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ARTICLE INFO ABSTRACT

Keywords: In this study we aim to reveal the starspot behaviour in the contact binary PP Lac, using the clues from the
Stars: binaries: eclipsing eclipse timing variation (ETV) nature of the system, obtained from the TESS data. In this context, we performed
Stars: activity simultaneous ground-based light and radial velocity curves analysis and calculated the absolute physical and

Stars: individual: PP Lac

orbital parameters of the system. These parameters were then used during the light curve analysis of the
Stars: star spots

TESS data for a detailed spot modelling. We considered three different spot models with: a single spot, two
overlapping spots and two non-overlapping spots. The validity of each model was tested by comparing the
ETV behaviour with the observed eclipse timings. The ETVs predicted by the overlapping and non-overlapping
two-spot models both describe well the ETVs observed in the TESS data. In addition, the results from two-spot
models indicate anti-correlated variations of spot sizes and spot longitudes throughout the TESS data time-span,
whereas the longitudinal variations exhibit almost the same variation characteristics with the eclipse timings
of the system. These findings imply that the longitudinal variation of spots predominantly affect the TESS-ETV
behaviour of PP Lac. We conclude that the most likely explanation for light variation without eclipses and the
TESS ETV behaviour in PP Lac is the presence of two high-latitude spots (or group of spots) located on the
surface of the secondary component. With the help of the orbital stability tests and considering Applegate’s
mechanism, we found that the most plausible explanation for the two cyclic period variations seen on the
overall ETV behaviour of the system is a combination of the magnetic activity cycle and the presence of a

third body.
1. Introduction system parameters, we also investigated the TESS data of the system in
terms of light curves and the eclipse timings, in order to reveal signs of
Analysis of the data from space based missions is crucial, especially a long-term activity. In addition, we studied the overall eclipse timing
to reveal the nature of long term variations on i.e. pulsating stars or variation of the system using the most recent timings available in the
magnetically active stars. The high quality space mission data also literature, as well as eclipse timings obtained in this study.
enabled the identification of random walk-like variations or quasi- PP Lac (TIC66080183, m, = 11™85, m; = 11™67) was discovered

periodicities in the eclipse timing variations of contact binary systems,
which can be explained by the presence of starspots (Tran et al., 2013).
Motivated by studying eclipsing binary stars more accurately in the
era of space-borne data, we carried out a detailed orbital analysis of
the contact binary PP Lac using the radial velocity data of the system
obtained for the first time as well as the ground-based multi-colour
photometry that are analysed simultaneously. Based on the derived

by Miller and Wachmann (1971), after collecting and examining the
photographic data covering ~ 20 years and classified the system as
RR Lyr or EW type binary with a period of about 0.5 days. Figer and
Rolland (1977) re-classified the system as EW type system with an
orbital period of 0.4011 days, based on data from a 25 cm reflecting
telescope. The first B and V band photoelectric light curves of the binary
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were obtained by Dumont and Maraziti (1990). Gaspani (1990) per-
formed the first orbital solution of the system using the data gathered
by Dumont and Maraziti (1990). They determined the mass ratio of
the system as 0.6 and pointed out that the components of the system
have nearly equal effective temperatures. Al-Naimiy and Al-Hindawy
(1992) performed a Fourier analysis on the same data and confirmed
that the system is a typical W UMa type binary and determined its
mass ratio to be 0.32. They also found the orbital inclination and the
temperature ratio of the system as 80° and 0.95, respectively. Sanders
et al. (2004) gathered light curves of the system in V and Rc bands,
revealing the total primary eclipse. The authors noted that their mass
ratio to be well-constrained by the duration of the total eclipse and
also mentioned PP Lac was a W-type contact binary. Sanders et al.
(2004) also performed a period analysis of the system covering 30000
cycles and found a period decrease of —1.082 x 1072 s yr~!'. The V-
band CCD photometric study of PP Lac was carried out by Qian et al.
(2005), who confirmed the system to be a W-type W UMa binary
with the mass ratio ¢ = M,/M; = 2.3 via the photometric g-search.
They found the temperature difference between components to be 260
K. Using nearly the same time span of available minima times, Qian
et al. (2005) carried out another period analysis and found a cyclic
variation with a period and amplitude of 19.7 years and 0.0058 days,
respectively. The most recent photometric study of the system was
performed by Kjurkchieva et al. (2020), who observed the system in
SDSS g’ and i’ bands. They calculated the effective temperature of the
primary component to be 6050 K, by taking the average of the effective
temperatures from GAIA DR2 (Gaia Collaboration et al., 2018), 2MASS
(J-K) and (g’ - i’) colour indices, also considering dereddening. From
the light curve analysis, they obtained q = 2.555, i = 84°.7, and T,
= 5678 K. They mentioned the light level difference between the two
quadratures, second quadrature being fainter than the first one, and
attributed it to the presence of cool spot(s). For this reason, in their
solution, they placed a cool spot at 90° co-latitude and 90° longitude
with a temperature factor of 0.87 and a diameter of 28°, on the more
massive secondary component. With the help of the period analysis
covering almost 38000 cycles, they obtained a cyclic variation with an
amplitude of 0.005 days and a period of 23 years. They also mentioned
the presence of “stepped” sections seen in the last 12000 cycles with
duration of 2-3 years and essentially constant period.

2. Observations and data reduction
2.1. Ground-based observations and data reduction

The spectroscopic data of PP Lac were gathered between August 27—
September 10, 2020 at the Dominion Astrophysical Observatory (DAO),
using the Cassegrain spectrograph attached to the 1.85 m Plaskett
telescope. A total of 11 spectra were obtained covering a wavelength
range from 5000 A to 5260 A, with a resolving power of R ~ 10,000.
The reduction procedure, such as bias and flat corrections, removal
of cosmic rays, extraction of orders, wavelength calibration and con-
tinuum normalization were performed with the help of the RaVeRe!
software. The radial velocity measurements of the system were carried
out using the Broad' software that is based on the broadening functions
(BF) routine (Rucinski, 2004). The standard Fe I lines at 5041.755,
5167.487, 5171.585, 5227.15 A were used during the determination
of radial velocities. The radial velocity curve of the system is shown in
the right panel of Fig. 4.

