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ABSTRACT

This research paper presents a comprehensive analysis of RR Lep and BF Vel, two southern short-period, semi-detached, oscillating
Algols (oEA stars) that have been shown to be triple systems. We determined the spectral types of the primary components and
calculated the radial velocities from spectra observed with the Australian National University’s 2.3 m telescope and Wide Field
Spectrograph. The spectra of the Na I D doublet confirmed the presence of tertiary components that were apparent in the broadening
function analyses. During primary eclipses chromospherical activity in their secondary components was apparent in their H, spectra;
it was also apparent in the Na I D spectra of BF Vel with its almost complete annular eclipse. Ground-based telescopes were used
for observations in several pass bands for photometric analyses. These observations were complemented by data from the Transiting
Exoplanet Survey Satellite (TESS) mission, allowing us to model the light curves, followed by a detailed analysis of pulsations.
Eclipse-timing variation (ETV) analyses of both systems were used to determine the most likely mechanisms modulating the orbital
period. We found mass values of M; = 2.9M, and M, = 0.75M, for the components of RR Lep, along with M; = 1.93M,
and M, = 0.97 M, for those of BF Vel. By integrating information from photometry, spectroscopy, and ETV analysis, we found that
tertiary components revolve around both systems. The primary star of RR Lep pulsates in 36 frequencies; of these, five were identified
as independent modes, with the dominant one being 32.28 d™'. The pulsating component of BF Vel oscillates in 37 frequencies, with
the frequency 46.73 d™! revealed as the only independent mode. For both systems, a number of frequencies were found to be related
to the orbital frequency. Their physical properties were compared with other oEA stars in mass-radius and Hertzsprung-Russell
diagrams, while the pulsational properties of their 6 Sct components were compared with currently known systems of this type within

the orbital-pulsation period and log g-pulsation period diagrams.
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1. Introduction

The rapid and multi-periodic pulsations exhibited by ¢ Sct stars
occur within a frequency range of 4-80d~!. Their pulsation
behaviour is predominantly driven by radial and low-order non-
radial p-modes, triggered by the x-mechanism (cf. Eddington
1926; Baker & Kippenhahn 1962; Zhevakin 1963; Breger 2000;
Aerts et al. 2010; Balona et al. 2015, and references therein).
Furthermore, they also pulsate in high-order, non-radial modes,
influenced by turbulent pressure within the hydrogen convec-
tive zone (Antoci et al. 2014). These stars typically have masses
ranging from 1.5-2.5Mg and they belong to spectral classes
between A and early F. They are primarily situated within the
classical instability strip, spanning the main sequence to the
giant branch (Aerts et al. 2010).

Binary stars are stellar systems comprising two gravitation-
ally bound components orbiting a common center of mass. They
serve as crucial astrophysical tools for determining fundamen-
tal stellar characteristics, especially mass, radius, and temper-

* Corresponding author; alliakos@noa.gr

ature. Close binaries, characterised by orbital periods ranging
from less than one day up to tens of days, have properties that
potentially allow for mass transfer between the components (cf.
Kopal 1959; De Loore & Doom 1992; Kallrath & Milone 1999;
Hilditch 2001, and references therein). Eclipsing binaries (EBs)
constitute a specific subset, where the orbital plane aligns with
the observer’s line of sight, resulting in mutual eclipses of the
components. These eclipses induce periodic brightness varia-
tions, with their depth, shape, and duration offering insights into
various orbital and physical properties such as inclination, tem-
perature, radii, and mass function (cf. PrSa 2018). Furthermore,
long-term monitoring of eclipses using the eclipse-timing vari-
ation (ETV) technique reveals orbital period modulations that
are attributable to physical mechanisms, such as mass transfer
or loss. Spectroscopic binaries (SBs) exhibit detectable periodic
Doppler shifts in their spectra due to the components’ orbital
motion around the common center of mass. These spectral line
shifts enable determination of the components’ radial velocities
and hence their mass ratio. SBs are classified as single-lined
(SB1) or double-lined (SB2) respectively, depending on whether
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absorption or emission lines from one or both components are
detected. Notably, SB1(2)+EB systems are particularly signif-
icant as they provide direct measurements of both orbital and
absolute physical parameters of the binary components.

Mkrtichian et al. (2002) coined the term ‘oEA stars’, which
stands for oscillating EBs of Algol type, to describe eclipsing
pairs with a 6 Sct mass accretor component of spectral type
(B)A-F. The impact of mass accretion on pulsations remains a
key unresolved question in this branch of asteroseismology (cf.
Tkachenko et al. 2009; Bowman et al. 2019; Mkrtichian et al.
2022). The association between orbital (P,y) and dominant
pulsation (Ppy) periods for binaries, including those with a
¢ Sct member, was first noted by Soydugan et al. (2006a). Fol-
lowing a comprehensive six-year survey of candidate systems,
Liakos et al. (2012) refined this relationship with an expanded
dataset. Zhang et al. (2013) presented the initial theoretical
endeavor to establish this connection. Further progress came
with the work of Liakos & Niarchos (2017), who compiled an
updated catalogue containing approximately 200 known cases,
from which only 20 semi-detached and 15 detached systems had
precise absolute parameters. They also proposed the existence
of subgroups exhibiting distinct properties based on the Roche
geometry of their host systems and a boundary of 13 days in the
orbital period; beyond that, the pulsations are not affected by the
companion’s presence. Kahraman Alicavus et al. (2017), focus-
ing solely on EBs, suggested an approximately doubled thresh-
old for Py.

