose periods were reported as undergoing
secular increase. In this paper, we improved their period analyses with a more extensive database of eclipse
timings, finding that both periods show cyclic variation. The cyclic variation could be attributed to a Light Travel
Time Effect induced by a third body. Both circular orbit and eccentric orbit cases were considered. For HH UMa,
the cyclic variation with a period of around 20 yr has been detected, which may be caused by a third body with
the mass larger than 0.23 M. However, no parabolic variation was detected in its O—C curve, implying the
balance of the mass transfer between the two components and the angular momentum loss from the binary
system. As to V1175 Her, a long-term period increase superposed on a periodic oscillation was detected. The
period increase with a rate of about dP/dr =2 x 10~ "day yr~' indicates the mass transfer from the less massive
component to its companion. The cyclic variation of about 7.5 yr could be caused by a hierarchical third body
with a minimal mass exceeding 0.46M, orbiting around the central binary. This mass is larger than that of the
less massive component of the binary, which means that the secondary component was not replaced by the third
body during early stellar interactions, implying that it keeps original dynamical information. By removing
angular momentum from the central binary system, the tertiary component has played a significant role in the
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formation of contact binaries.
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1. Introduction

The contact binaries are these systems whose two compo-
nents have filled their Roche Lobes (RLs, Kopal 1959), and
share a common convective envelope (CCE, Lucy 1968b).
Frequent mass and energy transfers in the CCE, result in the
two components owning very similar surface temperatures,
even though they may have various mass ratios (Lucy 1968a).
Consequently, contact binaries usually display EW-type light
curves, where the light curve changes continuously with the
depths of the primary and secondary minima being nearly equal
(Qian et al. 2020). W UMa type contact binaries are a subtype
of contact binaries comprising F, G and K type spectra
(Rucinski 1993) and with short periods. Contact binaries are
thought to be formed from detached binaries via angular
momentum loss (AML; Qian et al. 2017), and finally merged
into a single star like V1309 Sco (Yakut & Eggleton 2005;
Tylenda & Kamiriski 2016; Zhu et al. 2016; Pietrukowicz et al.
2017; Liu et al. 2018). In addition, the existence of extra distant
companions, which could have absorbed angular momentum
during the evolution of multiple systems, also results in the
formation of contact binaries (Pribulla & Rucinski 2006; Qian
et al. 2015), thus, the third body has played a critical role for a
close binary to evolve into a contact binary.

(stars:) binaries (including multiple): close — stars: late-type

The O — C method is a common way to explore the orbital
period changes of contact binaries. Secular period variations of
eclipsing binaries can be investigated by analyzing the O — C
diagram, which exhibits the difference between the observed
eclipse timings and those computed with a given ephemeris
(Liao & Qian 2010a). Many physical mechanisms of contact
binaries can be revealed by studying their O — C data, such as
the mass transfer in the two components, Applegate effect
(Applegate 1992), Shklovskii effect (Shklovskii 1970), and
light travel time effect (LTTE, Borkovits & Hegedues 1996)
via dynamical effects of a tertiary component.

HH UMa (Ckzo()o =11:04: 4815, (520()0 = +3536266) is a
W UMa eclipsing binary indicated by Pribulla et al. (2003)
with a mass ratio between 0.35 and 0.45. They noted the
marked asymmetry in the light curves of HH UMa and night-
to-night changes outside the eclipse. The radial velocity study
of Rucinski et al. (2008) confirmed the results of Pribulla et al.
(2003). Han et al. (2014) applied the W-D program to model
the asymmetry light curves of HH UMa in the BV bands,
indicating it is a W-type W UMa binary, and the asymmetry
light curves were explained by adding a hot spot on the more
massive component. Their period investigation manifested that
the period of HH UMa underwent secular increase. Yilmaz
et al. (2015) conducted simultaneous W-D investigation of
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light and radial velocity curves of HH UMa, deriving that HH
UMa was an A-subtype W UMa binary, which disagreed with
the result of a W-subtype from Han et al. (2014). The seasonal
variations in the light curves of HH UMa were interpreted with
two cool spots on the less massive component. Next, Wang
et al. (2015) conducted secular photometric monitoring of HH
UMa and obtained three sets of light curves spanned over six
weeks. The light curves displayed obvious asymmetry and
rapid interchange between the two maxima. These three
asymmetry sets of light curves were modeled by assuming
two cool spots on the more massive component. In addition,
Wang et al. (2015) analyzed the period of HH UMa with all
available minima, including their new timings, and the result
showed that the period was increasing, which was in
accordance with the result of Han et al. (2014).

V1175 Her (apo00 = 16:24:46.22, 02900 = +21:39:03.3) is
another W UMa system. It was reported by Akerlof et al.
(2000) as an EW-type eclipsing binary based on the data from
ROTSE-IL Blattler & Diethelm (2007) confirmed it belonged to
EW type binaries and gave a linear epoch as
Min = HID2453900.5264 + 09.321156 x E. Lu et al.
(2018) conducted the first photometric study of it in BVRI
bands. Besides, their period analysis showed that the period of
V1175 Her was increasing at 3.1 x 1077 day yr .

In this paper, we improved the period analyses of HH UMa
and V1175 Her with the new eclipse timings derived by us.
Then we discussed the possible reasons that caused the period
variations of HH UMa and V1175 Her.