The ground-based photometric CCD observations of the system were
carried out with the 0.8 m Prof. Dr. Berahitdin Albayrak Telescope
(hereafter T80 Telescope) at the Ankara University Kreiken Observatory
(AUKR), during October 16, 2020. The multi-colour photometric data
of PP Lac were gathered using the Apogee Alta U47 CCD camera and

1 http://binaries.boulder.swri.edu/binaries/software/
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the SDSS g, ' and i’ filters that are attached to one of the Nasmyth
foci of T80 Telescope. All raw images were reduced in the usual
manner by using bias, dark, and sky-flat images with the help of the
AstroImagelJ software (Collins et al., 2017). We made use of the
same software during the differential photometry procedure, in which
differential magnitudes were computed in the sense variable minus
comparison (TYC 3984-1063-1), whose variability was checked against
the check star (TYC 3984-1081-1). A total of 367, 372 and 356 points
were obtained with the average errors of 0.003 mag, 0.002 mag and
0.002 mag for g’, ' and / filters, respectively.

Both the light and the radial velocity data were phased using the
ephemeris (light elements) given in Eq. (1) below, which is calculated
from the ground-based photometric observations performed in this
study. The light curves of the system are illustrated in the left panel
of Fig. 4.

HJ Dyypp = 2459139.44226(4) + 0940116493(6) X E. @
2.2. TESS light curves

We collected the TESS data of PP Lac from the MAST Portal.> The
system was observed in sectors 16 and 17 of the TESS observations
that comprise the dates September 12-October 06 and October 08—
November 02, 2019, respectively. Sector 16 covers a period of 23.38
days and the data collection was paused for 1.29 days while down-
loading data during perigee passage. In Sector 17, the data collection
time span was 23.51 days, while the pause was 1.43 days. During the
preparation of the data for the light curve analysis, we first compared
SAP and PDCSAP data, in order to check if there are any long-term as-
trophysical trends that could have been removed due to the automated
pipeline process. We found out that there is a significant amplitude
difference between SAP and PDCSAP light curve data, where PDCSAP
data have relatively higher amplitude.

The SAP data of sectors 16 and 17 also have different amplitudes
due to the slightly different photometric apertures (pixel masks) for
both sectors specified by SPOC pipeline (see the upper panel of Fig. 1 -
grey shaded area) and hence the different amounts of light/background
contamination along with the crowded region. Such amplitude differ-
ences may prevent the precise determination of the system and/or spot
parameters. Therefore, we re-did photometry of sectors 16 and 17, with
several different pixel masks created using the threshold parameter
in the Lightkurve package (Lightkurve Collaboration et al., 2018)
and by cutting out the background stars with the help of the cut-out
function (Brasseur et al., 2019). However, we obtained the coherent
light curve amplitudes of the two sectors using manually selected pixels
that is shown at the upper panel of Fig. 1.

It is also clear from the upper panel of Fig. 1 that the apertures
specified by SPOC pipeline (grey shaded area) include two more objects
(S2% and S3° in Fig. 1) with Gaia magnitudes of 14.4 and 15.8. On the
other hand, the selected pixels during re-photometry process do not
include S3 and therefore the effect of S3 in the resultant light curves
was removed. The details on how we considered the light contribution
of S2 were given in detail, in Section 4. In the next step, we stitched the
sectors 16 and 17, by matching the average flux of the last two cycles
of sector 16 to the first two cycles of sector 17, based on the method
by Revalski et al. (2014) and Kasliwal et al. (2015). All the flagged data
points were removed in order to eliminate any flux anomalies affected
by non-nominal operating conditions on the spacecraft as described in
Tenenbaum & Jenkins.* Consequently, we selected 96 cycles of PP Lac
for the analyses.

2 https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html

3 Gaia DR2 catalogue names of S2 and S3 objects are 200230245334-
8955392 and 2002302449044616064, respectively

4 Tenenbaum, P., & Jenkins, J. M. 2018, TESS Science Data Products
Description Document EXP-TESS-ARC-ICD-0014 Rev D


http://binaries.boulder.swri.edu/binaries/software/
https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html

M. Yimaz et al.

Target ID: 66080183, Cadence: 368062

1026

800
700
1024
-
2 600 _
§ 1022 D
=} 500
= wv
Q
2 400 =
x
@ 1020 =
] 300
X
a
1018 200
100
1016
864 866 868 870
Pixel Column Number
i

New Astronomy 101 (2023) 102022

Target ID: 66080183, Cadence: 386806

1000
800
-
]
.g -
2 600 "
= )
=] x
< 400 3
E w
2
a
200
858 860 862 864 866
Pixel Column Number
i -
. .

Fig. 1. Upper panel: Examples of CCD frames for Sectors 16 (left) and 17 (right). The masks used by the SPOC pipeline and simple aperture photometry that is performed in this
study are shown with grey shaded and red hatched regions, respectively. S1 denotes PP Lac, while S2 and S3 stands for closest neighbouring stars that are inside the SPOC-mask.
Lower panel: An example of a CCD frame from ground-based observations, which has been cropped for comparison with the TESS FoV. Note that the Sector 16 and ground-based
image have roughly the same orientation, whereas the Sector 17 image is rotated by ~160° counter-clockwise.