The exceptional precision (in the order of 10~* mag) and con-
tinuous time coverage of photometric data from the Transiting
Exoplanet Survey Satellite mission (TESS; Ricker et al. 2015)
offer a valuable resource for in-depth investigations of stellar
oscillations. This capability is particularly potent when coupled
with multi-band photometry and high-resolution spectroscopy.
The temporal resolutions of data collected by the TESS missions
range from 20 seconds to 30 minutes, proving highly effective
for identifying short-period frequencies, a characteristic feature
of & Sct stars. Notably, owing to their precision, they also enable
the detection of low-amplitude pulsations at the level of a few
umag (cf. Kurtz et al. 2020; Kim et al. 2021; Liakos et al. 2022).
Furthermore, these missions afford extensive temporal coverage,
sometimes spanning years, which proves invaluable for deter-
mining the timing of minima in EBs. This, in turn, facilitates a
more thorough investigation of their orbital period variations.

According to the catalogue of Liakos & Niarchos (2017) and
the updated list hosted by AL (which will be published in a
future work), there are currently more than 1000 known cases
of binaries with ¢ Sct components. The vast majority (more than
90%) of these systems lack information about the physical and
(or) detailed pulsation parameters of their oscillating members.
At present, there are approximately only 100 cases with well
determined parameters (i.e. they are of the SB1(2)+EB types)
and they are distributed almost equally into detached and semi-
detached systems, with fewer than 50 cases per group. From
these systems, only 33 oEA stars are SB2+EB systems. There-
fore, new studies providing accurate results regarding the abso-
lute parameters of the pulsating stars accompanied with high
photometric data from space missions are extremely important
for Asteroseismology.

This paper is a continuation of the detailed study on indi-
vidual southern oEA stars with a § Sct component. We report
analyses of two EBs, namely RR Leporis and BF Velorum.
These systems are previously known EBs exhibiting pulsations
(see next paragraphs for historical elements), but the absolute
properties of their components have not been determined accu-
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rately to date. Therefore, since both of them were found to be
SB2+EB systems, this work enriches the sample of oEAs with
well-determined absolute stellar properties by 6%.

RR Leporis had been observed photoelectrically by
Bookmyer et al. (1986), Abhyankar & Vyas (1989), Vyas &
Abhyankar (1989), and Samec et al. (1989). In the latter work
there was slight evidence seen for its pulsational behaviour,
which was confirmed later by the CCD observations of Dvorak
(2009). Liakos & Niarchos (2013) using systematic multi-filter
CCD observations, obtained full light curves from which they
derived an orbital model solution and determined the dom-
inant pulsation frequency as 33.3d”!. The light curves of
Vyas & Abhyankar (1989) were analysed by Erdem & Oztiirk
(2016), who found that orbital period changes of the system
resulted in a downward parabolic behaviour superimposed by a
periodic curve. The latter was attributed to the possible existence
of a low-mass tertiary component. Kahraman Alicavus et al.
(2024), using Echelle spectra, reported the system to be a sin-
gle lined binary and calculated the radial velocity curve of the
primary component; they calculated a photometric model of the
system using TESS data. They derived mass values of 1.79 Mg
and 0.5 My, for the primary and secondary components of the
system, respectively. Moreover, they found 14 pulsation frequen-
cies, of which six were identified as independent modes.

The system BF Velorum is a rather neglected system. The
only available light curves come from Manimanis et al. (2009).
In that work, the first photometric model of this system was pre-
sented and the pulsational behaviour of the primary component
was described.

For these two systems we have undertaken extensive data
collection, including medium resolution spectroscopic data
(Sect. 2), as well as multi-band ground-based and space-borne
photometric observations (Sect. 3). We have aimed to: a) model
the orbital properties of the systems (Sect. 4); b) determine the
stellar parameters with a high level of precision (Sect. 5); c) per-
form an eclipse-timing variation (ETV) analysis to identify the
orbital period modulating mechanisms (Sect. 6); and d) detect
pulsation frequencies and estimate oscillation modes (Sect. 7).
The findings and conclusions derived from these analyses are
discussed in Sect. 8.

