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ABSTRACT

Eclipsing binaries with (a) pulsating component(s) are remarkable objects to investigate the evolution and structure of stellar
systems. Detailed studies of such systems are also important to reveal their pulsation properties. The largest sample of pulsating
eclipsing binaries is the one containing 6 Scuti variables. In this study, we present a comprehensive spectroscopic and photometric
study of three such systems, GQ Dra, RR Lep, and TYC 683-640-1. Their orbital parameters were derived from their large-
amplitude radial velocity variations. All systems were found to be single-lined eclipsing binaries. We determined the atmospheric
parameters of the primary components, which are the more luminous ones. By using the results of the spectroscopic analysis,
the binarity of the systems was modelled and the fundamental stellar parameters (mass, radius) of each system were obtained.
In addition, the pulsations of the systems were analysed. Both GQ Dra and RR Lep exhibit frequencies that are modulated with

the orbital period. Therefore, the pulsating components of these systems are identified as candidate tidally tilted pulsators.

Key words: stars: atmospheres — binaries: eclipsing —stars: fundamental parameters —stars: variables: § Scuti.

1 INTRODUCTION

The importance of eclipsing binary systems has been known for
over a century. These systems are one of the most popular objects
in astrophysical studies because such systems play a key role in the
understanding of stellar evolution and structure. Eclipsing binaries
provide accurate stellar parameters (e.g. mass M, radius R) that are
essential for theoretical modelling.

The discovery of pulsations in eclipsing binaries increases the
popularity of these systems. Heretofore, a few different types of
pulsating variables were found in eclipsing binaries (Lampens 2021).
One of these types of pulsating stars is the § Scuti variables. The
8 Scutistars are A-F spectral type systems that generally exhibit
pulsations in pressure, gravity, and/or mixed modes with frequencies
ranging from ~5 to 72d~! (Aerts, Christensen-Dalsgaard & Kurtz
2010; Chang et al. 2013). Their interior can be probed by studying
their pulsations with asteroseismic methods. § Scuti stars are found
in different evolutionary stages. Hence, the investigation of such
systems is ideal for an in-depth examination of stellar evolution.

Many § Scuti stars were discovered in eclipsing binary systems
(Kahraman Alicavug et al. 2017; Liakos & Niarchos 2017). Their
number is still increasing thanks to the observations provided by
space telescopes (Kahraman Aligavus et al. 2022, 2023). It is known
that § Scuti variables in binaries show a different pulsational behavior
because of the gravitational effects of the other binary component.

* E-mail: filizkahraman01 @ gmail.com

The latest example of the gravitational effect on the pulsating
components in binaries is the discovery of the tidally tilted pulsators.
Handler et al. (2020) found the first one of these systems by showing
that, due to tidal effects, the pulsation axis is changed and aligned
with the orbital axis. After this discovery, a few additional members
were found (e.g. CO Cam, Kurtz et al., 2020, TZ Dra, Kahraman
Alicavug et al., 2022). However, the number of currently known
tidally tilted pulsators is too low for a detailed understanding of the
properties of this type of object.

A comprehensive investigation of § Scuti pulsators in eclipsing
binaries would be useful to comprehend 6 Scuti variables and their
pulsational structure. Therefore, in this study, we aim to analyse
three eclipsing binaries with a § Scuti component, GQ Dra, RR Lep,
and TYC 683-640-1. GQDra was first classified as a variable by
ESA (1997). It is listed as an eclipsing binary with a § Scuti
pulsator by Liakos & Niarchos (2017). Ulas et al. (2020) presented
the first detailed study of GQDra by analysing its orbital and
pulsational variations. The variability of RR Lep has already been
known for nearly a century (Hoffmeister 1931). It has been studied
by several authors. Liakos & Niarchos (2013) examined the orbital
and pulsational variations of this system. The binarity of RR Lep
was also modelled by Erdem & Oztiirk (2016), and, in addition,
they gave the analysis of the orbital period variations. A detailed
study for TYC 683-640-1 was given by Ulas et al. (2022), and they
presented the first binary modelling and pulsational analysis of this
variable.

However, none of these systems were analysed with both photo-
metric and spectroscopic data except for GQ Dra. For this study,
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Table 1. Information related to the used photometric and spectroscopic observations. SNR represents the signal-to-noise ratio. Reference: ¢ Stassun et al.

(2019), ® Hgg et al. (2000), ¢ Kreiner (2004), and ¢ Ulas et al. (2022).