Although the TESS data includes light contamination due to the
huge pixel scale (21*21 arcsecs) of CCD and the crowded region of PP
Lac as shown in Fig. 1, such time-series and almost continuous data
provides an unprecedented opportunity not only to reveal the existence
of spots but also to trace the variation of some spot parameters (i.e. spot
longitude). In addition, the light curves obtained by Kjurkchieva et al.
(2020) and this study (see Fig. 4), in which flux at the phase 0.75
is fainter than at 0.25, clearly shows the O’Connell effect that can be
attributed to the presence of cool spot(s) on one or both components
of the system. Therefore, we consider the TESS data of the system
only for spot modelling, of which the details are given in Section 4.
In this context, we investigated the flux level of each orbital cycle
during non-eclipsing phases 0.25 (Max I) and 0.75 (Max II), by fitting
polynomials within 4¢ = +0.05 intervals and plotted them in Fig. 2.
The variation of maxima flux levels with an average error of 0.0019
in units of normalized flux throughout the entire data is clearly visible.
The displacement of Max I and Max II levels in the middle of sector 17 is
another noticeable feature. We also checked that there is no difference
between the flux level variations of the data that we derived via re-
photometry and PDCSAP data. We also plotted the flux differences
of quadrature phases in the lower panel of Fig. 2, where the cyclic
oscillations exist similar to that is seen in EE Cet, studied by Yang and
Wang (2023).

2.3. Eclipse timing variations of the TESS data

We also investigate the eclipse timing variations (ETV) of the TESS
data, in order to search for any traceable short time-scale variations
in the ETV diagram. In this context, we used a Python-based GUI
software, Xtrema (Bahar et al., 2015), to calculate the primary and
secondary eclipse timings. We derived 43 primary and 44 secondary
eclipse timings for Sector 16, 52 primary and also 52 secondary eclipse
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Fig. 2. Maximum flux level variations (upper panel) and their differences (lower panel)
obtained using the TESS data of PP Lac for sectors 16 and 17. The error bar located
at the bottom of the upper panel represents the average error.

timings for sector 17, that correspond to 191 eclipse timings in total.
All obtained TESS minima times can be found in the CDS linked to
this study. The ETV diagram of PP Lac including only the TESS data
of the system is generated using the following light elements (Eq. (2)),
which is updated from the ephemeris of ground-based observations and
is plotted in Fig. 3.

BJ Dy = 2459139.44056(2) + 0940116107(3) X E. )
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Fig. 3. ETV diagram of PP Lac generated using the TESS data. Red plus and blue
asterisk signs represent the primary and the secondary eclipse timings of Sector 16,
respectively, while purple filled circles and green triangles show the same for Sector
17.

The ETV diagram of PP Lac generated using only the TESS data of
the system clearly shows random walk-like or quasi-periodic variations,
as well as an anti-correlated behaviour between the variations of the
primary and secondary eclipse timings. The anti-correlation is much
more apparent in Sector 17, while Sector 16 shows both positive and
negative correlations. Similar behaviour was studied in detail by Tran
et al. (2013), who explained it by the presence of a starspot that is
continuously visible around the orbit and slowly changes its longitude
on timescales of weeks to months. Another remarkable point is the
presence of the same anti-correlation in the variation of maxima flux
levels, as seen in Fig. 2. Therefore, those variations observed in both the
period and the light curves can be considered as important evidence for
the presence of spot(s) in PP Lac. We discuss the underlying cause of
the ETV nature of PP Lac in Section 5.

3. Ground-based light and radial velocity curve analysis

We simultaneously analysed the light and radial velocity curves of
the contact binary PP Lac using the PyWD2015 code (Giizel and Oz-
darcan, 2020) developed in Python, which is a graphical user interface
(GUI) that is based on the 2015 version of the Wilson-Devinney (WD)

Arbitrary Flux

0.6 0.8 1.0

Phase

0.2 0.4

0.0

1.2

’

Fig. 4. Ground-based g’, r

Radial Velocity (km/s)

New Astronomy 101 (2023) 102022

code (Wilson and Devinney, 1971). We assumed the system as an over-
contact binary and therefore selected Mode-3 in PyWD2015. During
the analysis, the effective temperature of the primary component was
fixed to T,=6050 K, the value given by Kjurkchieva et al. (2020). The
gravity darkening and the albedo coefficients were set to 0.32 (Lucy,
1967) and 0.5 (Rucinski, 1969), respectively, which are appropriate
values for the spectral types of both components. The limb darken-
ing coefficients were interpolated automatically from the van Hamme
(1993) tables under the linear-cosine law assumption. We adjusted
the effective temperature of the secondary component (7,), common
surface potential of components (2, = £,), orbital inclination (i),
the monochromatic luminosity of the primary component (L), the
system mass ratio (q), semi-major axis (a), and the gamma velocity (V)
during the simultaneous analysis. During the trials, we also adjusted
the third light parameter (/5 - third light in flux unit) but could not get
convergence.

The flux modulation of TESS data along with the orbital phase,
the unequal maxima levels of the ground-based light curves as well
as the preliminary simultaneous LC+RV data analysis results showed
that reliable system parameters can only be obtained by considering
hot or cool spot included in the model. As mentioned in Section 1, the
same approach was recently applied by Kjurkchieva et al. (2020), who
assumed one cool spot with a radius of 28 degrees that is located on
the equator of the more massive secondary component in their light
curve analysis. On the other hand, in the case of such rapid rotators,
the spots are expected to occur at high latitudes and polar regions,
which is mentioned by Schuessler and Solanki (1992). In addition,
contact or near contact binaries having high latitude or polar spots are
well-known in the literature, of which their surface inhomogeneities
were investigated via Doppler imaging technique (i.e., Hendry and
Mochnacki, 2000; Barnes et al., 2004; Xiang et al., 2015). Therefore,
we started the simultaneous analysis by assuming a high latitude spot
located on the more massive secondary component. We derived the
relative spot temperature as T,,=0.7, using the equation that is based
on the ratio of starspot temperature to stellar effective temperature
given by Maehara et al. (2017) and kept it fixed during the analysis,
while the longitude, co-latitude and the radius of the spot along with
the other system parameters mentioned above were adjusted. The
observed light and radial velocity curves together with their models
and residuals are plotted in Fig. 4, while the system geometry of PP Lac
as well as the spot distribution at phases 0.00, 0.25, 0.50 and 0.75 are
illustrated in Fig. 5. The parameters obtained from the simultaneous
multi-colour light and radial velocity curve modelling as well as the
absolute parameters are summarized in Table 1. It should be noted that

—100 1
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—300
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, i’ light curves (left panel) as well as the radial velocity curve (right panel) of PP Lac and the best model fits (black solid lines) using Mode-3 of W-D.
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Fig. 5. System geometry of PP Lac for phases 0.00, 0.25, 0.50 and 0.75 that is obtained
from the ground-based data analysis.

the formal errors provided by the WD code are underestimated, since
they are based on a quadratic approximation for the dependence of y?2
on the model parameters in the region of the best fit (Maxted et al.,
2020).