2. Spectroscopy

The spectra were observed with the stellar aperture on the wide
field spectrograph (WiFeS) mounted at the Nasmyth focal posi-
tion on the Australian National University’s 2.3 m telescope at
Siding Spring Observatory (SSO), Australia. The detailed obser-
vations log is given in Table 1. A brief overview of the spec-
trograph is given here; for full details see Dopita et al. (2007,
2010). The 560 nm dichroic beam splitter was used. Fairchild
Imaging CCD cameras with a resolution of 4096 x 4096 pixels
and a pixel scale of 0.5 arcsec were used; one was optimised for
the blue channel and the other for the red channel. The Ne-Ar
arc lamp was used for wavelength calibration; the precision of
the wavelength calibration was improved by observing arc spec-
tra before and after sets of target spectra. Spectra were reduced
with PYWIFES, a data reduction pipeline that was written for the
WiFeS (Childress et al. 2014).

One-dimensional (1D) spectra were extracted from the 3D
data cubes produced by the PYWIFES routines using a zero
pixel radius around the spatial pixel where the target was cen-
tred and visualised in QFITSVIEW'. This procedure was used

! http://www.mpe.mpg.de/~ott/dpuser/qfitsview.html
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Table 1. Log of spectroscopic observations with the wide field spectrograph on the ANU 2.3 m telescope.

System Dates Orbital phase Number of spectra Exp. time Grating S/N Grating S/N
(DD/MM/YY) (s)
BF Vel 14/2/17 0 3 60 B3000 137 R3000 90
14/2/17 0.99 3 90 B7000 114 R7000 110
11/4/17 0.5 3 120 B3000 194 R3000 177
11/4/17 0.5 3 180 B7000 162 R7000 156
14/2/17-1/11/20 0.2-0.34 11 105-420 B7000 124-428 R7000 118-412
13/2/17-25/4/21 0.69-0.78 20 240-300 B7000 210-360 R7000 200-348
RR Lep 2/12/20 0.5 3 60 B3000 250 R7000 164
15/3/20-30/10/21 0.17-0.29 10 180-240  B7000 254-360 R7000 254-360
1-3/11/20 0.65-0.79 13 120420  B7000 240-440 R7000 230-440
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Fig. 1. Rectified spectra of the primary components of BF Vel and RR Lep and, for comparison, the ASV star HD 23194.

also to avoid pixels with noise from probable cosmic ray hits
that were not fully removed in the reduction routines. The sky
background flux values were generally about two orders of
magnitude lower than those of the target spectra. Flux units
are ergscm 2 s~ arcsec’2 A1, See Moriarty et al. (2019) and
Liakos et al. (2022) for more details of the equipment and pro-
cedures used.

2.1. Spectral classification

Spectra for classification were observed with the B3000 grat-
ing (R = 3000) which has a wavelength range between 3200
and 5900 A that includes the important Ca II K line. The spec-
tra of the primary components of BF Vel and RR Lep were
observed with relatively short exposures during the secondary
eclipse (phase 0.5) to minimise interference by their secondary
and tertiary components.

Spectral types were determined using the XCLASS pro-
gramme and the MKCLASS? reference libraries (Gray & Corbally
2014). XCLASS provides a direct visual comparison of the target
spectrum with reference spectra from the MKCLASS libraries,
which encompass integer spectral temperature types from O6
to M5, and a wide range of luminosity classes between V and
Ta. The target spectra were normalised to unity at 4503 A to

2 http://www.appstate.edu/~grayro/mkclass

match the library spectra. The spectra were classified initially
by visual comparisons with selected reference spectra across
the wavelength range of 3800-4600 A. In addition, careful ref-
erence was made to the structure of the Balmer lines, and to
several individual metallic absorption lines, including Ca II K,
Ca 14226, and Mg II 4481. They were also compared to other
A5V reference spectra, such as that of HD 23194, drawn from
the MILES Library, and the examples provided in the work of
Gray & Corbally (2009).

The best fit for the primary components of BF Vel and
RR Lep was ASV. The spectra were rectified to deliver a lin-
ear continuum baseline using the ‘Autorectify’ function in the
XMK?25 display routine in XCLASS (see Fig. 1).

2.2. Radial velocities

The B7000 and R7000 gratings were used to capture spectra
for radial velocity determinations and for indications of chromo-
spherical activity during the primary eclipse of BF Vel. Exposure
times with the B7000 grating were long enough to allow detec-
tion of the faint secondary stars’ metal lines. At the same time as
long exposure times were used with the B7000 grating, shorter
exposure times were used with the R7000 grating to minimise
blending and enhance the separation of Na I D lines of the pri-
mary star from those of the tertiary component in each system.
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Fig. 2. Examples of broadening function curves. The orbital veloc-
ity of the primary components is marked with a blue line and that of
the secondary components with a magenta line. The systemic veloc-
ity is indicated by the dashed line. (a) BF Vel phase 0.28, 2020 Nov. 1,
exp. time =240 s. (b) BF Vel phase 0.73, 2020 Nov. 2, exp. time =240s.
(c) RR Lep phase 0.25, 2020 Dec. 1, exp. time = 240 s. (d) RR Lep phase
0.76, 2020 Nov. 3, exp. time =420s.