Target \% Orbital TESS Spectroscopic Number of Average
name (mag) period (d) Sector Obs. date spectra SNR
GQDra 8.94(3)¢ 0.76591(4)° 40,47, 51,53 May 2020-August 2020 33 62
RR Lep 10.14 (3)® 0.91543(4)¢ 5 October 2022-March 2023 20 50
TYC 683-640-1 9.71 (3 2.46170(6)¢ 5 November 2020-March 2023 22 60

Table 2. The results of the v, analysis. The subscripts p and s represent the primary and secondary components,
respectively. ¢ shows the fixed parameters. The errors are given in parentheses in units of the last decimal. f{m,,, my) is

the mass function.

Parameter GQDra RR Lep TYC 683-640-1
T, (HID) 2452500.07988 (11) 2452400.07710 (74) 2458001.01878 (79)
Porp® 0.765905 (1) 0.915599 (1) 2.461820 (2)

y (kms™1) —15.1(3) —43(3) —15.9 (1)

K, (km ) 83.4 (5) 61.4 (3) 76.8 (2)

e 0.000 (1) 0.000 (4) 0.000 (5)
 (deg) 90.0 (5) 90.0 (6) 90.0 (6)
apsini (Rp) 1.262 (8) 1.111 (6) 3.737 (10)
Sfimy, mg) (M) 0.0460 (8) 0.0220 (4) 0.1157 (9)

we collected high-resolution spectroscopic data and added them
to the available space-based photometric data of the systems to
analyse them comprehensively. The paper is organized as follows.
Information about the observational data is given in Section 2. The
spectroscopic analysis, including radial velocity measurements and
the determination of the atmospheric parameters, is presented in
Section 3. In Section 4, the photometric analyses (binary modelling
and pulsational analysis) are introduced. We end in Section 5 with a
discussion and an overview of conclusions.

2 OBSERVATIONAL DATA

The photometric data of GQ Dra, RR Lep, and TYC 683-640-1 were
collected with the TESS (Ricker et al. 2014). TESS observes almost
the entire sky by dividing it into sectors that are each observed for
~27d. TESS observations are carried out with short (120s) and
long (200, 600, and 1800s) cadences. Since in this study we also
aim to investigate the pulsational behavior of the targets, we used the
available TESS short cadence data or 600 s long cadence mode as their
Nyquist frequencies are high enough for the study of § Scuti-type
variations. The TESS photometry of the targets was taken from the
Barbara A. Mikulski Archive for Telescopes (MAST).! Two types of
TESS fluxes are provided: Simple Aperture Photometry (SAP) and
Pre-search Data Conditioning SAP (PDCSAP). The SAP data are
used in our study since there were no significant differences between
the two fluxes. We converted them into magnitudes by using the
equation given by Kahraman Alicavus et al. (2022). GQ Dra has 200 s
(S57) and 600 s cadence data in four different sectors (S40, S47, S51,
S53) while data observed in 120 s cadence mode is available in only
one sector for RR Lep (S5) and TYC 683-640-1 (S5). Additionally,
RR Lep (S5), and TYC 683-640-1 were observed with 600 s cadence
mode in sector 32. In the study, we used 120 s data for RR Lep (S5),
and TYC 683-640-1 because its Nyquist frequency reaches up to
350d ~!. For GQDra, 600s data were taken into account as those

Thttps://mast.stsci.edu

were taken in four different sectors, and by combining those data
we could reach a higher signal-to-noise level (SNR) . In Table 1,
information about the used TESS data is given.

The spectroscopic data of the target stars were taken with the
High Efficiency and Resolution Mercator Echelle Spectrograph
(HERMES; Raskin et al. 2011) HERMES provides spectra with
a resolving power of ~85 000 and in the wavelength range 377-
900nm. For each target, we collected spectra that were spread
over the orbital period to provide more accurate results in the
spectroscopic analyses. The collected spectra were reduced with
the dedicated pipeline taking into account the classical reduction
steps such as bias subtraction, flat field correction, and wave-
length calibration. The reduced spectra were then normalized man-
ually utilizing the IRAF? continuum (Tody 1986) task. Informa-
tion about the photometric and spectroscopic data is given in
Table 1.

3 SPECTROSCOPIC ANALYSIS

Spectroscopic data of the systems were analysed to derive the
radial velocities, obtain the orbital parameters, and determine the
atmospheric parameters of the binary components. These analyses
were carried out in advance of the photometric ones because some
parameters determined from the spectroscopy are used as input to
obtain precise results from photometry.