2. Data Acquisition

HH UMa and V1175 Her have been monitored by many
telescopes. For HH UMa, photometric data can be obtained
from the Transiting Exoplanet Survey Satellite (TESS) space
mission (Ricker et al. 2015), Wide Angle Search for Planets
(SuperWASP; Butters et al. 2010), All-Sky Automated Survey
for SuperNovae (ASAS-SN; Kochanek et al. 2017; Jayasinghe
et al. 2018), Hipparcos (Hip; Perryman 2009), the Kamogata
Wide-field Survey (KWS4) and American Association of
Variable Star Observers (AAVSOS) database. In order to
calculate the eclipse timings from these sky-survey data, two
methods were applied. First, the Gaussian function was directly
used to derive the timings for continuous observation data, such
as TESS, SuperWASP and AAVSO. While for the dispersed
data from ASAS-SN, KWS and Hip, splicing phase and
Gaussian fit were applied. The method of reconstructing a
phase with dispersed data of more than one cycle was also used
in the works of Liu et al. (2015) and Li et al. (2022a, 2022b). In
addition, HH UMa was observed in 2007, 2008 and 2011 by
the 1.0m reflecting telescopes at Yunnan Observatories
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(YNOs). The observed CCD images were reduced with
applying the IRAF software and differential photometry, then
5 times of light minimum were determined. In this work, we
derived 217 new times of minimum of HH UMa. The 217
eclipse timings were listed in Table 1. As to V1175 Her, we
downloaded its photometric data from the All Sky Automatic
Survey (ASAS; Pojmanski 2002), TESS, KWS and Super-
WASP. The Gaussian function was directly utilized for the
continuous data from TESS and SuperWASP. The methods of
splicing phase and Gaussian fit were for the data from ASAS
and KWS. Then we derived 165 new eclipse timings of V1175
Her with applying these photometric data. All eclipse timings
derived from these sky-survey data were tabulated in Table 2.

3. Orbital Period Analysis of HH UMa and V1175 Her
3.1. Orbital Period Analysis of HH UMa

The first period change of HH UMa was detected by Han
et al. (2014), whose results meant that the period of HH UMa
was increasing. In order to check the period variation of HH
UMa in detail, we have collected more eclipse timings of
HH UMa.

Apart from 77 minima of HH UMa from the literature (e.g.,
Pribulla et al. 2003, 2005; Nelson 2006; Hubscher et al. 20006;
Nelson 2007, 2008; Yilmaz et al. 2009; Parimucha et al. 2009;
Nelson 2010; Parimucha et al. 2011; Nelson 2012; Parimucha
et al. 2013; Nelson 2014; Basturk et al. 2014; Wang et al. 2015;
Nelson 2015, 2016; Tzouganatos et al. 2016; Parimucha et al.
2016; Nelson 2017; Bahar et al. 2017; Soydugan et al. 2017;
Ozavci et al. 2019), we derived a total of 217 new times of
minimum in this work. All minima used in this paper were
observed with CCD detectors, hence, the weight 1 for all
eclipse timings was adopted. By applying the period from the
O-C gateway, a linear ephemeris is obtained as follows:

Min/ = HID2, 452, 368.3983 + 09.375493 x E, (1)

the corresponding O — C values were displayed in the upper
panel of Figure 1, which shows a marked cyclic oscillation. The
oscillation probably arises from the LTTE due to a third body.
Both circular orbit and eccentric orbit cases were considered.
First, the circular orbit with the eccentric e =0 was considered.
To begin with, the O — C trend was explained with a parabolic
curve plus a cyclic variation. It is found that this combination
cannot fit the values satisfactorily. Thus the O — C data were
described by a linear term with a periodic oscillation. Then, based
on the least-squares method, the following equation was derived:

Min I = HID2, 452, 368.395, 38(£0.00058)
+ 0.37549288(+0.00000005) x E
+ 04 00726(=0.00039)5sin(0°01923(4-0°00052)
x E + 138°59(£5°65)) 2)

Equation (2) means that the period of HH UMa needs to be
little corrected from P = 0.375493 days to P = 0.37549288(5)
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Table 1
Times of Light Minimum of HH UMa Derived in this Work
HID Error Ref. HID Error Ref. HID Error Ref. HID Error Ref.
2400000+ 2,400,000+ 2,400,000+ 2,400,000+