The radial velocities (RVs) of the systems and the
binary components were calculated with the broadening func-
tion method implemented in the RAVESPAN code written by
B. Pilecki (Rucinski 1992, 2002; Pilecki et al. 2017) and are
listed in Table A.1. Template spectra were taken from the syn-
thetic spectra library of Coelho et al. (2005). The procedures are
described in general by Moriarty et al. (2019) and Liakos et al.
(2022), with RAVESPAN settings chosen specifically for the sys-
tems in this paper as follows. The spectra within the wavelength
range of 46004840 A and 4880-5540 A were normalised in
RAVESPAN; a preference setting of velocity range 1.6 + 60 was
chosen as that gave the best fit of broadening function peak
velocities to velocities observed in the Na I D spectra; more-
over, other preference settings were the gravity coefficient 3.0,
metallicity 0 and resolution 2kms~'. The temperature settings
of the synthetic spectrum templates were 5250 K for BF Vel and
5000K for RR Lep. These settings excluded the Balmer lines
and far blue spectral region to emphasise the lines of the late
spectral type secondary component of each system.

The presence of a tertiary star in each of these systems was
evident in the broadening function curve of the primary compo-
nent, either as a double peak with one peak having a low or zero
velocity or as an asymmetrical curve (see Fig. 2). The RVs of
the secondary and tertiary components of BF Vel were shown
clearly at the quadrature phases in Fig. 2a,b. The RVs of the sec-
ondary component of RR Lep were clearly evident in the broad-
ening function analyses, whereas broadening function peaks of
the primary and tertiary components of RR Lep were merged
(Fig. 2¢,d). As described below, spectra of the Na I D doublet and
H, were also used to determine RVs and provide initial values
of the primary components’ velocities as inputs in RAVESPAN.

2.3. H, spectra

The systemic velocity of each system determined with radial
velocity analyses was subject to uncertainty due to blending of
the primary components’ spectral lines with those of the tertiary
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Fig. 3. H, spectra at phase 0.5 (secondary eclipse). (a) BF Vel,
exp. time =240s; (b) RR Lep, exp. time =60 s.

components. As the spectral class of the primary components is
A5V, their Balmer lines are much stronger than those of the sec-
ondary and tertiary components which have later spectral types,
indicated by their sodium spectra (see Sect. 2.4). Therefore, the
spectra during secondary eclipses were observed to provide inde-
pendent values for the systemic velocities (see Fig. 3). With rel-
atively short exposures, the Balmer lines at phase 0.5 were dom-
inated by those of the bright A5V primary stars; whereas during
primary eclipses, the Balmer lines are a composite of the three
components in each system. The H, line centre of BF Vel was
at 6563.1 A (i.e. 14kms™"), which is slightly above the range
of 47 + 1kms~! determined by the modelling (Sect. 4). The
H, line is broadened by the combination of the primary com-
ponent’s rapid rotational velocity and blending with that of the
tertiary star. The H, line centre of RR Lep was at 6561.7 A, indi-
cating a systemic velocity of ~—50kms~'. The uncertainty of
the velocities determined from the H,, spectra is about +5kms™!
due to the low-to-medium resolution of R = 7000 of the wide
field spectrograph and the broadening of the Balmer lines by the
rapid rotational velocities of the primary components of the sys-
tems (Sect. 4). The H, line of RR Lep is broadened to the red
due to the tertiary component.

2.4. Sodium D doublet spectra

The spectra of the Na I D doublet were used to check the veloc-
ities calculated in RAVESPAN. At quadrature phases, the lines of
the binary pairs are separated from those of the tertiary compo-
nents to an extent dependent on their orbital velocities and length
of the observation exposures. The sodium D lines of the ter-
tiary star in the BF Vel system were apparent, although partially
blended with those of the primary component, at phase 0.75 with
an exposure time of 300 s (Fig. 4a). We note at that phase, the D2
line of the secondary component of BF Vel was not distinguish-
able from noise. One night later, at the opposite quadrature and
with a shorter exposure of 180s, there was a distinct separation
of the tertiary star’s D2 line from that of the primary star; the ter-
tiary D1 line was also noticeable, although partially blended with
the lines of the primary and secondary components (Fig. 4b).
Similarly, at phase 0.69 with a 300 s exposure, the narrow lines
of the tertiary star were blended, but visible, and at phase 0.25
with a shorter exposure, were clearly separated from the primary
component’s sodium lines (Fig. 4c,d). The D2 line of the sec-
ondary component was apparent at phase 0.69. However, its D1
line was not apparent at phase 0.25 on 2020 Mar. 16. We refer
to Sect. 2.5 for an explanation of the variability in the secondary
component’s sodium doublet spectra.
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Fig. 4. Spectra of the BF Vel Na I D doublet at orbital phases (¢) around
quadrature; R = 7000. Downward arrows mark the calculated positions
of the line centres for the primary star (S1) and secondary (S2) that give
the best fit to the RAVESPAN analyses. Lines of the tertiary component
are indicated with magenta arrows angled up. Exposure times: (a) 300 s;
(b) 180s; (c) 3005s; (d) 105s.