3.1 Radial velocity analysis

The radial velocity (v,) measurements of the systems were done using
the FXCOR task of IRAF. This task calculates the v, values with the
cross-correlation technique by using a spectrum of a standard star or a
synthetic spectrum as a template in the calculation. Therefore, in this
analysis, we generated some synthetic spectra considering the TESS

Zhttp://iraf.noao.edu/
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Figure 1. The theoretical v, curves fit for the measured v, values (upper
panels) and the residuals (O-C) in km s~! (lower panels). The left-hand,
middle, and right-hand panels belong to GQ Dra, RR Lep, and TYC 683-640-
1, respectively.
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Input Catalog (TIC; Stassun et al. 2019) effective temperature (Tetr)?
values and projected rotational velocity (vsini) estimated from the
fundamental parameters of the systems given in the literature studies
(Erdem & Oztiirk 2016; Ulas et al. 2020, 2022). To generate the
synthetic spectra, we used the line-blanketed, local-thermodynamic
equilibrium ATLAS9 model atmospheres (Kurucz 1993) and the
SYNTHE code (Kurucz & Avrett 1981) to obtain the theoretical
spectra. The ATLAS9 models and SYNTHE program were used in
further spectroscopic analysis as well.

In our first v, measurements we found all targets as single-lined.
However, to be sure about this feature, we also used some synthetic
templates with lower 7. values (4000, 5000, and 6000 K) that could
be more suitable to detect the v, shifts in the secondary, less luminous
and cool components. However, no results were found to be different
than the previous measurements. The measured v, values of each
system are given in Table A1.

The v, measurements were then analysed using the rvfit pro-
gram4 that models the v, data of double-lined, single-lined binaries,
or exoplanets based on the minimization method of adaptive simu-
lated annealing (Iglesias-Marzoa, Lépez-Morales & Jests Arévalo
Morales 2015). The program fits the parameters of the orbital period
P, the periastron passage time T, the orbital eccentricity (e),
the argument of the periastron (w), v, of the centre of mass (y),
projected semimajor axis (asin i, where i is orbital inclination) and
the amplitude of v, for the primary (p) and secondary (s) (K, ).
The P values of the systems were measured from the TESS data
of the systems, and they were fixed during the v, analysis. In the
analysis, we first searched for e and w parameters in addition to
others. However, the first results showed that all systems have circular
orbits. Hence, those parameters were fixed during further analysis.
The results of the v, analysis are given in Table 2. The theoretical
v, fits to the v, measurements are shown in Fig. 1.

3.2 Determination of atmospheric parameters and chemical
abundances

To perform accurate binary modelling, we should know the
T values. Therefore, before binary modelling, spectroscopic anal-
ysis was carried out to estimate the 7., surface gravity (log g), and
chemical abundances of the primary components of the systems. As
a result of v, analysis, we found that all systems are single-lined.
Thus, the effects of the secondary components in total flux should be
negligible. Hence, we can treat the systems as single objects in the
spectroscopic analysis. Just in that case, possible flux contributions
could come from the secondary components; in the analysis, we used
the spectra that were taken at around 0.45-0.55 orbital phase’, where
the secondary component is partially covered by the primary. If there
is more than one spectrum taken around these orbital phases, those
spectra were combined to obtain a higher SNR value and used in the
spectral analysis.

Since the hydrogen (H) lines are the unique tools to estimate the
Tsr value, we first utilized the Hpg line for the determination of the
T.sr parameters. The minimization method was used in the analysis as
described by Catanzaro, Leone & Dall (2004). During the analysis of
Hp line, we fixed the log g parameter and the metallicity as 4.0 and so-
lar, respectively. Since there is no significant effect of log g on the de-

3GQDra: Tefr = 8936 £371K, RRLep: Teir = 7928 £ 163K, TYC 683-
640-1: Teir = 6802+ 130K
“http://www.cefca.es/people/riglesias/rvfit.html

SPreferable at 0.5 phase if it is available.
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Table 3. The Hp Tt values, the final atmospheric parameters, vsin i and the Fe abundances of the primary components of GQ Dra, RR Lep, and TYC 683-640-1.

log € (Fe) is the relative abundance with respect to hydrogen (H = 12.0).

Hp line Fe lines
Star Ter (K) Ter (K) log g (cgs) & (kms™) vsini (kms™!) log e (Fe)
GQDra 8600 £ 200 8700 £+ 100 4.0+0.1 14402 130+4 7.67+0.16
RR Lep 7800 % 150 7800 % 100 4.1+0.1 3.1+0.2 119+4 7.15+£0.17
TYC 683-640-1 7200 & 150 7500 &+ 100 3940.1 24403 63+6 7.73 £0.60