57001.23446 0.00473 (1) 54166.62662 0.00044 “4) 58904.98646 0.00096 (6) 58916.62457 0.00024 6)
47985.26171 0.00623 2) 54167.56399 0.00066 4) 58905.16577 0.00082 (6) 58916.80807 0.00041 (6)
48075.75276 0.00863 2) 54170.56905 0.00034 ) 58905.36194 0.00092 6) 58916.99941 0.00028 6)
48801.02583 0.00797 2) 54171.50601 0.00040 4) 58905.54121 0.00085 (6) 58917.18398 0.00036 (6)
52754.40556 0.00222 3) 54172.44574 0.00053 “) 58905.73744 0.00094 6) 58917.37477 0.00010 6)
53801.83547 0.00090 3) 54194.40940 0.00037 4) 58905.91752 0.00058 (6) 58917.55958 0.00031 (6)
58198.68487 0.00032 3) 54202.48668 0.00029 “4) 58906.11305 0.00092 (6) 58917.75003 0.00010 6)
59618.78770 0.00039 3) 54206.42673 0.00027 4) 58906.29203 0.00079 (6) 58917.93554 0.00038 (6)
53128.39372 0.00189 “) 54212.43536 0.00033 “) 58906.48844 0.00091 6) 58918.12525 0.00012 6)
53130.46101 0.00173 “) 54215.43978 0.00026 4) 58906.66768 0.00073 (6) 58918.31109 0.00042 (6)
53132.52222 0.00080 “) 54220.50966 0.00077 4) 58906.86347 0.00086 (6) 58918.50063 0.00024 (6)
53137.40500 0.00036 “4) 54221.44811 0.00045 4) 58907.04331 0.00071 (6) 58918.68659 0.00031 (6)
53139.46939 0.00099 “) 54223.51313 0.00093 4) 58907.23807 0.00051 6) 58918.87595 0.00009 6)
53146.41753 0.00082 “4) 54224.45105 0.00039 4) 58907.41868 0.00079 (6) 58919.06237 0.00027 (6)
53831.49889 0.00293 “) 54225.39067 0.00068 “4) 58907.61434 0.00079 6) 58919.25125 0.00013 6)
53832.43512 0.00034 “) 54574.40599 0.00131 4) 58907.79398 0.00069 (6) 58919.43787 0.00023 (6)
53837.50026 0.00098 “) 56698.39132 0.00835 5) 58907.98972 0.00074 (6) 58919.62662 0.00012 6)
53856.46423 0.00033 “4) 57111.25283 0.01018 (5) 58908.16964 0.00078 (6) 58919.81338 0.00015 (6)
54091.71698 0.00044 “) 57473.23480 0.00489 5) 58908.36465 0.00046 6) 58920.00208 0.00010 (6)
54092.65403 0.00052 “) 57473.23428 0.00829 (5) 58908.54512 0.00072 (6) 58920.18890 0.00014 (6)
54094.72026 0.00029 “) 58132.40500 0.00649 5) 58908.73991 0.00043 (6) 58920.37744 0.00002 6)
54098.65869 0.00040 “) 58132.59860 0.01024 (5) 58908.92078 0.00078 (6) 58920.56446 0.00020 (6)
54100.72912 0.00047 “) 58592.19907 0.00567 5) 58909.11554 0.00064 6) 58920.75290 0.00006 (6)
54101.66376 0.00039 “4) 57130.21430 0.01556 (5) 58909.29618 0.00069 (6) 58920.94022 0.00010 (6)
54103.73364 0.00075 “) 58899.53209 0.00099 6) 58909.67177 0.00066 (6) 58921.12840 0.00007 6)
54111.61720 0.00050 “) 58899.72974 0.00085 (6) 58909.86655 0.00068 (6) 58921.31558 0.00005 (6)
54114.62104 0.00043 “) 58899.90778 0.00105 (6) 58910.04731 0.00075 (6) 58921.50369 0.00009 (6)
54120.62718 0.00039 “) 58900.10550 0.00087 (6) 58910.24215 0.00059 (6) 58921.69133 0.00013 (6)
54121.56590 0.00058 “) 58900.28271 0.00105 (6) 58910.42291 0.00072 (6) 58921.87947 0.00021 (6)
54121.75347 0.00048 “4) 58900.48118 0.00085 (6) 58910.61769 0.00073 (6) 58922.06675 0.00008 (6)
54122.69167 0.00056 “) 58900.65946 0.00073 (6) 58910.79854 0.00067 (6) 58922.25494 0.00006 (6)
54123.63224 0.00041 “) 58900.85680 0.00096 (6) 58910.99353 0.00071 6) 58922.44198 0.00007 6)
54139.58833 0.00042 “) 58901.03489 0.00107 6) 58911.17403 0.00067 (6) 58922.63038 0.00009 (6)
54140.52935 0.00044 “4) 58901.23241 0.00099 (6) 58911.36907 0.00079 (6) 58922.81759 0.00002 6)
54140.71509 0.00048 “) 58901.40924 0.00115 (6) 58911.54949 0.00066 (6) 58923.00581 0.00011 (6)
54142.59184 0.00049 “) 58901.60773 0.00094 (6) 58911.74539 0.00099 (6) 58923.19328 0.00010 (6)
54143.53358 0.00051 “) 58901.78497 0.00115 (6) 58911.92455 0.00079 6) 58923.38101 0.00010 (6)
54145.59601 0.00096 “4) 58901.98319 0.00095 (6) 58912.12092 0.00103 6) 58923.56911 0.00022 (6)
54146.53824 0.00041 “) 58902.16213 0.00084 (6) 58912.30073 0.00061 (6) 58923.75657 0.00016 (6)
54146.72362 0.00050 “) 58902.35867 0.00083 (6) 58913.80278 0.00079 (6) 58923.94442 0.00021 6)
54147.66409 0.00054 “) 58902.53770 0.00086 (6) 58913.99739 0.00079 6) 58924.13191 0.00010 (6)
54149.54463 0.00100 “) 58902.73417 0.00094 (6) 58914.17893 0.00068 (6) 58924.32028 0.00014 6)
54150.66788 0.00044 “) 58902.91313 0.00083 (6) 58914.37204 0.00067 (6) 58924.50726 0.00006 (6)
54153.48292 0.00029 “) 58903.10957 0.00095 6) 58914.55450 0.00041 6) 58924.69558 0.00022 6)
54153.67180 0.00039 “) 58903.28879 0.00072 (6) 58914.74729 0.00090 (6) 58924.88294 0.00012 (6)
54154.60908 0.00031 “) 58903.48487 0.00097 (6) 58914.93035 0.00050 (6) 58925.07106 0.00033 6)
54155.54878 0.00038 “) 58903.66421 0.00071 (6) 58915.12287 0.00043 (6) 58925.25816 0.00010 (6)
54156.48711 0.00044 “) 58903.86052 0.00102 (6) 58915.30559 0.00079 (6) 58925.44679 0.00029 6)
54156.67505 0.00086 “) 58904.03868 0.00101 (6) 58915.49728 0.00053 (6) 58925.63341 0.00013 (6)
54157.61270 0.00059 “) 58904.23589 0.00087 6) 58915.68436 0.00072 6) 58925.82231 0.00023 6)
54158.55266 0.00041 “) 58904.41542 0.00061 (6) 58915.87443 0.00066 (6) 58926.00878 0.00027 (6)
54159.49047 0.00032 “) 58904.61115 0.00092 (6) 58916.24949 0.00084 (6) 58926.19778 0.00022 6)
54165.49933 0.00054 “4) 58904.79099 0.00052 (6) 58916.43169 0.00052 (6) 58926.38425 0.00024 (6)
54210.18316 0.00022 ) 54572.15743 0.00081 (@) 55597.24958 0.00032 (@) 55623.34868 0.00097 (@)
55623.16430 0.00024 (7)

