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Abstract

We present the results of photometric and spectroscopic analyses for the triple-lined system KIC 6525196, an
eclipsing binary accompanied by a third star. By modeling the Kepler light curves and radial velocities from
LAMOST and HIDES observations, absolute parameters of the system are determined. Both components of the
eclipsing binary are found to be solar-like stars with masses and radii of M1= 1.0286± 0.0026Me,
R1= 1.127± 0.008 Re, and M2= 0.9667± 0.0024Me, R2= 0.963± 0.007 Re. The mass of the third star is
determined to be M3= 0.772± 0.010 Me. With the out-of-eclipse light residuals, we measure rotation period and
decay timescale of an active region by using the autocorrelation function. In comparison to the Sun, the activity
level of the system is significantly stronger. In addition, a possible short photometric activity cycle of ∼244 days is
detected.
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1. Introduction

The majority of stars are binaries, triples and multiples in
galaxies. Recently, eclipse timing variation studies showed that
about 20% of close binaries have tertiary companions
(Rappaport et al. 2013; Conroy et al. 2014). The masses and
orbital parameters of the constituent stars are crucial to
understanding the process of the formation and dynamical
evolution of triple stars (Toonen et al. 2020). Eclipsing binaries
(EBs) are valuable objects because masses and radii can be
determined directly from observations, which is important to
constrain stellar evolutionary models. In addition, the late-type
EBs are also crucial to starspot activities. The properties of
starspots, including sizes, decay timescale, and starspot activity
cycles, can be deduced from brightness variations due to
starspots. For instance, Wang et al. (2022) studied the
properties and evolution of starspots on three double-lined
detached EBs. Pi et al. (2019) found a ∼3.6 yr starspot cycle on
the RS CVn-type binary DV Psc. Hu et al. (2020) detected a
∼11 yr magnetic-activity cycle on W UMa-type binary v0599
Aur. Reinhold et al. (2017) found evidence of photometric
activity cycles for 3203 Kepler stars by measuring variations of
light curve amplitude. Montet et al. (2017) detected a sample of
stars with photometric complete cycles from Kepler light
curves. Since the masses and orbital properties of the triple
stars can be directly measured from the combination of
photometry and radial velocities (RVs), triple-lined stars, EBs

plus a tertiary component, are optimal samples for investigating
dynamical evolution and stellar activity.
The primary aim of the Kepler mission is to detect transiting

exoplanets (Borucki et al. 2010). As a by-product, more than
2000 EBs with continuous high-precision photometry have
been discovered (Kirk et al. 2016). The follow-up LAMOST
spectroscopic observations in the Kepler field, such as the low-
resolution LAMOST-Kepler (LK) project (De Cat et al. 2015;
Zong et al. 2018b; Fu et al. 2020) and the time-domain
LAMOST-Kepler Medium Resolution Spectroscopic Survey
(LK-MRS; Zong et al. 2020), provide reliable atmospheric
parameters and RVs for these EBs. By combing LAMOST
spectra and photometric light curves, several works of orbital
parameters and magnetic activity of EBs have been studied
(e.g., Lu et al. 2020; Pan et al. 2020; Zhu et al. 2021; Niu et al.
2022). Therefore, the combination between Kepler photometry
and LAMOST spectroscopy gives an opportunity to measure
physical parameters and explore starspot activity of triple-lined
systems.
KIC 6525196 is a triple-star candidate, a close double-lined

EB with a tertiary companion, identified by Rappaport et al.
(2013) and Borkovits et al. (2016) via analysis of eclipse time
variations (ETV, PETV= 415.8 days). Later, through an
analysis of Kepler light curves in combination with RVs
measured from the HIgh-Dispersion Echelle Spectrograph
(HIDES) spectrograph, Hełminiak et al. (2017) confirmed that
KIC 6525196 is a triple-lined spectroscopic system composed

Research in Astronomy and Astrophysics, 22:075014 (10pp), 2022 July https://doi.org/10.1088/1674-4527/ac712f
© 2022. National Astronomical Observatories, CAS and IOP Publishing Ltd. Printed in China and the U.K.

1

https://orcid.org/0000-0001-8637-5492
https://orcid.org/0000-0001-8637-5492
https://orcid.org/0000-0001-8637-5492
mailto:pyncxh@126.com
https://doi.org/10.1088/1674-4527/ac712f
https://crossmark.crossref.org/dialog/?doi=10.1088/1674-4527/ac712f&domain=pdf&date_stamp=2022-06-17
https://crossmark.crossref.org/dialog/?doi=10.1088/1674-4527/ac712f&domain=pdf&date_stamp=2022-06-17


of an inner solar-like double-lined EB and an outer tertiary
companion. By convention, the inner double-lined EB is
designated as A (=Aa+Ab, namely the primary + the
secondary), and the outer tertiary companion as B. In addition,
Hełminiak et al. (2017) point out that out-of-eclipse variation of
the binary is due to starspot evolution. From the out-of-eclipse
variation, two rotation periods (P1≈ 3.392 days, P2≈ 3.448
days), close to the orbital period of Aa+Ab (Porb∼ 3.420
days), were identified by Lurie et al. (2017), which hint that
there may be two active regions on the binary. To better
understand their modulation behavior, an analysis of out-of-
eclipse variation is needed.