From the simultaneous analysis of the system photometric and
spectroscopic observations, we obtained the spot co-latitude as ¢ =
7°.78+0.12 (corresponding to the latitude value of 82°.22), the longitude
as A = 272°.66 + 0.88 and the radius as § = 37°.73 + 0.07. These
correspond to the presence of a polar (or a high-latitude) spot that is
best visible at phase 0.75, which is also clear from the light curves of
the system shown in the left panel of Fig. 4.

4. Spot modelling using TESS light curves

Reliable monitoring of spots using long-term light curve data re-
quires a consistent set of orbital and geometric parameters, implying
that only the spot parameters may cause the intrinsic light curve
variation. The simultaneous ground-based light and radial velocity
curve analysis performed in this study has enabled us to determine
reliable system parameters of PP Lac. In this context, we examined
cycle to cycle variation of the TESS light curves and hence analysed
each cycle individually, using the system parameters obtained from
ground based data. The aperture masks used for the reprocessed TESS
photometry include S2, as mentioned in Section 2.2. Thanks to the
ground-based observations that we were able to resolve S2 individually,
we calculated the light contribution in terms of flux as I; = 7.7% in
the i’ band. It should be noted specifically for such systems with high
orbital inclination and having a high latitude or a polar spot that /5
and spot radius parameters degenerate each other; as the amount of /5
increases, the radius of the spot becomes larger.

We took the first cycle of TESS Sector 16 (cycle —999) as the
reference light curve and assumed one high latitude cool spot on the
secondary component. We used the spot parameters obtained from
ground-based solution as preliminary parameters and adjusted spot co-
latitude, radius and longitude, while the spot temperature was fixed to
Tsp=0.7. We also adjusted L,, in order to obtain the TESS passband
luminosities. For the spot modelling of the rest of the cycles, we follow
the strategy whereby the spot parameters obtained from the previous
cycle were used as the input spot parameters of the next cycle. The
TESS limb darkening coefficients were taken from the 2019 update
of WD2015° and adopted to PyWD2015. Therefore, we were able

5 https://faculty.fiu.edu/~vanhamme/lcdc2015/
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Table 1

Results from the light curve analysis using the ground-based data (with formal errors
from the WD code) and the absolute parameters of PP Lac. Final sum of squares of
residuals between observed and synthetic light curves (¥(O — C)?) for g/, #' and i
bands are calculated as 0.0078, 0.0048 and 0.0028, respectively.

Parameter Value Parameter Value

i [°] 83.9+0.8 A [°] 272.7+0.9
a[Ry] 2.971 +0.021 0 [°] 37.7+0.1
v, [km/s] —34.49 + 1.41 Tsp 0.7
g=M,/M, 2.344 +0.002 M, [My] 0.66 +0.01
T, [K] 6050 M, [My] 1.54 £0.03
T, [K] 5740 + 3 R, [Ry] 0.96 +0.01
Q, 5.576 + 0.003 R, [Ry] 1.40 +0.02
L/(Ly) [g'] 0.375 + 0.005 L, [Ly] 1.11 £0.02
L, /(Ly) [F'] 0.368 + 0.004 L, [Ly] 1.90 +0.11
L, /(Ly) [i'] 0.360 + 0.003 log g, [cgs] 429+ 001
@ [°] 7.8+0.1 log g, [cgs] 4.33+0.01

to interpolate the LD coefficients automatically from the updated LD
tables under the linear-cosine law approximation. The rest of the system
parameters including /; were fixed. It should be noted that during the
analysis of the TESS light curves, the /; value obtained from the i’ band
was used since the i’ band and TESS filter have almost similar central
wavelengths. For the single spot model, the observed and synthetic
light curves with their residuals for selected cycles are plotted in Fig. 6.
Variation of spot longitudes, co-latitudes and radii along with the cycle
were also plotted in Fig. 7.

Although the overall fits look convincing as seen in Fig. 6, solutions
for some cycles resulted in unsatisfactory description of observations
by model light curves, as they failed to model maxima levels, min-
ima depths and especially the asymmetries around maxima profiles
(i.e. cycle —955, the top right panel of Fig. 6). The average spot radius
was obtained as 53° (see Fig. 7), which is somewhat larger than that
obtained from ground-based observations. This may be a consequence
of an increase in the spot radius over a time span of ~ 1 year between
TESS and ground-based observations or an indication of the degeneracy
between /3 and spot parameters, as a polar spot dims the overall
lightcurve, while additional light brightens. Fixing the spot radius to
the value that we obtained during the ground-based solution gave the
I3 value of 0.042. However, assuming that the /5 value determined from
ground-based data is reliable, we kept its value fixed as 0.077 during
the analysis. Another remarkable point is the longitudinal variation of
spot along with the orbital cycle, as seen from the left panel of Fig. 7.
A very rapid longitudinal migration of the spot is evident between the
cycles —925 and —909 that corresponds to a rate of ~17° cyc~!, while
the rest of the longitudinal drift is about ~ 1.4°cyc™! (3.54° day™1).
The mid and right panels of Fig. 7 show the variations of spot size and
latitude, where there are no significant change.