termination of T for the stars having 7. lower than 8000 K for such
systems, the log g does not affect the estimation of Ty (Niemczura,
Smalley & Pych 2014). Additionally, the metallicity does not affect
the profile of hydrogen lines significantly; hence, the metallicity
was fixed as solar during the determination of initial 7. values of
the systems. According to the analysis, we determined that GQ Dra,
RR Lep, and TYC 683-640-1 have T of 8600 =+ 200, 7800 % 150,
and 7200 £ 150K, respectively. Since the derived Hg T values
are around 8000K for RRLep and TYC 683-640-1, we did not
search for log g parameters in the Hy line analysis for these systems.
However, for GQ Dra, the log g value was searched for and found to
be 3.9 +0.1. To estimate log g, projected rotational velocity (vsin i),
and microturbulence (&) parameters for all systems, we carried out
additional spectroscopic analysis based on the relationship between
the ionization/excitation potential and chemical abundance of an
element. Taking into account the Hy T values of our systems, we
preferred to use the iron (Fe) element in our analysis, as this element is
found more abundant in such 7 range. In this analysis, the spectrum
synthesis method was used and the procedure described in the study
of Kahraman Alicavus et al. (2016) was followed. The results of
Hg and Fe lines’ analyses are given in Table 3. The consistency
between the theoretical models and observations is demonstrated in
Fig. 2.

After the determination of the final atmospheric parameters, the
chemical abundances of the individual elements could be derived.
By taking into account the final atmospheric parameters as input
and considering the spectrum synthesis method, the absorption lines
of elements were modelled. In advance of the modelling, the line
identification for each absorption line was carried out using the Ku-
rucz line list.% As a result of this analysis, the chemical abundances of
some elements were obtained for the primary component of the target
systems. The derived chemical abundances for Fe and other elements
are given in Tables 3 and A2, respectively. The chemical abundance
distributions of the primary components of the target systems are
shown in Fig. 3. When the chemical abundance distributions of the
targets were investigated, the chemical abundances of the primary
component of GQDra and RR Lep appeared to have abundances
similar to the Sun (Asplund et al. 2009) within error bars. However,
TYC 683-640-1 appeared to have overabundances in some elements
such as Ca, Ti, Cr, and Ni. Even though the Fe abundance is similar
to the Sun, the primary component of TYC 683-640-1 could be a
slightly metal-rich star.

4 PHOTOMETRIC ANALYSIS

The TESS data of the targets were used in the photometric analysis.
We utilized the resulting parameters of the spectroscopic analyses

Shttp://kurucz.harvard.edu/linelists.htm]

as input during the photometric investigation. Information about the
TESS data is given in Section 2 and Table 1.

4.1 Binary modelling

To model the binary variation of the systems, first, the oscillation
effects on the light curves were removed. This is because the
oscillations could especially change the shape of the eclipses. For
this reason, initially, we searched for the pulsation frequencies
using the PERIOD04 program (Lenz & Breger 2005). The oscillation
frequencies were then cleaned from the light curves. This procedure
was applied for each TESS sector of the systems. After cleaning the
oscillations, the light curves of the systems were phased using the
parameters given in Table 2 and then normalized. Finally, these light
curves of the systems were binned to 2000 points for the binary
modelling.

The known binary modelling program of WILSON-DEVINNEY
(W-D; Wilson & Devinney 1971) was used in the analysis and
the uncertainties of the determined parameters were investigated
with the Monte-Carlo simulations (Zola et al. 2004, 2010). In the
binary modelling, we fixed some parameters such as Ty of the
primary component, the bolometric albedos (Rucifski 1969), the
bolometric gravity-darkening coefficient (von Zeipel 1924), and
the logarithmic limb darkening coefficient (van Hamme 1993) as
the same given in the study of Kahraman Alicavug et al. (2022).
Other parameters like mass ratio (g), dimensionless potential (£2),
T of the secondary component, inclination (i), and phase shift (¢)
were set free. During the analysis, we first decided on the binary
configuration of the systems. Initially, the detached configuration
and then the semidetached configuration were tested for each system.
As a result, considering the goodness of fit parameter x2, we found
that GQ Dra and RR Lep are semidetached systems, while TYC 683-
640-1 is a detached binary. In the literature, GQ Dra (Ulag et al.
2020) and TYC 683-640-1 (Ulas et al. 2022) were also classified
as semidetached and detached systems same as us, respectively.
However, RR Lep is classified as a detached ‘however near contact’
system by Erdem & Oztiirk (2016), but in this study, low-quality
photometric data were used compared to TESS data. Hence, the
difference in the configuration is caused by the photometric data
quality.