This paper is organized as follows. In Section 2, we describe
the Kepler photometric and LAMOST spectroscopic observa-
tions, and the determination of RVs. In Section 3, the inner-
orbit modeling and outer-orbit modeling are carried out to
determine the physical parameters of KIC 6525916. Section 4
presents the analysis of the out-of-eclipse residuals and the
analysis results are discussed in Section 5, finally followed by a
summary in Section 6.

2. Kepler Photometry and LAMOST Spectroscopy

KIC 6525196 was observed by Kepler in long-cadence mode
(29.4 minutes sampling) and short-cadence mode (59 s
sampling). There are 18 long-cadence quarters of data (Q0–
Q17) and two short-cadence quarters of data (Q2, Q3). The

contamination factors reported in MAST6 are lower, 4.0e-4, in
all long-cadence quarters, which indicates that the photometry
of the targets there is hardly contaminated by light from nearby
stars. In this study, we only use the detrended and normalized
long-cadence data provided by the Kepler Eclipsing Binary
Catalog (KEBC, Prša et al. 2011; Slawson et al. 2011; Kirk
et al. 2016). The obvious outliers in the light curves were
removed. Using the linear ephemerids given by the KEBC, the
phase-folded long-cadence light curves are displayed in the top
panel of Figure 1.
KIC 6525196 was observed by the LK-project in low-

resolution mode and the LK-MRS survey in medium-resolution
mode. The combination of the two observation modes can be
beneficial. In the low-resolution mode, the atmospheric
parameters can be determined easily. However, we cannot
distinguish the contribution of the primary, secondary and a
possible third components of the triple system. But, in the
medium-resolution mode, it is easy to distinguish the spectra of
the primary and secondary components of some detached EBs,
such as 2MASS J04100497+2931023 (Meng et al. 2021). In
addition, the LAMOST spectra are helpful to the study of
magnetic activity (e.g., Zhang et al. 2020, 2021b). Two low-
resolution spectra (wavelength range 370–900 nm, R∼ 1800)
with signal-to-noise ratio (S/N) ∼ 100 and seventy-one
medium-resolution ones (wavelength range 495–535 nm and

Figure 1. Top: Observed (black dots) and fitted (red line) light curves of KIC 6525196 and the residuals. Bottom: The primary (blue circles) and secondary (green
circles) RVs and the corresponding fitting curves (red lines) of KIC 6525196 and the residuals. Filled circles represent RVs from LAMOST, and open ones are the
HIDES RVs.

6 https://archive.stsci.edu/kepler/data_search/search.php
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630–680 nm, R∼ 7500) with S/N greater than 30 were
obtained. The atmospheric parameters from the low-resolution
spectrum are given in LAMOST Data Release 8 (DR8)7 as
Teff= 6103± 22 K, glog 4.28 0.04=  , [Fe/H]=− 0.53±
0.02. With the medium-resolution spectra, we extracted RVs by
a cross-correlation algorithm (Li et al. 2021). Twenty single-
lined RVs (v1), fifteen double-lined RVs (v1, v2) and thirty-six
triple-lined RVs (v1, v2, v3) were extracted. The subscripts 1, 2
and 3 respectively refer to the primary (Aa), the secondary (Ab)
and the tertiary companion (B). In the following analysis, only
the double-lined and triple-lined RVs are considered. To
correct the RV variations (v1, v2) of the close binary caused by
the third star, the systemic velocities (γ) of the binary were
calculated as the formula described in Hełminiak et al. (2017)

t
v t qv t

q1
, 1i

i i1 2( )
( ) ( )

( )g =
+
+

where q is mass ratio, and v1(ti) and v2(ti) are the RVs of the
binary at any time ti. Adopting the value of mass ratio (0.9383)
given in Table 2 in Hełminiak et al. (2017), the corrected RVs
of the binary (v1(ti)− γ(ti), v2(ti)− γ(ti)) are shown in Figure 1.
Further, since there exists zero-point offset among RVs (Liu
et al. 2019; Zhang et al. 2021a), the RVs of the third star are
calibrated by the APOGEE RV standard stars published in
Huang et al. (2018). The calibrated RVs of the third
components (v3) are presented in Table 1 and are displayed
in Figure 1. Meanwhile, the HIDES RVs corresponding to the
close binary and the third star from Hełminiak et al. (2017) are
also listed in Table 1 and displayed in Figure 1.