With a maximum radial velocity of =116 + 10kms™" (i.e.
RV = K1 + Vo; see Tables 3 and A.1) at phase 0.25, the
RR Lep primary star’s sodium D lines were distinct from those
of the tertiary star (Fig. 5a,b). In contrast, at phase 0.75 the pos-
itive radial velocity of the primary star was close to that of the
tertiary star, resulting in blending of its spectral lines with those
of the tertiary star. The lines of the primary star around phase
0.75 were broadened to the red of the sharp lines of the tertiary
star (Fig. 5¢,d). The Na I D lines of the tertiary component were
strong relative to those of the primary component at phase 0.17
(Fig. 5e). The tertiary H, spectrum at phase 0.17 was blended
with that of the primary component, although noticeable with
broadening to the red (Fig. 5f). The secondary component’s flux
was too weak for its H, line to be apparent.

2.5. Chromospherical activity

The spectrum of BF Vel during a primary eclipse is dominated by
the secondary component, which has almost the same diameter
as the primary star. With an orbital inclination of close to 90°, the
eclipse is annular. Emission in the H, line centre of BF Vel was
observed during the primary eclipse on 2017 Feb. 14 (Fig. 6a);
the H, line centre was infilled on 2020 Mar. 15 (Fig. 6b). Emis-
sion was also observed on the same dates in the Na I D line cen-
tres of BF Vel (Fig. 6¢,d). These spectra indicate the secondary
component is chromospherically active. Evidence of chromo-
spherical activity in the secondary component of BF Vel was also
apparent in the variability in its sodium D spectral lines at other
phases (Fig. 4). Its Balmer lines are weak compared to those of
the primary star, whereas its sodium D lines are stronger. The
spectra also include blending of the tertiary component’s lines.
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Fig. 5. Spectra of the Na I D doublet of RR Lep during quadrature
phases (a-e) and a corresponding H, spectrum at phase 0.17 (f); R =
7000. Exposure times: (a, b) 240s; (c) 360s; (d) 120s; (e, f) 240s.

In contrast to BF Vel, the spectral lines of the primary star of
RR Lep contribute to the spectrum during a primary eclipse as
the orbital inclination is ~81°. Spectra in the range 5700-6700 A
were reduced with a wavelength interval of 0.42 A to enhance
resolution in the Na I D and H, regions. The Na I D lines of
the tertiary component in RR Lep are strong and distinct from
those of the binary components (Fig. 7a,c). The infilling in the
H, line of RR Lep at phases 0 and 0.5 indicates emission in the
gas stream from the secondary star and possibly its impact on
the primary star (Fig. 7b,d). The strength of these lines indicates
that the spectral type of the tertiary star is about G8.

3. Photometry
3.1. Ground-based photometry

The system RR Lep was observed with the 40 cm Cassegrain
telescope of the University of Athens Observatory, Greece which
is equipped with the ST-I0XME CCD. The observations were
made in the B and V pass bands (Bessell specification) in nine
nights between January and March 2012. The light curves (LCs)
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Fig. 6. Spectra of BF Vel during primary eclipses. Indications of chro-
mospherical activity in the secondary component of BF Vel during pri-
mary eclipse with emission in the H, line centre (a, b) and emission in
the Na I D lines on the same dates (c, d). Exposure times were 60 s.
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Fig. 7. Spectra of RR Lep during eclipses. Downward arrows mark the
calculated position of the combined binary components’ lines. (a) The
magenta arrows indicate the line centres of the tertiary star’s Na I D
doublet. (b) The H, line is partly infilled broadened to the red; it is
marked with a magenta arrow. (c) Secondary eclipse; the Na I D lines
of the primary star broadened to the red by the tertiary star (magenta).
(d) H, line broadened to the red. Exposure times were 60s.

have been already published in Liakos & Niarchos (2013) but we
included them in the present work as additional information for
the modelling.

The Evans 0.51 m telescope at El Sauce Observatory in
Chile was used to observe BF Vel in BVRI Johnson-Cousins
filters on 26 nights, commencing 13 Dec. 2022. The telescope
was equipped with a Moravian C3-26000 CMOS camera. The
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first five data sets were observed at 2-min cadence in alter-
nating B and V filters. Subsequent observations for B, V, and
R. filters were at 1-min cadence and I filter observations at
90-sec cadence. Standard calibration differential photometry
was then performed on each data set using ‘Astrolmage] V5’
(Collins et al. 2017) resulting complete LCs for B, V, and R, fil-
ters and an almost complete LC for the [ filter.