Note. Ref: (1) ASAS-SN; (2) Hipparcos; (3) AAVSO; (4) SuperWASP; (5) ZTF; (6) TESS; (7) 1 m.
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Table 2
Eclipse Timings of V1175 Her Derived from ASAS, KWS, TESS, and SuperWASP Data

HID Error Ref. HID Error Ref. HID Error Ref. HID Error Ref.
2400000+ 2,400,000+ 2,400,000+ 2,400,000+

54655.67422 0.00691 (1) 59003.75035 0.00090 3) 53908.55745 0.00043 “4) 53130.61076 0.00081 “4)
54655.83258 0.00722 1) 59003.91362 0.00069 3) 53920.44263 0.00053 4 53132.53353 0.00096 4)
56731.58511 0.00921 2) 59004.07165 0.00039 3) 54170.66201 0.00045 4) 53137.51610 0.00076 4)
56395.44705 0.00967 ?2) 59004.39264 0.00078 3) 54189.61385 0.00075 “4) 53139.60132 0.00047 4)
58983.83643 0.00021 3) 59004.71390 0.00029 3) 54194.58926 0.00108 4) 53159.51575 0.00084 4)
58983.99765 0.00014 3) 59004.87723 0.00066 3) 54202.61873 0.00085 4) 53160.48013 0.00111 4)
58984.15756 0.00089 3) 59005.03486 0.00065 3) 54206.63674 0.00045 4) 53163.53433 0.00060 “4)
58984.64032 0.00027 3) 59005.67736 0.00045 3) 54212.57768 0.00058 4) 53170.60104 0.00067 4
58984.79992 0.00079 3) 59005.84099 0.00086 3) 54216.59602 0.00045 4) 53171.56511 0.00045 4)
58984.96105 0.00200 3) 59005.99856 0.00061 3) 54218.52303 0.00058 4) 53173.49155 0.00059 “4)
58989.61735 0.00076 3) 59006.16149 0.00032 3) 54219.64345 0.00104 4) 53175.57537 0.00046 4)
58989.78010 0.00067 3) 59006.31925 0.00113 3) 54222.53385 0.00104 4) 53178.46529 0.00061 4)
58989.93870 0.00047 3) 59006.48321 0.00083 3) 54225.59011 0.00095 4) 53179.59434 0.00076 4)
58990.10103 0.00048 3) 59006.64100 0.00061 3) 54227.67249 0.00088 4) 53180.55731 0.00033 “4)
58990.25994 0.00082 3) 59006.80471 0.00111 3) 54231.52752 0.00060 4) 53181.52069 0.00077 4)
58990.42246 0.00076 3) 59006.96227 0.00026 3) 54232.49227 0.00071 4 53183.44867 0.00076 4)
58991.22342 0.00085 3) 59007.12561 0.00048 3) 54236.51078 0.00062 “4) 53184.56730 0.00068 4)
58991.38574 0.00028 3) 59007.28337 0.00082 3) 54247.58997 0.00049 4) 53185.53149 0.00070 “4)
58991.54499 0.00031 3) 59007.44649 0.00037 3) 54249.51672 0.00058 “4) 53190.51487 0.00075 4)
58991.70715 0.00017 3) 59007.60485 0.00289 3) 54251.44314 0.00092 4) 53192.44188 0.00071 “4)
58991.86620 0.00031 3) 59007.76784 0.00078 3) 54251.60634 0.00071 4) 53194.52622 0.00050 4)
58992.02821 0.00003 3) 59007.92632 0.00042 3) 54252.40904 0.00053 4) 53195.48913 0.00056 4)
58992.18741 0.00063 3) 59008.56768 0.00120 3) 54254.49763 0.00065 4) 53197.41751 0.00036 4)
58992.34953 0.00034 3) 59008.88870 0.00057 3) 54256.42344 0.00062 4 53199.50869 0.00048 4)
58992.67068 0.00028 3) 59009.05242 0.00056 3) 54260.43784 0.00045 “4) 53200.47291 0.00069 4)
58992.82959 0.00056 3) 53827.61479 0.00127 4 54261.56308 0.00042 4) 53203.51975 0.00068 4)
58992.99216 0.00044 3) 53830.66075 0.00101 “4) 54263.48983 0.00037 “4) 53208.50227 0.00066 4)
58993.15081 0.00058 3) 53833.71686 0.00105 “4) 54264.45380 0.00040 4) 53209.46580 0.00050 4)
58993.31405 0.00173 3) 53851.53978 0.00066 “4) 54265.57615 0.00053 4) 53218.45604 0.00122 4)
58993.47185 0.00062 3) 53854.59257 0.00037 “) 54268.46642 0.00059 4) 53223.43320 0.00036 “4)
58993.63482 0.00082 3) 53855.55636 0.00073 “4) 54269.43033 0.00051 4) 53227.45175 0.00048 4)
58994.11445 0.00035 3) 53856.51849 0.00067 “4) 54269.59261 0.00054 4) 53232.42786 0.00055 4)
58994.27720 0.00161 3) 53856.67760 0.00052 “4) 54277.45928 0.00068 4) 53237.40871 0.00065 4)
58994.43547 0.00061 3) 53882.54030 0.00061 “4) 54286.45345 0.00047 4 53241.42159 0.00075 4)
58997.16822 0.00048 3) 53885.43103 0.00055 “4) 54289.50762 0.00038 “4) 53246.40239 0.00091 4)
58997.32738 0.00144 3) 53885.59031 0.00071 “4) 54290.47011 0.00043 4) 53255.39303 0.00051 4)
58997.81063 0.00087 3) 53887.51834 0.00051 “4) 54291.43401 0.00041 4) 53260.37150 0.00048 4)
58997.96884 0.00050 3) 53901.49127 0.00055 “4) 54294.48346 0.00037 4 53885.43273 0.00052 “4)
59003.10813 0.00080 3) 53902.45471 0.00058 “) 54295.44686 0.00082 “4) 53885.59148 0.00065 4)
59003.42890 0.00078 3) 53903.57932 0.00058 4) 53128.52366 0.00065 4) 53887.51836 0.00066 4)
59003.59209 0.00024 3) 53904.54283 0.00065 “4) 53129.64449 0.00067 “4) 53831.62587 0.00127 4)
53906.46980 0.00044 “)