3. The Inner-orbit and Outer-orbit Modeling

The triple-lined system KIC 6525196 consists of the inner
EB Aa+Ab and the outer companion B. Under the assumption
that the inner-orbit of Aa+Ab is Keplerian and circular, to
obtain physical parameters of inner pair Aa+Ab, we
simultaneously modeled a phase-binned average light curve
and RVs using the Wilson–Devinney (WD, 2013) code
(Wilson & Devinney 1971; Wilson 1979, 1990, 2012).

We adopt the effective temperature of the primary to be
T1= 6103 K determined from the LAMOST low-resolution
spectrum at the nearby conjunction phase. The gravity-
darkening exponents and bolometric albedos for each star with
convective envelopes (Lucy 1967; Ruciński 1969) were set to
be 0.5 and 0.32, respectively. The logarithmic monochromatic
limb-darkening coefficients in Kepler band (xK, yK) were
interpolated from WD code, and the logarithmic bolometric
(Xbolo, Ybolo) ones were adopted from van Hamme (1993). The
ten adjustable parameters in the model are the inclination (i),
the mass ratio (q=m2/m1), the semimajor axis of the binary
(a), the center-of-mass velocity (γ0), the effective temperature

of the secondary (T2), the surface potential (Ω1,2), the phase
shift, the dimensionless luminosity of the primary (L1) and the
third light (l3).
Table 2 gives the orbital and physical parameters of the best-

fit model. Since the errors of the fitting parameters in the WD
code are only fitting errors and are underestimated (Prša &
Zwitter 2005), the errors of the absolute parameters are also
underestimated. Figure 1 shows the synthetic light curves and
RVs (red lines) from the best-fit model as well as the observed
minus computed (O− C) residuals. The results suggest that the
close binary consists of two solar-like stars which are
consistent with the ones in Table 2 in Hełminiak et al. (2017).
The system parameters of outer orbit A+B have been

determined from ETVs (Rappaport et al. 2013; Borkovits et al.
2016) and HIDES RVs (Hełminiak et al. 2017). With the
HIDES RVs and supplemental RVs from LAMOST, as
depicted in Figure 2, we recalculate the system parameters of
the outer orbit. Since the distance between A and B is much
larger than the semimajor axis of the close binary, the A+B
pair can be assumed as a binary in a Keplerian orbit. The free
parameters are orbital period (PAB), pericenter time (Tper),
semi-amplitudes (KA, KB), eccentricity (eAB), systemic velocity
of the whole triple (γAB) and longitude of periastron (ωAB).
These RVs are fitted with the EMCEE code.8 The criteria for
convergence are that the length of sample chains must be
greater than 100 times the estimated autocorrelation time
(Goodman & Weare 2010) and such relative variations must be
by less than 5%. The results are listed in Table 3 and are in
agreement with parameters obtained by Hełminiak et al.
(2017). Figure 2 shows the systemic velocities of the close
binary (Aa+Ab) and the directly measured RVs of the third
component. Since the absolute mass of A (MA=M1+M2) has
been determined from the inner-orbit modeling (see Table 2),
the inclination of the outer orbit could be calculated to be
iAB∼ 85°, and then the mass of the third star (MB, namely M3)
is determined to be MB∼ 0.77 Me.

4. Analysis of Out-of-eclipse Flux Residuals

The out-of-eclipse flux residuals are obtained by subtracting
the fitted light curves from the detrended data. The top panel of
Figure 3 shows the out-of-eclipse variations due to starspot
modulation from Q1-17, together with zoom-in views from Q4
in the middle panel. To study the behaviors of the starspot
modulation, using the out-of-eclipse residuals, we measure
rotation period, decay timescale, and size of active region and
detect photometric activity cycle.

7 http://www.lamost.org/dr8/v1.0/ 8 https://emcee.readthedocs.io/en/stable/
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Table 1
KIC 6525196 Radial Velocities

Time PhaseAa+Ab PhaseA+B V1 V2 V3 γ Source S/N
(BJD–2,450,000) (Phasea) (Phaseb) (km s−1) (km s−1) (km s−1) (km s−1)
8263.27405 0.3501 0.6264 −70.30 ± 1.20 73.90 ± 1.30 15.70 ± 1.60 −0.50 ± 1.77 LAMOST 97