As a second trial, we introduced two spots located on the secondary
component, as the one-spot modelling was particularly inadequate to
especially represent both maximum variations as well as the asym-
metries in some cycles. In this context, the second spot has the same
parameters as the first spot, except the longitude that is centred 180°
opposite to the first one. We then adjusted spot longitude, co-latitude
and radius parameters of both spots for the LC modelling of our
reference cycle (cycle -999). The co-latitude values were obtained as
9°.7+0.1 and 9°.8 + 0.1, resulting in two spots overlapping each other
by ~83%. This causes the temperature factor of the overlapping region
to be ~0.5, since the overlapping spot temperature is obtained by the
product of the individual spot temperature factors. In order to keep the
spot temperature as 0.7, which is obtained using the equation given
by Maehara et al. (2017), we fixed Tsp as 0.83. Consequently, during
the LC analyses of the entire data under two-spot model, we adjusted
the spot longitudes and radii, while we fixed the co-latitude and Tsp
parameters to those obtained from the LC modelling of our reference
cycle.
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Fig. 6. A sample of TESS light curves as well as their best model fits (red solid lines) of PP Lac under single spot approximation. Residuals from the theoretical fits are indicated

at the bottom of each curve. Note that the cycles are calculated using Eq. (1).
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Fig. 7. Cycle to cycle variation of spot longitude, co-latitude and radius obtained for a single spot approximation.

The observed and synthetic light curves of the two-spot model, with
their residuals for selected cycles are plotted in Fig. 8. Variation of spot
longitudes and radii along with the cycle were also plotted in Fig. 9.
Compared to single spot modelling, we obtained better model fits via
two-spot model, as we obtained lower (O — C)? values (see Fig. 8).
From the top panel of Fig. 9, it is clear that both spots exhibit similar
behaviour in terms of longitudinal variation with a migration towards
decreasing longitudes and then higher longitudes with almost the same
drift rates. On the other hand, as seen from the bottom panel of Fig. 9,
the variation of the spot radii evidently shows an anti-correlation with
an average amplitude of ~4°.

In addition to the overlapping two-spots modelling, we searched
for a possible non-overlapping two-spot configuration. Assuming the
spot temperature fixed at Tsp=0.7, our attempts converged to such a
configuration, where two spots are located at 28°.0+0.3 and 25°.1 +0.2
co-latitudes with the spot radii of 25°.6 + 0.1 and 27°.2 + 0.1, and
the longitudinal separation of ~173°5. The best fit models with their
residuals for selected cycles are plotted in Fig. 10, while the variation
of spot longitudes and radii along with the cycle were illustrated in
Fig. 11.

The resultant fits for non-overlapping two-spot model gave higher
>(0 — C)? values than the overlapping two-spot model, as can be
clearly distinguished from Fig. 10. On the other hand, residuals of non-
overlapping two-spot model are still less scattered than the single spot
model. Comparing the longitude-radius variations of both two-spots
approximations (Figs. 9 and 11), it is seen that the behaviour is similar,

Table 2

(0 — C)? values for three spot models.
Model (0 -C)?
Single spot 0.00234
Overlapping two-spot 0.00128
Non-overlapping two-spot 0.00130

while both the variation amplitudes of spot longitudes and radii in the
non-overlapping two-spot model are lower. As a result, depending on
the X(O — C)? values, it can be interpreted that among three different
spot scenarios considered for PP Lac system using the TESS data, the
overlapping two-spot model is the one that best fits the entire light
curves. The Z(O — C)? values for the light curve analyses of three spot
models are summarized in Table 2. It should be noted that neither of
the spots in three spot models are occulted during the entire orbital
cycle.

5. Testing the spot models with ETV

As mentioned in Section 1, the ETV nature of PP Lac obtained
using the TESS data should be caused most likely by the presence of
spots. Therefore, we expect the eclipse timings of the synthetic light
curves obtained from our spot models to be compatible with the TESS
ETV of the system. In this context, we calculated the primary and
secondary eclipse timings of the model light curves cycle by cycle for
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Fig. 9. Variation of spot longitudes and radii obtained from overlapping two-spots approximation. Note that some of the longitude values for spot 1 are plotted higher than 360°

for better tracing of variation.

three different spot approximations mentioned in Section 4. We again
ran the software Xtrema (Bahar et al., 2015) to calculate the synthetic
primary and secondary eclipse timings. The comparison of TESS ETVs
and the synthetic ETV diagrams obtained using the eclipse timings of
model light curves for all spot approximations are plotted in Fig. 12.
From the top panel of Fig. 12, which shows a comparison of ETVs
calculated from the TESS data and the single spot approximation, it is
clear that the synthetic ETV cannot fully represent the observed ETV
nature of the system, although the anti-correlated nature has emerged.
The linear trend of the synthetic ETV diagram is also clearly noticeable.
The mid and bottom panels, that compare the observed ETV with
the ETVs of overlapping and non-overlapping two-spots configurations,

appear to be compatible with the observed one, as they are able to
represent both the anti-correlation and the quadratic trend. Therefore,
in the case of the PP Lac system, the presence of two spots that are
centred 180° apart from each other is the most plausible model that
explains both the light curve asymmetries and the ETV behaviour.

6. The overall ETV behaviour

As mentioned in Section 1, the most recent ETV study of PP Lac was
carried out by Kjurkchieva et al. (2020), who noticed episodic variation
with a constant period that is superimposed on a cyclic behaviour.
Therefore, in order to update the findings obtained by Kjurkchieva et al.
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Table 3
Mid-eclipse times of PP Lac obtained in this study.

Time of Min. (Error) Type of Min. Telescope/Filter
HJD2400000+

59139.44226(4) I T80/g', v, i
59139.24196(3) i T80/g’, v, i’
59711.50462(10) I OAUJ-CDK500/1, Sy

(2020), we also examined the overall ETV behaviour of PP Lac using all
the available data in the literature, as well as the 3 mid-eclipse times
obtained in this study that are listed in Table 3.