Note. Ref: (1) ASAS; (2) KWS; (3) TESS; (4) SuperWASP.

days. In addition, the sinusoidal term shows a cyclical variation
with a period of 19.25(52) yr and a projected semimajor axis of
A =0.00726(39) days. All fit lines were plotted in the left hand
of Figure 1. The O — C values of HH UMa computed with
Equation (1) were shown in the top panel, where the solid line
represents a linear fit plus a cyclic oscillation, and the dashed
line means the linear correction. The (O — C); diagram with
respect to the revised linear ephemeris was exhibited in the
middle panel, and the periodic variation was fitted with another
solid line. After both changes were removed, the residuals were

plotted in the lowest panel. All symbols showing where the
eclipsing timings come from are given in this figure, where
RHN-2015 (HJD2457344.99589) was from Bob Nelson’s
O — C files, (2016).

Then, the periodic variation induced by the LTTE with an
eccentric orbit (e =0) was considered. According to Irwin
(1952) and Liao & Qian (2010b), the eccentric fitting of HH
UMa was derived as:

O — C=-0.00138(77) — 2.02(47) x 1077 x E+ 7 (3)
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Figure 1. The O — C diagram of HH UMa. (Left) The O — C values in the top panel were computed with Equation (1). The solid line refers to a linear fit plus a cyclic
oscillation (circular orbit), and the dashed line represents the linear correction. The (O — C); values in the middle panel are those that removed the linear fit, where the
solid line presents the fit of a cyclical change. After removing the two variations, the residuals were shown in the lowest panel. The symbols which show where the
minima come from are listed. The original publication of the black-filled circle RHN-2015 is unavailable online. (Right) The same as the left panels, but for the case of

an eccentric orbit of the third body with e ~ 0.5.

with

o2
r= A(l—e sin(v + w) + esin w) 4)
1 + ecosv

where E is the epoch number, A = qay, sini3/c is the projected
semimajor axis, and ¢ is the speed of light. The rest of
parameters i3, e, v and w are separately the inclination,
eccentricity, true anomaly and longitude of periastron. The fit
lines were plotted in the right panel of Figure 1, and the
description is the same as that of the circular orbit. The
corresponding results are summarized in Table 3. It also shows
that the period of HH UMa needs to be little corrected. Here the
cases of a circular orbit (i.e., ¢ =0) of the third body, along
with the eccentric orbit (i.e., e =0.50(7)), were tabulated
together in Table 3. Equation (8) was used to compute the mass
function of the third body, which will be introduced in
Section 4.2.