8263.28725 0.3540 0.6265 −69.20 ± 1.20 72.10 ± 1.30 17.10 ± 1.50 −0.80 ± 1.77 LAMOST 103
8263.29974 0.3576 0.6265 −67.60 ± 1.20 71.50 ± 1.30 15.10 ± 1.60 −0.26 ± 1.77 LAMOST 100
8263.31294 0.3615 0.6265 −66.10 ± 1.30 69.80 ± 1.40 16.10 ± 1.80 −0.31 ± 1.91 LAMOST 75
8263.32544 0.3652 0.6266 −65.80 ± 1.30 68.00 ± 1.30 15.10 ± 1.70 −1.03 ± 1.84 LAMOST 85
8267.23046 0.5068 0.6359 −4.40 ± 1.20 LAMOST 99
8267.24296 0.5104 0.6359 −4.40 ± 1.20 LAMOST 98
8267.25616 0.5143 0.6360 −3.30 ± 1.20 LAMOST 113
8267.26866 0.5179 0.6360 −2.60 ± 1.20 LAMOST 113
8267.28116 0.5216 0.6360 0.00 ± 1.30 LAMOST 121
8267.29435 0.5254 0.6360 4.90 ± 1.40 LAMOST 110
8267.31449 0.5313 0.6361 11.00 ± 1.20 LAMOST 127
8268.23814 0.8014 0.6383 80.71 ± 1.30 −86.25 ± 1.30 16.28 ± 1.60 −0.11 ± 1.84 LAMOST 86
8268.24786 0.8042 0.6383 80.67 ± 1.30 −87.11 ± 1.30 17.80 ± 1.70 −0.55 ± 1.84 LAMOST 96
8268.25689 0.8068 0.6383 79.72 ± 1.30 −85.93 ± 1.40 17.83 ± 1.70 −0.47 ± 1.91 LAMOST 85
8268.26592 0.8095 0.6384 79.29 ± 1.30 −85.27 ± 1.40 18.04 ± 1.70 −0.37 ± 1.91 LAMOST 84
8268.27564 0.8123 0.6384 78.72 ± 1.30 −84.60 ± 1.40 17.59 ± 1.80 −0.34 ± 1.91 LAMOST 80
8268.28536 0.8152 0.6384 78.77 ± 1.30 −84.04 ± 1.30 17.29 ± 1.70 −0.04 ± 1.84 LAMOST 87
8268.29439 0.8178 0.6384 77.52 ± 1.40 −82.46 ± 1.50 18.18 ± 1.70 0.08 ± 2.05 LAMOST 63
8268.30620 0.8213 0.6385 77.23 ± 1.30 −82.36 ± 1.30 15.48 ± 1.60 −0.03 ± 1.84 LAMOST 88
8268.31592 0.8241 0.6385 76.40 ± 1.30 −81.06 ± 1.30 17.25 ± 1.70 0.17 ± 1.84 LAMOST 82
8269.25554 0.0988 0.6407 −51.52 ± 1.20 51.32 ± 1.30 −1.74 ± 1.77 LAMOST 116
8269.26874 0.1027 0.6408 −53.72 ± 1.20 52.89 ± 1.30 −2.11 ± 1.77 LAMOST 119
8269.28193 0.1065 0.6408 −55.41 ± 1.20 55.70 ± 1.30 −1.62 ± 1.77 LAMOST 119
8269.29443 0.1102 0.6408 −56.57 ± 1.30 57.28 ± 1.50 −1.46 ± 1.98 LAMOST 79
8269.30763 0.1140 0.6409 −58.73 ± 1.20 59.98 ± 1.30 −1.27 ± 1.77 LAMOST 116
8270.25975 0.3924 0.6431 −54.01 ± 1.20 54.12 ± 1.30 −1.67 ± 1.77 LAMOST 132
8270.27572 0.3970 0.6432 −52.29 ± 1.20 50.76 ± 1.30 −2.4 ± 1.77 LAMOST 135
8270.29239 0.4019 0.6432 −50.18 ± 1.20 48.44 ± 1.40 −2.44 ± 1.84 LAMOST 104
8270.30836 0.4066 0.6433 −47.99 ± 1.20 46.09 ± 1.30 −2.45 ± 1.77 LAMOST 137
8625.27738 0.1804 0.4921 −73.80 ± 1.20 86.50 ± 1.20 6.40 ± 1.50 3.80 ± 1.70 LAMOST 110
8625.29335 0.1850 0.4921 −74.70 ± 1.20 88.20 ± 1.20 5.30 ± 1.50 4.16 ± 1.70 LAMOST 117
8625.31002 0.1899 0.4921 −76.10 ± 1.80 89.20 ± 1.80 6.00 ± 2.10 3.92 ± 2.55 LAMOST 33
8644.23159 0.7215 0.5374 88.50 ± 1.30 −86.80 ± 1.30 10.40 ± 1.60 3.64 ± 1.84 LAMOST 109
8644.24826 0.7264 0.5374 88.30 ± 1.20 −87.20 ± 1.30 10.40 ± 1.40 3.34 ± 1.77 LAMOST 115
8644.26423 0.7311 0.5375 88.60 ± 1.20 −87.60 ± 1.30 10.20 ± 1.40 3.30 ± 1.77 LAMOST 123
8644.28090 0.736 0.5375 88.90 ± 1.20 −89.00 ± 1.20 9.20 ± 1.50 2.78 ± 1.70 LAMOST 118
8646.25110 0.3119 0.5422 −76.60 ± 1.30 85.70 ± 1.30 10.70 ± 1.70 1.97 ± 1.84 LAMOST 87
8646.26777 0.3168 0.5422 −75.80 ± 1.20 84.80 ± 1.30 11.10 ± 1.50 1.94 ± 1.77 LAMOST 112
8646.29000 0.3233 0.5423 −75.00 ± 1.20 82.60 ± 1.20 10.80 ± 1.60 1.29 ± 1.70 LAMOST 97
9001.23198 0.0892 0.3910 −37.70 ± 1.30 57.70 ± 1.30 8.48 ± 1.84 LAMOST 95
9001.25976 0.0973 0.3911 −42.10 ± 1.20 61.20 ± 1.20 7.91 ± 1.70 LAMOST 176
9001.27781 0.1026 0.3911 −45.40 ± 1.20 63.80 ± 1.20 7.46 ± 1.70 LAMOST 166
9001.29379 0.1073 0.3912 −47.70 ± 1.20 66.00 ± 1.20 7.34 ± 1.70 LAMOST 133
9001.31045 0.1121 0.3912 −49.90 ± 1.30 68.00 ± 1.30 7.17 ± 1.84 LAMOST 87
9003.22580 0.6721 0.3958 84.60 ± 1.20 −72.40 ± 1.20 −2.90 ± 1.50 8.60 ± 1.70 LAMOST 118
9003.24178 0.6767 0.3958 85.30 ± 1.20 −73.00 ± 1.20 −3.20 ± 1.40 8.67 ± 1.70 LAMOST 132
9003.25775 0.6814 0.3959 86.40 ± 1.20 −74.30 ± 1.20 −3.80 ± 1.40 8.61 ± 1.70 LAMOST 137
9003.27442 0.6863 0.3959 87.20 ± 1.20 −75.60 ± 1.20 −3.70 ± 1.30 8.39 ± 1.70 LAMOST 143
9003.29039 0.6910 0.3960 88.30 ± 1.20 −77.10 ± 1.20 −3.90 ± 1.30 8.23 ± 1.70 LAMOST 145
9003.30636 0.6956 0.3960 88.60 ± 1.20 −78.30 ± 1.20 −3.90 ± 1.40 7.81 ± 1.70 LAMOST 146
9004.24390 0.9697 0.3982 0.40 ± 1.30 LAMOST 155
9004.25987 0.9744 0.3983 3.20 ± 1.20 LAMOST 163
9004.27584 0.9790 0.3983 3.80 ± 1.20 LAMOST 160
9004.29251 0.9839 0.3984 4.30 ± 1.10 LAMOST 152
9004.30848 0.9886 0.3984 4.30 ± 1.10 LAMOST 137
9006.29745 0.5701 0.4032 46.10 ± 1.20 −30.70 ± 1.20 8.92 ± 1.70 LAMOST 172
9011.26151 0.0213 0.4150 2.60 ± 1.20 LAMOST 109
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4.1. The Rotation Period, Decay Timescale and Size of
Active Region