3.2. TESS photometry

RR Lep (TIC 169532543) was observed with a 2-min cadence in
Sector 5 (Nov. 15 to Dec. 11, 2018) and with a 10-min cadence in
Sector 32 (Nov. 20 to Dec. 16, 2020). BF Vel (TIC 190894967)
was observed with a 30-min cadence in Sector 8 (Feb. 2 to 27,
2019), with a 30-min cadence in Sector 9 (Feb. 28 to Mar. 25,
2019), with a 2-min cadence in Sector 35 (Feb. 9 to Mar. 6,
2021), and with a 200-s cadence in Sector 62 (Feb. 12 to Mar. 10,
2023). These TESS data were downloaded from the Mikul-
ski Archive for Space Telescopes (MAST) (cf. Jenkins et al.
2016). The straight Simple Aperture Photometry (SAP) data
were used, since the Pre-search Data Conditioning Simple Aper-
ture Photometry (PDCSAP) is optimised for planet transits, and
it appears that the PDCSAP detrending sometimes leads to addi-
tional effects. The LCs from Sector 5 for RR Lep and Sector 35
for BF Vel were used to ensure that a reasonably high Nyquist
frequency could be sustained for the pulsation analysis. The Sec-
tor 35 includes the data in two orbits, as in other sectors. When
comparing the data taken in these two orbits, the primary mini-
mum depths are slightly different. This affects the residual LCs
(and therefore the pulsation analysis) when the entire data set is
resolved. Therefore, these two data obtained in two orbits were
solved separately. Photometry of these two binary systems is
publicly accessible (Ricker et al. 2015).

4. Modelling radial velocity and light curves

The numerical integration method of Wilson & Devinney (1971,
WD) was applied to solve the LCs and RV curves of BF Vel and
RR Lep. This method models the RV curve and (or) the LC of
a given binary star, considering mainly the ellipticity and prox-
imity effects, and the equipotential surfaces of the components.
Radial velocities were not determined with RAVESPAN close to
the orbital phases 0.0 and 0.5, where the components occult each
other and proximity effects are dominant.

In the WD code (and most LC modelling programmes) the
effective temperature (7) of the primary star is usually taken
as a fixed parameter when solving the LCs of a given binary
system. Therefore, reliable determination of 7 is important. We
examined three methods to determine the effective temperature
of the primary components of BF Vel and RR Lep.

Firstly, to calculate the intrinsic (unreddened) colours of both
systems, the colour indices were first derived from the study of
Hgg et al. (2000) to be B — V = 0.13 + 0.08 mag for BF Vel and
B -V =0.15 £ 0.04 mag for RR Lep. Then, the colour excesses
of E(B—V) = 0.095 + 0.015 mag for BF Vel and E(B—-V) =
0.078 + 0.010 mag for RR Lep were computed using the stel-
lar absorption values of Ay = 0.295 + 0.048 mag for BF Vel
and Ay = 0.242 + 0.030 mag for RR Lep in the Gaia DR3 cat-
alogue (Gaia Collaboration 2022). Finally, the intrinsic colours
were calculated to be (B — V) = 0.035 + 0.081 mag for BF Vel
and (B — V)p = 0.072 £ 0.041 mag for RR Lep. When compared
with the calibration data sets of Pecaut & Mamajek (2013) and
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Table 2. Results of optimal curve-fitting to the radial velocity and light curves of BF Vel using WD modelling.

Parameter B \% 1 Sector 35-1 Sector 35-2 Sector 62
To 2459266.8845 HID 2459266.8853 BID

P (d) 0.7040299

a (Ry) 4.76 £0.03 4.74 £0.05 4.77+£0.05 474 +£0.04 4.74 +£0.04 474 +£0.04
Vo (kms™) 41+1.1 53+1.8 41+12 51+14 54+14 54+13
K, (kms™) 116.4+11.5 113.0+3.8 116.5+4.0 113.0+4.7 113.0+4.7 113.0+£3.6
K, (kms™) 2234+17.8 226.0+3.1 224.1+3.4 2259+4.8 2259+49 2259+2.7
A —0.0003 £ 0.0004 —0.0001 +0.0001 -0.0002 +0.0001  0.0002 +0.0001  0.0001 +0.0001 0.0010 + 0.0001
i(®) 84.3+0.8 84.5+0.1 83.6+0.1 84.4+0.2 84.3+0.2 84.3+0.1
T (K) 8100 (fixed)