One thing one may note from Figure 1 is that the eclipsing
times from TESS data have a large dispersion, which arises
from the rapid variations of light curves of HH UMa. The rapid
variations of light curves can be explained with the presence of
a starspot that changes its location over time. The light curves
with strong distortion make the eclipse times deviate from the
theoretical phase, resulting in different trends of the O—C
values of the primary and secondary minima in the short
timescale, as is seen in Figure 2, where both the O—C values
from TESS data of HH UMa and V1175 Her show different
trends of the primary and secondary minima. This phenomenon
also occurs in binaries with variable light curves and is
interpreted as spot migration, such as 32 samples from Tran

Table 3
Orbital Parameters of the Third Body in HH UMa

Eccentric Orbit Case Unit

2,452,368.396,91(77) HID
0.375,492,80(5) days

Circular Orbit Case

2,452,368.395,38(58)
0.375,492,88(5)

Parameters

Revised epoch, JD,
Revised period, Py

Projected semi- 0.007,26(39) 0.009,93(71) days
major axis, A
Orbital period of 19.25(52) 20.85(55) yr

the third body, P3
Eccentricity, e 0 0.50(7)
1.720(123) au

Projected semi- 1.257(67)
major axis, aj sin iz
Mass func- 0.00537(86) 0.0117(25) M.
tion, f(m)
Minimum mass, 0.263(15) 0.352(28) Mg

M}.mim(iB = 900)

et al. (2013), KIC 06,852,488 (Shi et al. 2021) and NY Boo.
In addition, the amplitude variation of the primary and
secondary minima of HH UMa is higher than that of V1175
Her. Such a large amplitude variation also occurs in KIC
5,022,573 (Tran et al. 2013). It is probable that the starspot,
which changes its location over time, can always be visible in
the eclipse phase, which causes such a large amplitude
variation of primary and secondary minima of HH UMa.
Besides, the low time resolution of 1800 s of TESS data may
also bring some errors of the eclipse timings we derived.
However, the dispersion of eclipsing times from TESS data
has little effect on our results.
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Figure 2. The O — C values from TESS data of HH UMa and V1175 Her. (Left) The O — C values of the primary and secondary minima of HH UMa. (Right) The

same as the left panel, but for V1175 Her.
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Figure 3. The O — C diagram of V1175 Her. (Left) The O — C values computed with Equation (5) are in the upper panel. The solid line represents a parabolic curve plus
a cyclic oscillation for a circular orbit, and the dash line denotes the upward variation. The (O — C); values in the middle panel are those that removed the parabolic
variation, where the solid line presents the fit of a cyclical change. After the two variations were removed, the residuals were shown in the lowest panel. The symbols
which show where the minima come from are listed. (Right) The same as the left panels, but for the case of an eccentric orbit of the tertiary component with e ~ 0.58.

3.2. Orbital Period Analysis of V1175 Her

The first detailed study on V1175 Her was conducted by Lu
et al. (2018), whose period analysis showed that the period of
V1175 Her was increasing. In this study, we utilized the eclipse
timings that used in Lu et al. (2018), another two from Paschke
(2019) and Pagel (2021), along with 165 new ones derived by
us, to derive the period variation of V1175 Her. The linear
ephemeris applied is:

Min / (HID) = 2453900.526195 + 09 32120004 x E. (5)

Here both the epoch HID = 2453900.526195 and the period
P =0.32120004 were from Lu et al. (2018). According to
Equation (5), the O — C values of V1175 Her were computed
and shown in Figure 3, where we marked the provenances of

all the eclipse timings. The general trend of the O — C diagram,
as plotted in the upper panel of Figure 3, shows a pronounced
fluctuation. Similarly, the cyclic fluctuation of the period of
V1175 Her, caused by the LTTE due to a tertiary component,
was analyzed in two cases. First, the circular orbit case was
considered. It was found that the O — C trend can be well
explained with the combination of a parabolic curve with a
cyclic variation. The corresponding equation is:

Min 7 (HID) = 2453900.52912(31) + 09 32119869(17) x E
+9.53(£1.25) x 1011 x E?
+ 09 00757(=£0.00047)sin(0°04218(:0°0008 1)
x E + 349°346(£3°638)).
(6)
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Table 4
Orbital Parameters of the Third Body in V1175 Her

Parameters Circular Orbit Case Eccentric Orbit Case Unit
Revised epoch, JD, 2,453,900.529,12(31) 2,453,900.527,58(47) HID
Revised period, Py 0.321 198 69(17) 0.321 198 91(15) days
Rate of period increase, P 2.17(28) 2.02(50) x1077 day yr71
Projected semimajor axis, A 0.007 57(47) 0.008 35(98) days
Orbital period of the third body, P; 7.50(14) 7.45(17) yr
Eccentricity, e 0 0.58(12)
Projected semimajor axis, a;, sini; 1.31(8) 1.44(17) au
Mass function, f(m) 0.040(7) 0.054(19) M,
Minimum mass, M3 mim(i3 = 90°) 0.46 0.52 M.