The rotation period and decay timescale of an active region
are measured using the discrete autocorrelation function (ACF)
method (Edelson & Krolik 1988; McQuillan et al. 2013, 2014;
Giles et al. 2017). The ACF calculates the degree of self-
similarity of light curves at a series of different time lags. The
ACF of the out-of-eclipse residuals for Q1-17 is displayed in
the bottom panel of Figure 3. Due to starspot decay in the
active region, the peak in the ACF decreases with the increase
of time lag. According to Giles et al. (2017), this behavior is
analogous to the displacement of an underdamped simple
harmonic oscillator (uSHO),

y t A
t

P
B

t

P
ye cos

2
cos

4
. 2t

0
AR⎛

⎝
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎞
⎠

( ) ( )p p
= + +t-

Here τAR and P are, respectively, the decay timescale and
rotation period of the dominant active region, and A, B and y0
are fit parameters without significant meaning. To obtain the

decay timescale of the active region, the ACF of the out-of-
eclipse residuals is fitted by the uSHO equation (Giles et al.
2017) utilizing the code EMCEE. The fitting results are
expressed in Table 4.
Based on Giles et al. (2017), the root mean square (rms)

scatter of out-of-eclipse residuals can be regarded as the

starspot size, yrms
N i

N
i

1
1

2= å = , where N and yi represent the

number of data points and their mag value in the residuals,
respectively. We calculate the rms for each orbital cycle. The
mean value of rms is listed in Table 4.