After we decided on the binary configurations of the systems,
a g-search was carried out. In the g search, all parameters were
set free and the q value was fixed in each iteration from 0 to 1
with a step of 0.01. As a result of this examination, we obtained
preliminary g values for each system considering the minimum
x%. For GQDra, RRLep, and TYC 683-640-1, the initial ¢ pa-
rameters were found as 0.34 +0.02, 0.28 +-0.02, and 0.50 +0.02,
respectively. These g values were used as input for further binary
modelling and were improved. Consequently, the best-fitting binary
models for each system were determined. The consistency between
the models and binary variations is shown in Fig. 4 and the results

MNRAS 527, 4076-4086 (2024)
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Figure 2. Top panels: The best theoretical fits to the observed Hg lines
of GQDra, RRLep, and TYC 683-640-1. Bottom panels: Residuals. For
modelling, the Hg line metallicity of the models was taken as solar (Asplund
et al. 2009). The significant residuals in TYC 683-640-1 are caused by the
metallicity difference between the star and solar (see, Section 3.2).
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Figure 3. Chemical abundance distributions of the primary components of
GQDra, RR Lep, and TYC 683-640-1 relative to solar chemical abundances
(Asplund et al. 2009).

of the binary modelling are given in Table4. Considering that
the W-D errors are not very significant, the uncertainties of the
given parameters were estimated with the help of Monte-Carlo
simulations and additionally by changing the parameters such as
albedo and gravity darkening with different values (e.g. Southworth
2020; Pavlovski et al. 2023). As a result, the uncertainties of
the calculated parameters were obtained and they are given in

Table 4.

The resulting parameters of the binary modellings were used
to calculate the fundamental stellar parameters such as mass (M),
radius (R), luminosity (L), bolometric (M,,;), and absolute (My)
magnitudes. To compute these parameters, well-known Kepler,
Pogson equations, and bolometric correction (BC) from the study
of Eker et al. (2020) were used. These parameters are also given in
Table 4.

4.2 Pulsation analysis

We carried out a pulsation analysis after removing the binary
models from the light curves. The residuals were analysed using
the PERIOD04 program (Lenz & Breger 2005). All TESS sector data
of the systems were considered in the analysis. The significance
limit for the frequencies was taken as 4.5 (Baran & Koen 2021).
Taking into account the determined frequencies (see Tables 5 and 6)
and the T.s values of the systems, we could say that the pulsating
stars are § Scuti variables. Considering the T.¢ values of the binary
components of each system and also the T, range for the § Scuti stars
(6300-8600 K, Rodriguez & Breger, 2001), we concluded that in
each system the more luminous, hotter, primary components are
the pulsators. Only the secondary component of TYC 683-640-
1 system could be a pulsator as well according to its Tg value
with the error bars. To be sure about the variability of this system
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using the calculated physical parameters and the pulsation constant
equation (Q = P/p/po = PM'/>?R73/%), we computed expected
frequencies for each binary component in TYC 683-640-1 taking
into account the Q value 0.033 for the fundamental mode (Fitch
1981). As a result, the frequencies for primary and secondary binary
components were found as 6.16d~! and 27.28 d~!, respectively. In
addition, according to the determined parameters given in Table 4,
the luminosity (L) of the secondary component of TYC 683-640-
1 is below the L value of the cool border of § Scutiinstability
strip. Hence, the secondary system is not located inside the §
Scuti instability strip. Considering the determined frequencies for
TYC 683-640-1 and the L value of the secondary component, we can
say that the primary component is likely the oscillating star in the
system.

Determined frequencies for each system were examined to control
for possible modulations with the orbital period’s frequency. As
a result, we found that GQDra shows frequency modulations.
In Fig. 5, the modulated frequencies by the frequency of the
orbital period (1.305645d~") are shown. Because of this modula-
tion, the system was considered a possible tidally tilted pulsator.
In the tidally tilted systems, frequencies of the pulsating stars
are split by the orbital period’s frequency, and its multiples. In
addition, the pulsation amplitude is changed through the orbital
phase (Handler et al. 2020; Rappaport et al. 2021). Therefore, we
examined these properties to determine whether GQ Dra exhibits
any of them using the procedure described in the study of Handler
et al. (2020). In Fig. 6, in the top, middle, and bottom panels,
respectively, the binary variation, pulsation amplitude variations,
and the amplitude changes of the highest amplitude frequency
with the orbital phase are shown. According to this figure, it is
seen that at around 0.25 and 0.75 orbital phases, the pulsation
amplitudes almost disappear compared to the other orbital phases.
When the frequencies of GQ Dra were examined in detail, it was
also found that independent frequencies are divided by the fre-
quency of the orbital period or its multiples. The frequencies of
GQDra are given in Table 5. Taking into account the results, we
could conclude that GQ Dra is another candidate for tidally tilted
pulsators.