The quadratic term in Equation (6) means that the period of
V1175 Her is undergoing long-term increase at a rate of
dP/dt=2.17(28) x 10~ 'day yr~'. The sinusoidal term means
a cyclical variation with a period of 7.50(14) yr and a projected
semimajor axis of A =0.00757(47) days. The O — C values
and fitting lines were plotted in the left hand of Figure 3, where
the middle panel shows the (O — C); values, which are the
values that removed the parabolic variation. After both the
parabolic and cyclical variations were subtracted, the residuals
were plotted in the lowest panel of Figure 3. There are no
variations that can be traced from the residuals.

Next, the eccentric orbit case (i.e., e = (0) was considered.
According to Irwin (1952) and Liao & Qian (2010b), the
eccentric analysis was derived as:

0 — C = 0.00139(47) — 1.13(15) x 10-6
x E + 8.89(22) x 10~ x E2 + T, (7

where 7 has been described with Equation (4). After removing
the two changes, the residuals, plotted in the lowest panel,
show no regularities. The parameters of the third body in
V1175 Her for the circular orbit case (e = 0) and eccentric case
(e=0.58(12)) were listed in Table 4. The O — C data and
fitting curves for both cases were plotted in Figure 3, and the
interpretations are below this figure. Similar to HH UMa, the
O — C values for TESS data of V1175 Her also show a small
dispersion, as has been shown in Figures 3 and 2. The reason
for this phenomenon is the same as that of HH UMa, because
the light curves of V1175 Her also undergo variations over
time. The small dispersion of TESS data also has no effect on
our results.

4. Discussion and Conclusion

In this paper, we have improved the period analysis of HH
UMa and V1175 Her with more extensive eclipse timings,
finding the oscillations of their orbit periods that were
neglected by the former researchers.

In this part, the masses of the two components of HH UMa
and V1175 Her need to be applied. Thus, the masses
M, =1.22(2)M ., M, =0.36(1)M, of HH UMa are taken from

Wang et al. (2015). However, Lu et al. (2018) reported that
M, =0.87(5M., M =3.49(5)M, of V1175 Her with the G7-
type spectra. The authors do not think that it is justified for a
contact binary with the G7-type spectra to have a component
with a mass as large as 3.49M.. Hence, we re-estimated the
masses of V1175 Her with the mass ratio ¢ =4 of Lu et al.
(2018). The spectroscopic datum of V1175 Her was observed
by the Large sky Area Multi-Object fiber Spectroscopic
Telescope (LAMOST; Zhao et al. 2012) on 2017 March 18,
which also showed the spectral type of G7, and its atmospheric
parameters (i.e., Togr, log g, [Fe/H]) are very similar to those
reported by the Gaia DR3 (Recio-Blanco et al. 2022). Thus, we
downloaded the spectrum from the LAMOST, and fitted it with
the University of Lyon Spectroscopic analysis Software (Ulyss;
Koleva et al. 2009. The stellar atmospheric parameters of the
most luminous component of V1175 Her were derived as
follows: T.;=5611+84K, logg = 4.18 & 0.028cm/s?,
[Fe/H] = —0.25 4 0.05dex.

Based on the above derived stellar atmospheric parameters,
the isochrone database PARSEC (the PAdova and TRieste
Stellar Evolution Code, Bressan et al. 2012; Tang et al. 2014)
was utilized to derive the mass of the component (for more
detailed introduction of PARSEC, reading Zhang et al. (2019)
and Zhang et al. (2020) is helpful). The mass of the more
massive component of V1175 Her was obtained as
M, =0.885M, which is very close to the value 0.87M
estimated by Lu et al. (2018). Consequently, the mass of the
less massive one of V1175 Her is M| = 0.221M, with ¢ =4.

4.1. Secular Period Changes

Long term changes of the orbital period in contact binary
systems are very common phenomena. According to the
investigations, the period of a contact binary is not constant in
many cases (Qian 2001; Qian et al. 2007; Xiao et al. 2016;
Yang et al. 2022a, 2022b; Panchal et al. 2022; Gao et al. 2022;
Hu et al. 2022; Xu et al. 2022). However, there are also cases
with unchanged periods, such as LQ Com (Hu et al. 2022) and
PZ UMa (Zhou & Soonthornthum 2019). The above orbital
period studies suggested that HH UMa and V1175 Her show an
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unchanged period and a secular period increase, respectively.
For V1175 Her, its period increase with the rate of
dP/dr=2.17(28)(2.02(50)) x 10_7day yr_l, in general, could
be explained by the result of the mass transfer from the less
massive component to its companion. If the mass transfer is
considered in a conservative mass and angular momentum way,
a mean rate of mass transfer can be derived as
M, = —6.63(96)(—6.19(1.57)) x 10~-8M, yr~! with
P/P = —-3M;(1/M;, — 1/M,). In fact, the secular orbital
evolution is caused by complex physical mechanisms, and
the evolution of binary systems is generally non-conservative.
If the mass and angular momentum continually escape from the
binary stars, the period of the binary system will decrease. Tout
& Eggleton (1988) and Tout & Hall (1991) pointed out that the
orbital period variations of binary systems should be the
combination of mass transfer and AML. If the period increase
rate caused by mass transfer is larger than the decrease rate that
arises from AML, the period of a binary system will increase,
which is the case happened in V1175 Her. As to HH UMa, its
period increase due to mass transfer is equivalent to the
shrinkage caused by AML, which results in its period
remaining constant.