The current mid-eclipse times include 161 visual, 4 photographic,
7 photoelectric, 100 CCD and 191 TESS CCD data that spread over

the years 1976 till 2022, covering ~41560 orbital cycles of the system.
Since the visual mid-eclipse times are highly scattered compared to the
overall variation, we considered seasonal averages and hence obtained
15 mean and 5 individual visual mid-eclipse times as the input data for
the analysis. The entire mid-eclipse times were converted to the same
time scale, as BJD. The ETV analysis of the system were carried out
with the help of an IDL® code that is improved by our working group
that was used during the ETV analyses of several eclipsing binaries
in the literature performed by Ozaver et al. (2020), Yilmaz et al.
(2017), Zola et al. (2016), Bastiirk et al. (2015) and Zola et al. (2012).
Based on the Levenberg—Marquardt algorithm (Markwardt, 2009), the

6 https://www.13harrisgeospatial.com/Software-Technology/IDL


https://www.l3harrisgeospatial.com/Software-Technology/IDL

M. Yimaz et al.

40 v
. v v "y ®
7 S B o
20 oy v Y
” oy v Wy W
w . e o W o M4
.g 0 u%"ﬁ 'vvv'w;v'x Y V;}@Di} o w
S R ARS ] BTN AT A
(] " o7 ° v %o
Yo °. % o0 4
Q0] WON N .
Q M g N &
] ° v
-40 7,
v Obs. Pri. Min LY
v Obs. Sec. Min KA
—601 o synt Pri. Min W
Synt. Sec. Min v
—-1000 —-980 -960 -940 -920 -900 -880
Cycle
y v Obs. Pri. Min
40 . v Obs. Sec. Min
. o Synt. Pri. Min
Ead v vy N Synt. Sec. Min
¢ 7 . W
20 R Fwy Tu
o v e
m e ¥ w 0. a T
0 & E. & o
T A RO AR T AT
S TR R A
8 ICANM o T
— -201 @ M
o e ¢
(] ¥
—40
-60

—-1000 —-980 -960 -940 -920 -900 -880
Cycle

v v Obs. Pri. Min

40 M v Obs. Sec. Min
. ©  Synt. Pri. Min
Synt. Sec. Min

-C (Seconds)
N
o o
Mt
. “
B 3,
3,
% &
¥
&
<
§

|
N
o
¥

-

|
N
o
&

-60 AL

—-1000 —-980 —-960 —-940 -920 -900 -880
Cycle

New Astronomy 101 (2023) 102022

50
'V'v
25 E S W v ", .
ol e, G
—~ A TV B e
n o v
T 254 W v
S .
o o .
§ -50 EA
o v
o -7 OV S
—1004 -%esn” - 9“:0‘33;0 o
° ° %% o © ° o
P . LA O &
-125 S ¢ A
-150
—1000 —-980 —-960 -940 -920 -900 -880
Cycle
50
’vv
25 T .
R N Ty T L
I A S
— ™ v
g -254 W v .
S -50 M
Q T,
2
o Pl - g .
8.2 0o 65 004 °g
O 1001 . &,  moE, e R et
-125{ * K
-150
—1000 —-980 -960 —940 -920 -900 -880
Cycle
50
"'v
25 > S v ., .
B Nt s
01« 7%, WV TN -
—_ ™" v
§ -25{ % k4 .
S -50 IS
Q AR
2
o -75 o
s & e s JARR o
—-100 & S & ° %, o
Qs : o 5"00 off ©
-1254 %
-150

—1000 —980 —-960 —-940 —-920 -900 -880
Cycle

Fig. 12. The comparison of TESS ETVs with synthetic ETV diagrams for three spot approximations considered. Black and grey triangles show primary and secondary eclipse
timings calculated from the TESS data, while the blue and orange open circles represent the same but for the eclipse timings obtained using the synthetic light curves. In the right
column, ETVs are shifted vertically (~100 s) by different amounts for better visualization. Top, mid and bottom panels represent the ETV diagrams for single spot, overlapping

two-spots and non-overlapping two-spots configurations, respectively.

code enables us to model the ETV behaviour of eclipsing binaries,
considering all the well-known mechanisms in the literature such as
mass transfer, light-time effect, magnetic activity and apsidal motion.
The code uses [rwin’s (1952) equations to derive the orbital parameters
of additional bodies (light-time effect), while the Applegate (1992)
formalism is used for the determination of magnetic activity related
parameters. During the analysis, the weight values were adopted as
10 for CCD and TESS data, 8 for photoelectric and 1 for visuals and
photographics. Depending on the previous studies as well as the most
recent ETV diagram of PP Lac, we started the analysis by modelling
two cyclic variations and a linear correction, among which the cyclic
behaviours were assumed as light-time effect (LiTE) due to the presence
of additional bodies. However, we could not obtain convincing model
fits, as the residuals show a quadratic trend. Therefore, as a second trial,
we assumed two cyclic (LiTE) variations superimposed on a quadratic
change, which resulted in a satisfactory modelling of the data, as shown
in Fig. 13. The obtained parameters are listed in the second column of
Table 4.

In order to check if the orbital configurations for two LiTE as-
sumption (hereafter Model-1) are stable, we performed orbital stability

simulations using the Rebound N-body integrator package improved
by Rein and Liu (2012) and the adaptive time stepping IAS15 integrator
by Rein and Spiegel (2015). During the simulations, we assumed the
additional bodies to have co-planar orbits with the binary. Using the
parameters obtained from Model-1, we investigated the variations of
the semi-major axis and eccentricity parameters of the third and fourth
bodies, considering an integration time of 10000 years. The simulations
showed that such a configuration becomes unstable in less than one
orbital cycle of the inner body, as two bodies are very close to each
other around the inner conjunction. Consequently, from the orbital
stability test results, we can interpret that the current ETV behaviour
cannot be represented by the existence of two additional bodies phys-
ically bound to the PP Lac system. On the other hand, both the light
curves and the TESS ETV of the system clearly indicate the presence of
spot(s) on one or both components. Assuming the cooler component is
the active one, we performed two more trials based on the formalism
of Applegate (1992) and considering one of the cyclic periods is due to
the magnetic activity of the secondary component. In this context, as
Model-2, we assume the longer period as magnetic activity cycle and
the shorter one as LiTE, while in Model-3 we take into account the
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Table 4

Best-fit parameters obtained from the overall ETV analysis of PP Lac. The second column includes the results from two LiTE assumption. The
third column shows the results of the analysis that we attribute the long-term variation to magnetic activity and the short-term one to LiTE,
while the fourth column lists the parameters from the opposite approach.