4.2. The Detection of Photometric Activity Cycle

To describe the time behavior of the out-of-eclipse residuals,
a time-frequency analysis called sliding Lomb–Scargle period-
ogram (sLSP; Zong et al. 2018a) is applied to show the
variation of the amplitudes and periods. The sliding window
width and time step are set to 90 days and 2 days, respectively.
Figure 4 displays the sLSP. The magnitude of the normalized
amplitude is indicated by the color bar. From the sLSP

Table 1
(Continued)

Time PhaseAa+Ab PhaseA+B V1 V2 V3 γ Source S/N
(BJD–2,450,000) (Phasea) (Phaseb) (km s−1) (km s−1) (km s−1) (km s−1)
8263.27405 0.3501 0.6264 −70.30 ± 1.20 73.90 ± 1.30 15.70 ± 1.60 −0.50 ± 1.77 LAMOST 97

9011.27818 0.0262 0.4151 −0.50 ± 1.30 LAMOST 113
9011.29415 0.0308 0.4151 −5.20 ± 1.40 LAMOST 89
9011.31082 0.0357 0.4151 −9.90 ± 1.30 LAMOST 85
9015.20539 0.1743 0.4245 −69.70 ± 1.10 88.20 ± 1.20 −0.30 ± 1.30 6.74 ± 1.63 LAMOST 175
9015.22136 0.1789 0.4245 −70.90 ± 1.10 89.20 ± 1.20 −0.60 ± 1.30 6.60 ± 1.63 LAMOST 188
9015.23803 0.1838 0.4245 −72.00 ± 1.10 89.80 ± 1.10 −0.60 ± 1.30 6.32 ± 1.56 LAMOST 193
9015.26095 0.1905 0.4246 −73.90 ± 1.10 91.40 ± 1.10 −1.00 ± 1.30 6.12 ± 1.56 LAMOST 185
9015.27762 0.1954 0.4246 −74.80 ± 1.10 92.00 ± 1.20 −1.50 ± 1.30 5.95 ± 1.63 LAMOST 198
9015.29359 0.2000 0.4247 −76.00 ± 1.10 92.30 ± 1.20 −1.50 ± 1.30 5.47 ± 1.63 LAMOST 183
9016.24917 0.4794 0.4269 3.00 ± 1.10 LAMOST 131
9016.26515 0.4841 0.4270 3.50 ± 1.10 LAMOST 128
9016.28112 0.4887 0.4270 3.80 ± 1.10 LAMOST 129
9016.29779 0.4936 0.4271 3.60 ± 1.10 LAMOST 126
6865.06230 0.5885 0.283 58.51 ± 0.23 −35.42 ± 0.31 13.02 ± 0.22 HIDES 54
6865.22093 0.6349 0.2834 77.45 ± 0.35 −56.07 ± 0.4 −16.54 ± 0.05 12.79 ± 0.3 HIDES 66
6866.00078 0.8629 0.2853 77.89 ± 0.36 −56.71 ± 0.44 −16.41 ± 0.07 12.70 ± 0.32 HIDES 43
6867.06159 0.1730 0.2878 −63.31 ± 0.38 93.42 ± 0.25 −16.16 ± 0.06 12.60 ± 0.28 HIDES 41
6912.12629 0.3475 0.3956 −62.02 ± 0.32 82.64 ± 0.35 −4.59 ± 0.07 8.04 ± 0.28 HIDES 62
6914.09569 0.9232 0.4003 47.41 ± 0.30 −34.44 ± 0.22 −3.89 ± 0.06 7.77 ± 0.20 HIDES 49
7062.36232 0.2684 0.7548 −90.94 ± 0.60 86.07 ± 0.38 30.93 ± 0.08 −5.21 ± 0.41 HIDES 44
7112.23530 0.8485 0.8741 63.36 ± 0.38 −79.61 ± 0.39 32.0 ± 0.06 −5.88 ± 0.31 HIDES 73
7144.20856 0.1958 0.9505 −81.87 ± 0.39 85.91 ± 0.63 17.55 ± 0.06 −0.61 ± 0.41 HIDES 40
7148.23852 0.3739 0.9602 −60.16 ± 0.72 65.22 ± 0.68 14.51 ± 0.04 0.56 ± 0.52 HIDES 39
7294.93288 0.2594 0.3109 −74.30 ± 0.41 103.45 ± 0.38 −13.69 ± 0.07 11.78 ± 0.34 HIDES 50
7297.95686 0.1435 0.3182 −56.30 ± 0.38 82.87 ± 0.60 −12.57 ± 0.1 11.1 ± 0.38 HIDES 48
7529.19525 0.7451 0.8711 80.21 ± 0.47 −98.13 ± 0.27 32.32 ± 0.05 −6.16 ± 0.33 HIDES 63
7541.29669 0.2829 0.9000 −89.39 ± 0.56 84.86 ± 0.62 28.97 ± 0.07 −5.00 ± 0.46 HIDES 45