RR Lep also shows frequency modulation with the orbital period
and the frequency structure like GQ Dra (see, Table 5). However,
this system does not have enough TESS data, hence the pulsation
properties could not be examined in detail. The frequency modulation
could also be caused by the orbital light time effect (Hey et al. 2020)
but for such close binary systems with tight orbits, this effect will
be too small to be detected. Therefore, RR Lep is considered to be a
candidate tidally tilted pulsator. The frequency list for the pulsation
component of RRLep is given in Table5. When the TYC 683-
640-1 system was examined, we obtained that the system does not
show similar behavior to other systems. It exhibits 12 independent
frequencies given in Table 6. The amplitude spectra of the target
systems are given in Fig. 7.

5 DISCUSSION AND CONCLUSIONS

The importance of eclipsing binary systems with pulsating com-
ponents has been known for decades. In this study, three single-
lined eclipsing binary systems with pulsating components, GQ Dra,
RR Lep, and TYC 683-640-1, were analysed. We investigated these
systems to reveal their pulsation structure and binary properties.
First, a spectroscopic analysis was carried out to derive the or-
bital parameters from the radial velocity measurements and the
atmospheric parameters for the more luminous primary compo-
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Table 4. Results of the binary modelling and the astrophysical parameters. The subscripts p, s, and 3 represent the
primary, secondary, and third components. ¢ and / show the fixed parameters and relative luminosity, respectively.

Parameter GQDra RR Lep TYC 683-640-1
i(%) 76.46 + 0.31 79.12 +£0.32 83.68 + 0.30
Terp® (K) 8700 £ 100 7800 + 100 7500 £ 100
Tetts (K) 4997 £ 126 4232 + 137 6215 + 128
Q, 2.791 £ 0.010 2.833 £ 0.010 3.596 £ 0.020
Q 2.536 + 0.017 2.413 £ 0.016 6.435 £+ 0.092
¢ —0.0073 % 0.0001 0.0027 £ 0.0001 0.0001 £ 0.0002
q 0.348 &+ 0.010 0.276 &+ 0.010 0.503 + 0.010
rp* (mean) 0.416 £+ 0.002 0.402 £ 0.002 0.329 4+ 0.003
r¢* (mean) 0.290 £ 0.002 0.273 £+ 0.002 0.097 & 0.001
Ip I (p + 1) 0.91 +0.02 0.95 +0.02 0.95 +0.02
I Iy + 1) 0.09 &+ 0.02 0.05 +0.02 0.05 +0.01
I3 0.24 +0.03 0.03 + 0.01 -
Derived quantities
M, Mp) 2.16 £0.16 1.79 £0.12 2.09 +£0.10
M; Mg) 0.75 + 0.02 0.50 + 0.02 1.05 +0.02
R, (Rp) 2.09 £+ 0.05 2.10 £ 0.04 3.70 £ 0.08
R (Rp) 1.39 +£ 0.04 1.35 4+ 0.03 1.09 + 0.07
logL, (Lo) 1.35 £ 0.02 1.17 £ 0.02 1.59 +0.02
log Ly (Lo) 0.03 + 0.01 —0.28 +0.02 0.20 + 0.01
log g (cgs) 4.13 £ 0.04 4.05 +0.04 3.62 4 0.04
log g s (cgs) 4.03 +0.03 3.87 +£0.03 4.39 + 0.06
Mpotometricp (mag) 1.37 £0.37 1.84 +£0.35 0.78 £ 0.35
Mpoiometrics (Mmag) 4.67 + 0.66 5.45 4+ 0.81 4.25+0.86
My, (mag) 1.43 +£0.39 1.80 £+ 0.37 0.72 £ 0.37
My, (mag) 4.93 + 0.68 6.23 +0.83 4.20 +0.88

xfractional radius, R/a.
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Table 5. The pulsation frequencies of GQ Dra and RR Lep. Error estimates
for the independent frequencies and phases are given in parentheses.

Single-lined eclipsing binaries 4083

Table 6. The pulsation frequencies of TYC 683-640-1. Error estimates for
the independent frequencies and phases are given in parentheses.