Parameter

Model-1

Model-2

Model-3

dM/dt [Myyr]
dp/dt [days yr~']

3.53(43)x1078
3.67(44)x1078

3.30(08)x10~?
3.44(51)x10~°

4.10(10)x1078
4.28(70)x1078

T,3 [HID] 2451645(412) 2451509(513)
P,LiTE [yr] 28.37(58) - 29.28(62)
A,LiTE [days] 0.0056(3) - 0.0062(3)
e 0.44(9) - 0.56(3)

ws [°] 284(4) - 272(8)
ay,sini;, [AU] 0.98(18) - 1.08(10)
S(M3)[M] 0.0012(7) - 0.0015(4)
M;[M,] 0.189(2) - 0.205(2)
T4 [HID] 2444940(307) - -

P,LiTE [yr] 13.48(22) 13.81(28) -

A,LiTE [days] 0.0037(2) 0.0023(2) -

ey 0.45(14) 0.65(13) -

w, [°] 283(17) 339(10) -
ay55ini},; [AU] 0.64(14) 0.50(12) -
F(M)IM] 0.0014(10) 0.0006(1) -

M, (M) 0.214(2) 0.162(7) -

Py [y - 29.33(62) 13.63(22)
Ay, [days] - 0.0056(2) 0.0039(2)
B [Gauss] - 6228(334) 11117(651)
AL [Ly] - 0.028(4) 0.134(24)
Am [mags] - 0.010(2) 0.046(8)
AP/P (x107%) - 3.31(14) 4.90(32)
AE [erg] - 3.20(49)x10% 7.02(27)x10%

AJ [g cm? s71]

1.76(13)x10%

2.61(23)x10*

dM/dt (Myyr~!): mass transfer rate, dP/dt (days yr~!): period change rate, P;LiTE (yr): orbital period of the third body, A;LiTE (days):
semi-amplitude generated by the presence of third body, e;: orbital eccentricity of the third body, w; (°): the periastron angle of the third body
orbit, aj,sini|, (au): projected distance between the mass centre of the triple system and the eclipsing pair, f(M;)(M,): mass function of the third
body, M;(M): the mass of the third body, P,LiTE (yr): orbital period of the fourth body, A,LiTE (days): semi-amplitude generated by the
presence of the fourth body, e,: orbital eccentricity of the fourth body, w, (°): the periastron angle of the fourth body orbit, f(M,)(M,): mass
function of the fourth body, M,(M,): mass of the fourth body, P,,, [yr]: Period of the cyclic change under magnetic activity assumption, A,
[days]: semi-amplitude of the cyclic change under magnetic activity assumption, B[Gauss]: sub-surface magnetic field of the active (secondary)
component, AL (Ly): the change of the luminosity of the secondary per activity cycle, Am (mag): change of the brightness of the secondary
per activity cycle, AP/P: the relative variation of the orbital period, AE (erg): available energy for the secondary (active) component, AJ

(g cm?s71): the rate of angular momentum transfer.

opposite approximation (the longer period as LiTE and the shorter one
as magnetic activity cycle). The best fit models for Model-2 and Model-
3 are illustrated in Fig. 14 and Fig. 15, respectively, while the resultant
parameters are listed in Table 4.

As presented in Table 4, we obtained the change of the luminosity of
the secondary per activity cycle as AL=0.03L and the corresponding
change of the brightness as Am=0.01 mag for Model-2, while the related
parameters were calculated to be AL=0.13L, and 4m=0.05 mag, for

10

Model-3. Since there is not enough photometric data of the system in
the literature, we could not check the above given luminosity as well
as the brightness changes and hence a reliable information about the
magnetic activity cycle cannot be obtained. However, the modulation
time scales as well as the relative variation of the orbital period (4P/P),
which are calculated of the order of ~ 107 for both Model-2 and
Model-3 are in accordance with the typical values for W UMa binaries
that is mentioned by Lanza and Rodono (1999). In order to further
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Fig. 14. Same as Fig. 13 but for Model-2.

strengthen the hypothesis that the cyclic variation is a consequence
of magnetic activity as similarly performed by Hu et al. (2020), we
calculated the energy required to drive the Applegate mechanism based
on the formulations given by Brinkworth et al. (2006) and Volschow
et al. (2016), by considering the variation of shell mass and hence the
energy provided by the secondary component. The results are shown
in Fig. 16, where both periodicities obtained for Model-2 and Model-
3 ensure the required energies between ~ 0.10-0.32 M,/ M,,.. The
results indicate that one of the cyclic variations seen on the current ETV
behaviour of PP Lac system is most likely due to the magnetic activity
of the secondary component, assuming both Model-2 and Model-3.