Notes.
a Relative to T0 at the primary eclipse.
b Relative to Tper = 2456746.7 days. The subscripts 1, 2 and 3 represent the primary (Aa), secondary (Ab) and tertiary (B), respectively.
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diagram, the normalized amplitudes of the active region have
an obvious quasi-periodic modulation with period of ∼200
days, which hints that a starspot activity cycle probably exists.

According to Reinhold et al. (2017), the amplitudes of the out-
of-eclipse light curve residuals can also be used to detect the
photometric activity cycle. Therefore, first, we calculate the
variability range Rvar (Basri et al. 2011) in every orbital cycle (E).
Then, a Lomb–Scargle (LS) periodogram is computed for the Rvar.
Figure 5 shows the Rvar evolving with E (top panel) and its LS
periodogram (bottom panel). An obvious periodicity (0.014/
E; 244 days) in the Rvar can be found in the LS periodogram.

Table 2
Physical Parameters of the Inner Binary Aa+Ab

Parameter Best-fit Value

T0 2454954.352139 ± 0.024179
e 0.0 (fixed)
ω(deg) L
Porb (day) 3.4206042 ± 0.0000062
q = M2/M1 0.939 ± 0.001
i (deg) 85.34 ± 0.01
Teff (K) 6103 (fixed)
T2 (K) 5950 ± 100a

T2/T1 0.974 ± 0.021
Ω1 11.61 ± 0.01
Ω2 12.75 ± 0.01
a(Re) 12.02 ± 0.01
M1 (Me) 1.0286 ± 0.0026
M2 (Me) 0.9667 ± 0.0024
R1 (Re) 1.127 ± 0.008
R2 (Re) 0.963 ± 0.007
L1 (Le) 1.592 ± 0.104
L2 (Le) 1.046 ± 0.070
l3 0.257 ± 0.002
log g1 (cgs) 4.35 ± 0.01
log g2 (cgs) 4.45 ± 0.01

Note.
a Assumed.

Figure 2. The RVs of the outer orbit A+B. Red circles signify the calculated systemic RVs of the inner binary Aa+Ab (γ), and black circles represent the direct RV
measurements of the third component (B) (v3). Filled circles correspond to RVs from LAMOST, and open ones are RVs from HIDES. The red dashed lines are fitting
curves.

Table 3
Physical Parameters of the Outer Orbit System A+B

Parameter This Work

PAB (day) 418.2 ± 0.2
Tper (JD–2,450,000) 6746.7 ± 0.1
K km sA

1( )- 11.64 ± 0.15
K km sB

1( )- 30.08 ± 0.08
q = B/A 0.387 ± 0.005
eAB 0.300 ± 0.002
ωAB(deg) 275.68 ± 0.32

km sAB
1( )g - 4.56 ± 0.04

M i MsinA
3

AB( )( ) 1.968 ± 0.018
M i MsinB

3
AB( )( ) 0.761 ± 0.016

a isin auAB AB( )( ) 1.528 ± 0.006
iAB (deg) 84.5 ± 1.9
MA (Me) 1.9953a ± 0.0036
MB (Me) 0.7721 ± 0.0102
aAB (au) 1.535 ± 0.008

Note.
a Directly from Table 2.
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5. Discussion

The modeling of the inner and outer orbits shows that KIC
6525196 is composed of an F-type EB and a low-mass third
star. The inclination of the outer orbit is ∼85°, very close to the
result (∼80°) given by Borkovits et al. (2016). This indicates

Figure 3. Top and middle panels show the out-of-eclipse flux residuals for Q0-17 and Q4, respectively. Bottom panel displays the ACF (black) of all the out-of-eclipse
residuals and the fitted ACF (red) using the uSHO equation.