GQ Dra
Frequency Amplitude Phase

dh (mmag) (radians)
vi — 10vep 21.7784(1) 0.0663(5) 0.86(1)
Vi — o 23.0843(1) 0.1244(5) 0.49(1)
Vi — 8vorp 24.3895(1) 0.1324(5) 0.16(1)
Vi — Torp 25.6955(1) 0.0939(5) 0.47(2)
Vi — 6V 27.0013(1) 0.1957(5) 0.35(1)
Vi — Svorp 28.3068(1) 0.4478(5) 0.54(1)
Vi — 3Vorp 30.9176(1) 0.1578(5) 0.90(1)
Vi — 2Vorp 32.2233(1) 1.5891(5) 0.04(1)
Vi — Vorb 33.5291(1) 1.1255(5) 0.96(1)
Vi 34.8346(1) 2.0376(5) 0.75(1)
Vi + Vorp 36.1404(1) 0.1842(5) 0.23(1)
Vi 4+ 2V 37.4460(1) 0.0985(5) 0.76(1)
Vi + 3vor 38.7515(1) 0.1326(5) 0.58(1)
Vi +4vem 40.0572(1) 0.0723(5) 0.83(1)
V2 — Torp 24.0757(1) 0.0762(5) 0.27(1)
V2 — 6vepp 25.3817(1) 0.0702(5) 0.59(1)
V2 — SVorp 26.6870(1) 0.1787(5) 0.88(1)
V2 — 3Vorp 29.2983(1) 0.6048(5) 0.43(1)
V2 — 2V 30.6039(1) 0.6319(5) 0.25(1)
V2 — Vorp 31.9096(1) 0.4155(5) 0.94(1)
2] 33.2152(1) 0.8354(5) 0.84(1)
V2 + Vorp 34.5209(1) 0.0869(5) 0.51(1)
V2 + 2V 35.8266(1) 0.0820(5) 0.08(1)
V2 + 3vor 37.1321(1) 0.1146(5) 0.33(1)
v3 — Tvorp 14.9017(1) 0.0824(5) 0.03(1)
V3 — 6Vopp 16.2072(1) 0.0965(5) 0.68(1)
V3 — SVorp 17.5129(1) 0.1496(5) 0.97(1)
v3 — 4vepp 18.8185(1) 0.1130(5) 0.26(1)
v3 — 3V 20.1241(1) 0.4828(5) 0.57(1)
V3 — 2Vorp 21.4299(1) 0.2284(5) 0.34(1)
V3 — Vorb 22.7356(1) 0.4038(5) 0.79(1)
V3 24.0411(1) 0.6691(5) 0.93(1)
V3 + Vorp 25.3469(1) 0.01171(5) 0.39(1)
v3 + 2V 26.6525(1) 0.0862(5) 0.20(1)
v3 + 3vorp 27.9581(1) 0.1257(5) 0.04(1)
V4 — 4opp 21.0529(1) 0.0981(5) 0.93(1)
V4 — 2000 23.6643(1) 0.0589(5) 0.64(1)
V4 26.2756(1) 0.6690(5) 0.22(1)
V4 + Vorp 27.5812(1) 0.1543(5) 0.54(1)
V4 + 2V 28.8870(1) 0.2866(5) 0.49(1)
Vs — 2Vopp 22.5057(1) 0.1172(5) 0.03(1)
Vs 25.1172(1) 0.2204(5) 0.28(1)
Ve 34.8468(1) 0.0825(5) 0.50(1)
V7 — Vorb 32.2190(1) 0.0667(5) 0.96(1)
V7 33.5216(1) 0.0774(5) 0.45(1)

RR Lep

Vi — 2V 29.6795(1) 3.2503(2) 0.71(1)
Vi — Vorp 30.7745(1) 0.6122(2) 0.67(1)
Vi 31.8657(1) 3.4633(2) 0.65(1)
V2 — 2Vorp 30.0915(3) 2.4292(2) 0.83(1)
V2 — Vorp 33.3651(4) 0.9127(2) 0.51(1)
1) 32.2758(1) 2.4795(4) 0.18(1)
V3 25.7821(1) 1.2466(4) 0.48(1)
v3 4+ 2V 27.9645(4) 0.9400(2) 0.23(1)
v3 4+ 4vep 30.1526(4) 1.2150(2) 0.77(1)
V4 23.6646(1) 1.2043 0.86(4)
Vs — 200 24.2693(4) 0.7770(2) 0.96(1)
Ve 32.4914(1) 0.9665(2) 0.05(1)
Ve + 2Vorp 34.6776(1) 0.9534(2) 0.49(1)
V7 31.9858(1) 0.5322(2) 0.91(1)

Frequency Amplitude Phase
dhH (mmag) (radians)