4.2. Cyclic Period Changes

Our above period analyses illustrate that the O — C curves of
HH UMa and V1175 Her show a cyclic oscillation. Based on
Kepler photometric database, Rappaport et al. (2013) estimate
that at least 20% of all close binaries have tertiary components.
Besides, Pribulla & Rucinski (2006), D’ Angelo et al. (2006),
and Rucinski et al. (2007) have carried out a statistic work on
contact binaries with additional companions. Their results all
showed that the presence of a third component is very common
for contact binaries, manifesting “the presence of distant
companions that may have acquired and/or absorbed angular
momentum during the evolution of multiple systems, thus
facilitating or enabling the formation of contact binaries”
(Pribulla & Rucinski 2006). In addition, there are accumulated
contact binaries with a third body being reported (refer to
Zhang et al. (2022), Li et al. (2022a), Yildinm (2022),
Soomandar & Abedi (2021), Li et al. (2020), Bonnardeau
(2020), Zhou & Soonthornthum (2019), Liu et al. (2016), Qian
et al. (2014), Liao et al. (2012), Liao & Qian (2010b), etc.).
Hence, it is the likeliest that the oscillations of the O — C data
of HH UMa and V1175 Her are caused by the LTTE due to a
tertiary component. Here, the cases of the circular orbit (e = 0)
and eccentric orbit (e = 0) were considered for the LTTE. All
fitting parameters, including the parameters of the third body
for both cases of HH UMa and V1175 Her, were separately
listed in Tables 3 and 4. According to our analyses, the period
of the tertiary component in HH UMa is P3 = 19.25(52) yr with
a projected semimajor axis of A =0.00726(39) days when
e =0, and P; =20.85(55) yr with A = 0.00993(71) days when
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e =0.50(7). As for V1175 Her, the period of the tertiary
component is P3 = 7.50(14) yr with a projected semimajor axis
of A=0.00757(47) days when e=0, and P;=7.45(17) yr
with A =0.00835(98) days when e = 0.58(12). The periods of
the third body of HH UMa and V1175 Her, are very close in
the two cases, which once again means the possibility that the
cyclic oscillation caused by the LTTE is very high.

The mass of the third body can be derived with the following
equation:

f(m) _ (m3 sin l'3)3 _ 477'2

x (appsiniz)?,  (8)
(my + my + m3)®>  GP? e

where f(m) is the mass function, G is the gravitational constant,
mj3 is the mass of the tertiary component, and i5 is the orbital
inclination of the tertiary component. By assuming the orbital
inclination of the third body is i3=90° and using
ajp sini3 = cA, the minimum masses of the third components
in HH UMa and V1175 Her were calculated. mj3 ;, in HH
UMa and V1175 Her for both cases were listed in Tables 3 and
4. However, there was no third light being detected in Wang
et al. (2015)’s and Lu et al. (2018)’s four-filter (BVRI)
photometric analysis, nor did we find any stars that close to
this two objects. Hence, if the cyclic oscillations caused by the
third body were true, the third components in HH UMa and
V1175 Her would not be luminous. In particular, ms i, of
V1175 Her in both cases exceeds 0.46M,, which is larger than
the mass of the less massive component, M; =0.22M . Bate
et al. (2002) pointed out that dynamical exchange interactions
in a multiple system would cause the ejection of the least
massive star. Hence, if a binary system encounters a body with
the mass between the masses of binary’s two components, the
less massive component of the binary will usually be replaced,
resulting in the masses of the binary system being equalized.
For V1175 Her, the mass of the tertiary component is larger
than that of the less massive component of the binary, meaning
that the low-mass component in V1175 Her may be the original
one, and was neither kicked out during the earlier dynamical
interaction nor replaced by the third body. The same case also
happens to V1005 Her, which is another W UMa system (Zhu
et al. 2019). This information is useful to test the assumption
that contact binaries were formed via dynamical interactions
with other nearby stars.

In addition, the cyclic change caused by stellar magnetic
activities was also considered. Then the sine functions (the
circular orbit case) of HH UMa and V1175 Her were adopted.
The variations of the gravitational quadruple momentum AQ
are calculated by applying Equation (9) (Lanza &
Rodono 2002) and Equation (10) (Rovithis-Livaniou et al.
2000):

€)
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AP = AJ2[1 — cos(2nP/P3)]. (10)

Based on the known M;, M,, P and P5;, AQ; and AQ, of HH
UMa were computed as 5.51 x 10* gem? and 1.62 x 10%
g cm?, respectively. As to V1175 Her, AQ, and AQ, were
separately determined as 1.71 x 10* gcm? and 6.85 x 10%
gcem?’. Lanza & Rodond (1999) pointed out that the order of
AQ is ~10°'-10%g cm? for active binaries. The values of the
AQ,, of HH UMa and V1175 Her are much smaller than the
typical values, which indicates that the energy produced by the
magnetic activities is insufficient to induce the cyclic oscilla-
tion of the period in HH UMa and V1175 Her. Therefore, the
cyclic oscillation of the period of HH UMa and V1175 Her
produced by the LTTE due to a tertiary body is the most
probable. However, the eclipse timings for the two targets span
less than 1.5 cycles of the LTTE; thus, more high-precision
minima need to be observed in the future, to determine the
actual orbit parameters of the third body.
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