Table 4
The rms and Best-fitting Parameters of ACF

rms (mag) PACF (day) τAR (day) A B y0

0.002 3.38 32.20 0.67 0.25 0.0172

Figure 4. sLSP of the out-of-eclipse residuals. The normalized amplitudes are represented by color as a function of time and period.
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that the mutual inclination (im) between the inner and outer
orbit is small. However, neither tertiary eclipses nor eclipse
depth variations were found (Hełminiak et al. 2017). According
to Hilditch (2001), the condition for eclipses to be observed is

i R R asin 90 1 2( ) ( ) - + , where R1, R2 and a are the radii
and separation of stars respectively, and i is orbital inclination.
Thus, for the A+B pair, the eclipses caused by the third star
can be seen when R a i Rsin 90 mB A ( ) - - . Under the
assumption that im= 5°, RA= 1.1 Re and a= aAB, only when
RB� 27.7 Re can the eclipses be seen. Therefore, considering
that the triple is a low-mass star, it is considered to be normal in
the sense of manifesting no signs of tertiary eclipse.

The ACF panel of Figure 3 shows a very small bulge exists
at the half rotation period. Usually, this phenomenon can be
explained by two active regions with different strengths on
opposite hemispheres (McQuillan et al. 2013; Giles et al.
2017). However, the simulation of starspot distribution and
lifetimes (Basri & Shah 2020) demonstrates that random
starspot distribution in time and position can also lead to the
emergence of peaks with smaller height in the ACF at half the
rotation period. Therefore, it is possibly inaccurate to infer the
existence of the two active regions or longitudes merely from
light curves.

The mean rms of the binary (0.002 mag) is larger than the
rms of the Sun, 150 ppm (Morris et al. 2019). In addition, as
displayed in the top panel of Figure 5, the Rvar of the binary is
noticeably greater than the Sun at one stage, R 0.0011var,á ñ = ,

Rmax 0.0023var,( ) = (Reinhold et al. 2013). This indicates
that the rotational variability on the binary is stronger than the
one on the Sun and that either the number of starspots is greater
than typically found on the Sun or the sizes of the starspots are
larger than typical sunspots. Considering that both components
(Aa+Ab) are solar-type stars, the reason for the difference in
activity level between the binary and the Sun may be a shorter
rotation period of the binary than the Sun, and both
components could be the source of starspot activity. In
addition, the starspots’ decay timescale (∼32 days) on the
binary is slightly longer than that of sunspots which have
lifetimes of days to a few weeks (Solanki 2003).
A cyclic variation of ∼244 days is detected from the LS

periodogram of Rvar, which hints that there perhaps exists a short
starspot activity cycle with length shorter than 1 yr, similar to
Rieger-type cycles on the Sun (McIntosh et al. 2015). However,
according to Basri & Shah (2020), short “activity cycles” can be
generated by starspot random processes including random
bunchings of spot birth dates and the length of the “activity
cycles” depends on the ratio between starspot lifetime and stellar
rotation. Therefore, additional evidence (for example the color
information or Ca II) from other diagnostics is needed to support
the interpretation of short activity cycle for the light variation. Pi
et al. (2019) found that there exists an obvious linear correlation
between P Plog cyc orb( ) and Plog 1 orb( ) for short-period EBs with
activity cycle. To check whether our results are in accord with
the linear correlation, we plot our results (Pcyc∼ 244 days,

Figure 5. Top: Black points represent the variability range Rvar in every orbital cycle E for KIC 6525196 and black lines signify the max and mean of Rvar for the Sun,
respectively. Bottom: The LS periodogram of the variability range Rvar.
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Porb∼ 3.42 days, black point) on Figure 6, with a log–log scale
of Pcyc/Porb versus 1/Porb plot for short-period EBs with cycles
and the Sun, using the collected data given in Table 13 of Pi
et al. (2019). We refit the data with a linear function. A slope of
∼0.69 is consistent with the result (∼0.71) of Pi et al. (2019). As
is apparent in Figure 6, the black point deviates from the linear
relationship, which indicates that the detected cycle from KIC
6525196 may be just one of many cycles, similar to many EBs
and the Sun which have more than one cycle.

6. Summary

The Kepler photometric and LAMOST and HIDES spectro-
scopic analyses reveal that KIC 6525196 is a triple-lined
system consisting of a close EB with a distant low-mass tertiary
body and both components (Aa+Ab) in the close binary are
solar-like stars. In addition, there is no conflict between the
small mutual inclination (im) and no signs of tertiary eclipses.

The analysis of out-of-eclipse residuals suggests that there
perhaps exists two dominant active regions on opposite
hemispheres. Since Aa+Ab have similar properties, both
components could be the source of starspot activity. The
rotation periods of the active regions are close to the orbital
period of the binary. The decay timescale and mean size of the
active region are ∼32 days and 0.002 mag respectively.
Compared with the Sun, the activity level is significantly
stronger. A possible short spot activity cycle of ∼244 days is
detected from the out-of-eclipse light variation.
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