Vi 7.5638(1) 4.3445(2) 0.40(1)
vy 11.1392(1) 1.3032(2) 0.66(1)
V3 6.7684(1) 1.1798(2) 0.16(1)
V4 6.8568(1) 1.1310(2) 0.59(1)
Vs 10.3861(1) 1.0657(2) 0.89(1)
Ve 13.7636(1) 0.9923(2) 0.98(1)
V7 13.3121(1) 0.9841(2) 0.73(1)
Vg 12.4956(1) 1.0962(2) 0.44(1)
) 13.0431(1) 0.7788(2) 0.47(1)
V1o 12.9451(1) 0.7283(2) 0.28(1)
Vi 6.0268(1) 0.5776(2) 0.43(1)
Vi2 12.4494(1) 0.5754(2) 0.24(1)

We compared our results with the conclusions of the previous
studies. For GQ Dra, Ulag et al. (2020) carried out a binary mod-
elling analysis. Their results show significant differences from ours.
Especially, the difference in M and R parameters is significant. This
discrepancy could be caused by the quality of the photometric data
and the difference in the T, values. The RR Lep system was already
studied by Liakos & Niarchos (2013). In this study, binary modelling
was performed with ground-based photometric data. The results
of this study and ours show a discrepancy in the parameters of
the secondary component because of the noise level in the data.
TYC 683-640-1 was investigated by Ulas et al. (2022). For this
system, there is also a significant difference between the M and
R values. All differences in this and other systems are probably
caused by the pulsations in addition to the data quality. Especially,
TYC 683-640-1 exhibits high amplitude pulsations that affect the
shapes of eclipses. If the pulsations are not removed before the
binary modelling, they would affect the sensitivity of the resulting
parameters because of the high-amplitude oscillation. Hence, the
source of this difference in TYC 683-640-1 is probably the pulsation
effects.

The pulsational behaviour of the target systems was examined
and the primary components of the systems were classified as §
Scuti variables. Their positions were shown in the Hertzsprung—
Russell (H-R) diagram in Fig. 8. All the primary components were
found to be located inside the § Scuti instability strip. In addition, we
found that two systems, GQ Dra and RR Lep, are strong candidates
of tidally tilted pulsators. Tidally tilted pulsators are a new type of
oscillating object. Their frequencies are modulated with the orbital
period and they show oscillations that are dominant in one part
of the pulsating star. The number of known tidally tilted objects
is less than 10 [e.g. COCam (Kurtz et al.,2020), TIC 63328020
(Rappaport et al.,2021), HD 265435 (Jayaraman et al., 2022), TZ Dra
(Kahraman Aligavus et al., 2022)], and all properties of such systems
are not known yet. Hence, the increasing number of such systems
is important to investigate them in detail. With this study, we
determined the fundamental stellar parameters of three important
eclipsing binaries with § Scuti pulsators. Such systems are unique
since they give us sensitive stellar parameters needed for accurate
theoretical modelling.
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Table A2. Abundances of individual elements of the component stars. The

number of the analysed spectral parts is given in parentheses.

Elements GQDra RR Lep TYC 683-640-1
6C 8.47 £ 0.35(2) 8.56 £ 0.22 (5) 8.63 £+ 0.20 (2)

11Na 6.20 £ 0.20 (1) 7.16 £ 0.20 (2)

12Mg 8.07 £ 0.34 (5) 7.46 £ 0.22 (3) 8.23 £ 0.37 (2)

14Si 6.80 £ 0.29 (3) 7.55 £ 0.32 (5) 7.69 £ 0.35 (7)

20Ca 6.54 £ 0.42 (4) 6.15 £ 0.23 (4) 7.07 £ 0.35(11)
21S¢ 3.54 £0.20 (2) 2.93 £ 0.34 (3) 3.80 £ 0.30 (4)

»Ti 520 £ 046 (12) 4.88 £0.36(11) 549 £+ 0.51 (25)
3V 4.63 £ 0.20(2) 4.95 £+ 0.26 (4)

24Cr 5.91 £ 0.27 (6) 5.49 £+ 0.36 (9) 6.11 = 0.31 (14)
»sMn 543 £020(1) 534+ 020(2)

2Fe 7.67 £026(28) 7.15+£0.27(29) 7.73 £ 0.60 (71)
27Co 5.46 £+ 0.20 (2) 5.71 £ 0.20 (1)

2sNi 6.49 + 0.26 (5) 6.21 £+ 0.34 (7) 6.82 + 0.23 (16)
20Cu 472 £ 020 (1) 5.28 £ 0.20 (1)

30Zn 4.70 £+ 0.20 (1)

38Sr 3.06 £+ 0.20 (1) 1.89 £ 0.20 (1)

39Y 3.52 £ 0.20 (1) 421 +£0.20 (2)

40Zr 2.42 + 0.34 (3) 3.80 £ 0.20 (2)

s¢Ba 2.24 £ 0.20 (2) 1.77 £ 0.20 (2) 3.44 £ 0.20 (1)
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