T, (K) 4436 £ 116 4518 +24 4587 +20 4613+ 19 4613+ 18 4552+ 17
Q, 3.55+0.06 3.45+0.02 3.49+0.02 343 +0.02 3.43+0.02 3.41+0.01
Q, 291 2.87 2.92 2.88 2.87 2.87
q=M/M, 0.52+0.01 0.50+0.01 0.52+0.01 0.50+0.01 0.50+0.01 0.50+0.01
ry (mean) 0.34 £0.04 0.35+£0.02 0.34 £0.02 0.35+£0.02 0.35+0.02 0.35+£0.01
r, (mean) 0.32+£0.01 0.32+£0.01 0.32+0.01 0.32+£0.01 0.32+0.01 0.32+0.01
L, 0.86 +£0.02 0.86 +£0.01 0.81+£0.01 0.74 +£0.01 0.75+0.01 0.86 +£0.02
L, 0.04 £0.01 0.07 £0.01 0.14 +£0.01 0.13+£0.01 0.13+0.01 0.14 £0.01
Ly 0.10+£0.02 0.07 £0.01 0.05+0.01 0.13+£0.01 0.12+0.01 -
Spot parameters

B (deg) - - - - - 30+7

A (deg) - - - - - 292 +4
v (deg) - - - - - 30+3

K - - - - - 0.85+0.06
)(fed (RV)) 1.84 1.96 1.84 1.93 1.97 1.96
Xid (RV,) 1.32 1.31 1.33 1.31 1.31 1.32

v (RV) 20 20 20 20 20 20
ARV (km s™!) 12 12 12 12 12 12
Xid (LC) 1.96 1.07 1.04 1.6 1.51 2.15

v (LC) 1086 1246 1293 7379 5707 9628

Al (LC) 0.004 0.004 0.004 0.002 0.002 0.002

Eker et al. (2018), these intrinsic colours indicate that the spec-
tral types of these systems would be close to A1-2V, and there-
fore are not compatible with our spectral results.

Secondly, Kahraman Aligavus et al. (2024) reported the tem-
perature of the primary component of RR Lep as 7800 + 150K
from the analysis of Hg lines in the HERMES spectra, which
they observed at phases close to the secondary eclipse.

Finally, in Sect. 2.1 of the present study, the spectral
type of their primary components was assigned as A5V using
the line matching method. From the calibration data sets of
Pecaut & Mamajek (2013) and Eker et al. (2018), the temper-
ature corresponding to the A5V spectral type is 8100 K and
8200 K, respectively. Therefore, the TESS LCs of BF Vel were
solved by using the temperatures of 8100 K and 8200 K for 77,
while the TESS LCs of RR Lep were solved with temperatures
of 7800K, 8100K, and 8200K for T;. Then, the temperature
with the smallest chi-square value (i.e. 8100 K) was adopted and
kept fixed for the primary components. The temperature of the
secondary components was adjusted in the WD iterations.

Other parameters that were adjusted in the WD iterations
included: the semi-major axis (a), mass ratio (g), and orbital
inclination (i) of the binary system, phase shift (A¢; which
allows the WD code to adjust for a zero point error in the
ephemeris used to compute the phases; the unit is the orbital
period), systemic velocity of the binary (V;), non-dimensional
surface potential parameter of each component (Q;, Q,), frac-

tional luminosity of the primary component (L), and third light
contribution to the total light of the system (L3).

A quadratic limb-darkening law was assumed; the limb-
darkening coefficients (x; and y;) of the components were taken
from Claret (2017) for the TESS LCs. For the ground-based LCs,
the limb darkening coefficients were taken from the tables of
Claret & Bloemen (2011), according to the effective temperature
of the components and the filters used. The bolometric gravity
darkening exponents were adopted from Lucy (1967) to be 0.32
for convective atmospheres of the components (7T < 7200 K) and
from von Zeipel (1924) to be 1.0 for radiative atmospheres of the
components (7 > 7200 K). The bolometric albedos of the com-
ponents were set to 0.5 for convective atmospheres and to 1.0 for
radiative atmospheres (Rucinski 1969). These parameters were
kept constant during all iterations.

The iterations were started in MODE 2 in the WD code,
which corresponds to a detached configuration; however, the
final simultaneous RV+LC solution was switched to MODE 5,
which applies to semi-detached binaries where the secondary
component fills its Roche lobe. Therefore, the cited €, retains
its lobe-filling value and was not adjusted in this model.

The parameters of the final WD models for the RVs and
ground-based and TESS LCs of BF Vel and RR Lep are listed
in Tables 2 and 3, respectively. The first two rows of these tables
contain the ephemeris elements used for phasing both the LC
and RV data. Since the amplitudes of the RVs, K| and K>, are
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Table 3. Results of optimal curve-fitting to the RV curves and light curves of RR Lep using WD modelling.