7. Conclusion and discussion

We carried out first simultaneous light and radial velocity curve
analysis of the contact binary PP Lac using the ground-based SDSS
g’, ¥ and i’ light curves obtained at the Ankara University Kreiken
Observatory and the radial velocity data gathered at the Dominion As-
trophysical Observatory. With the help of the absolute parameters from
the simultaneous analysis as well as the high precision and continuous
TESS data of the system, we investigate the spot activity under three
different spot configurations as; single spot, overlapping two-spot and

11

non-overlapping two-spot models. The ETV behaviour obtained using
the TESS data of the system also enabled us a unique opportunity
to check the consistencies of our spot models. The single spot model
turned out to give unsatisfactory results for both light curve and
ETV fits. On the other hand, the overlapping two-spots configuration
resulted in convincing light curve model fits and ETVs. In fact, as we
know from the solar spots and several Doppler imaging of active stars,
the stellar spots are not exactly circular. Thus, the non-circular spot
morphology could essentially be simulated by the overlapping two-
spots approach assumed in this study. Besides, the overlapping spots
were also recovered for the giant XX Tri by Kiinstler et al. (2015) using
the Doppler imaging technique. Ascending and descending longitudinal
drift of spots that are ~180° apart from each other on average is another
remarkable point, as such longitudinal drifts are also present in the
Doppler images of XX Tri and nicely demonstrated with an anima-
tion.” The non-overlapping two-spots configuration, where the spots
located at high latitudes with the longitudinal distributions separated
by ~180° on average, gave very similar results to those obtained in the
overlapping two-spots approach.

7 https://youtu.be/Zhi7ETLPEXM
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Fig. 15. Same as Fig. 13 but for Model-3.
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Fig. 16. Required energies for the secondary component for Model-2 (blue solid line)
and Model-3 (red solid line) to drive Applegate mechanism as a function of the ratio of
shell mass and total mass. The blue and red dotted lines represent the energy produced
in the secondary component for Model-2 and Model-3, respectively.

The active or preferred longitudes, where spots preferably occur,
is a well-known phenomena seen among the active single and binary
stars (see Berdyugina, 2005 for details). Olah et al. (2002) pointed out

12

that the preferred longitudes in binary stars exist commonly at the sub-
stellar points, which coincides with our results, as the spots drift around
longitudes 180° and 360°. In addition, Holzwarth and Schiissler (2002)
suggested a longitudinal dependence as a consequence of tidal effects
in binary stars, which is dominant in the case of contact binaries. As
a result, both the overlapping and non-overlapping two-spots models
considered in this study are in agreement with the findings in the
literature.

The anti-correlated behaviour seen in the Kepler and TESS ETV
diagrams of binary stars was explained by the presence of a starspot
that moves in longitude in the rotating frame of the binary, after Tran
et al. (2013), who found ~ 390 short-period binaries having such
ETV nature and by Balaji et al. (2015), who suggested new method
for tracking the phases of the orbital modulations in order to follow
starspots. On the other hand, both studies consider single spot model
and the systems having low orbital inclination. In the case of PP Lac, we
have very high orbital inclination (i ~ 84°) and most probably two spot
regions. Therefore, we searched for a relation between the longitudinal
variation of spots and observed TESS ETVs of PP Lac. Although we
plotted the variations of spot longitudes and radii individually for two-
spots approximations in Section 4, this time, we evaluated the longitude
and radius variations of both spots together, as shown in Fig. 17.
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Non-overlapping two-spot model longitude - radius variation
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Fig. 17. Longitude-radius variations of overlapping (left panel) and non-overlapping (right panel) two-spot models. The bottom panel shows the TESS ETV diagram of PP Lac, for

comparison. Note that the longitude axis is reversed (running from high to low).

Since there is ~ 180° longitudinal separation between two spots,
we subtracted 180° from the longitude of the first spot for a better
comparison. The top panel of Fig. 17 shows the longitudinal variation of
two spots for both overlapping (left panel) and non-overlapping (right
panel) two-spots approximations. It should be noted that longitude axis
is reversed (running from high to low) to better compare to the ETV
diagram. The comparison of longitudinal variation and the ETV dia-
gram clearly shows a correlation in both the anti-correlated behaviour
and the quadratic trend. It can also be seen from this figure that spot
No. 1 affects the secondary eclipse timings, while spot No. 2 affects
the primary ones. It is an expected result, since spot No. 1 dominates
the longitude 360° of the secondary component, which corresponds to
the line of sight during the secondary eclipse. This is almost the same
for spot No. 2, but for the primary eclipse. Another striking result is
the deviation of eclipse timings from zero point (0 min), as the spots
drift away from ~ 180° and ~ 360° longitudes with the maximum
separations of +30° and +10° for overlapping and non-overlapping two-
spot models, respectively. In addition, the variation in the radii of the
spots also shows an anti-correlated structure, being in the order of +2°
for both spots. In order to inspect the effect of slight variation of spot
radii on the light curve solution and the ETV, we performed another run
for overlapping two-spot model by keeping the average radii of spots
fixed and only adjusting the longitudes. The results turned out to show
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discrepancies in both model light curves and ETV, being substantially
higher for the former one. Thus, although the amount is small, it was
revealed that the variation of spot radii significantly affects both the
light curve and the ETV.

The overall findings indicate that the light variation without eclipses
as well as the ETV nature seen in the TESS light curves of the contact
binary PP Lac can be explained most likely by the presence of two
high latitude or polar spot groups, whose longitudes and radii show
quasi-periodic variations. In addition, the high latitude spots of PP Lac
are also consistent with the results obtained by Tran et al. (2013),
who emphasized that the high inclination angles require starspots to be
located close to the poles of the components to produce anti-correlated
ETV curves. Therefore, the obtained results clearly show that the ETV
behaviour of the system must be considered in order to obtain realistic
spot parameters from the light curve analysis. The overlapping two-
spot model may actually be a counterpart of a non-circular polar spot
structure or a single spot with umbra and penumbra. Moreover, the
Doppler images of contact binary stars showed that the spots may be
distributed on both components (i.e. Barnes et al., 2004, Senavci et al.,
2011), while it is not possible to obtain such information only using
photometry. In this context, combining the information from ETVs of
contact binaries with robust techniques such as Doppler imaging can
provide us further clues on the activity behaviour of such systems,
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which is not yet fully understood. The orbital stability tests as well
as the Applegate theory-based analysis results indicate that the two
periodicities seen on the overall ETV diagram of PP Lac may be a
combination of both the LiTE and magnetic activity mechanisms and
will become more clear when further eclipse timings data are obtained.
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