Parameter B TESS

Sector 5 Sector 32
Ty (HID) 2455953.2674 2459174.6486
P (d) 0.91542575
a (Ry) 6.19+0.03 6.11 +0.19 6.20+0.03 6.17 +0.04
Vo (kms™h) —-43.5+0.7 —43.9+1.6 —44.0+0.8 —440+1.0
K; (kms™h) 71.8+9.4 69.1 +£6.1 71.7+3.7 69.4+49
K, (kms™!) 265.8+25.0 265.6+13.4 265.6+39 266.8 £ 8.7
A¢p —0.0034 + 0.0003 —0.0020 +0.0002 0.0007 +£0.0001 0.0002 +0.0001
i(°) 80.8 0.6 82.4+04 79.9+0.1 80.4+0.2
T, (K) 8100 (fixed)
T, (K) 5005 +51 4870 + 38 4346 + 18 4467 + 420
Q 2.82+0.02 2.84+0.02 2.80+0.07 2.80+0.01
Q) 2.41 2.37 2.39 2.39
q = M>/M, 0.27+0.01 0.26+0.01 0.27+0.01 0.26+0.01
r1 (mean) 0.40+0.02 0.40+0.02 0.41+0.01 0.41+0.01
r, (mean) 0.27 +£0.01 0.27+0.02 0.27+0.01 0.27+0.01
L, 0.86 +0.02 0.82+0.02 0.89+0.02 0.88 +0.02
L, 0.04 +0.01 0.06 +0.01 0.07+0.01 0.07+0.01
Ls 0.10+£0.02 0.12+0.02 0.04 +0.005 0.05+0.008
Xeed RVD) 1.31 1.86 1.16 1.33
Xoog (RV2) 1.37 1.41 1.46 1.45
v (RV) 17 17 17 17
ARV, (kms™h) 4 4 4
ARV, (km s 12 12 12 12
X?ed (LO) 2.82 2.35 2.04 1.42
v (LO) 1014 970 17230 3496
Al (LC) 0.007 0.007 0.003 0.003

not directly given by the WD method, they were calculated using
the relevant parameters in the RV+LCs fitting. The value of y?
was obtained from ;(yio — ))LC)Z/Ayi2 (Bevington 1969), where
Yio and y; . are the observed and calculated light levels (or RVs)
at a given phase, respectively, and Ay; is an error estimate for
the measured values of y;,. The reduced y-squared value was
obtained from y2 , = x?/v, where v is the number of degrees of
freedom of the data set, thatis v = Nops—Nparam, Where Nops is the
number of observations and Nparam 1S the number of parameters
in the model. The comparison of the RV measurements and pho-
tometric observations with the WD models are shown in Figs. 8,
9, 10, and 11 for BF Vel and in Figs. 13, 14, and 15 for RR Lep.
The Roche geometries of BF Vel and RR Lep, acquired using
the program BINARY MAKER (Bradstreet & Steelman 2002), are
plotted in Figs. 12 and 16, respectively. In these configurations,
which show that BF Vel and RR Lep are semi-detached binary
systems, their primary components fill 84% and 85% of their
Roche lobe, respectively, while the secondary components fill
their Roche lobe completely.

In the WD method, the photometric data observed in vari-
ous bands for a given binary star can be resolved either sepa-
rately or all together simultaneously (with the RV data, if any).
Due to the systemic uncertainties caused by different permeabili-
ties of the filters, different pixel sensitivity and other instruments
used, the model obtained from simultaneous solutions of various
band photometric data cannot represent the observations better
than the model derived from separate band solutions. Since our
goal here is to perform a pulsation analysis using the residuals
obtained after subtracting the eclipsing model from the observed
LCs in this study, we solved each band’s observed LC separately.
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As can be seen in Table 2 for BF Vel, there is no signifi-
cant difference or discrepancy within the error limits between
the model parameters in single-band LC+RYV solutions. However
for RR Lep, values for the temperature of the secondary compo-
nent (73) resulting from the solution of ground-based photomet-
ric observations are higher than those obtained from TESS solu-
tions (according to Table 3). In particular, in the solution of the
ground-based B-band light curve, T, is ~600 K higher than tem-
peratures given in the solution of TESS data. The CROWDSAP
parameter, which is the ratio of the target flux to the total flux
in the photometric aperture, is 0.985 for TESS Sector 5 and and
0.986 for Sector 32. These values show that only approximately
1.5% of the observed flux in the SAP aperture does not come
from the target (and the analysis would just add that to the third
light), so this does not seem to be the reason. On the other hand,
when the third light was neglected in the solution of the ground-
based B light curve, T, decreases to 4900 K, but, unfortunately,
the difference was still present. When all light and RV curves
were solved simultaneously, a value of 4650 K was obtained for
T>. However, the theoretical curve of this solution did not match
the B-band observations particularly well (i.e. the fitting was not
good). Therefore it seems that, the higher temperature of the sec-
ondary component in the ground-based photometric model may
be due to systematic errors in the ground-based data.

In the TESS LC of Sector 62 of BF Vel, there is a notice-
able asymmetry at its maximum values (see Fig. 11). The light
flux at maximum II (@ = 0.75) is slightly lower than at maxi-
mum I (@ = 0.25). Two different approaches were used to model
this asymmetry: (i) The assumption of a cool spot on the sec-
ondary component due to the chromospherical activity detected
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Fig. 8. Radial velocities of BF Vel with the WD model fitting. RV of the
primary and the secondary components are marked as filled and hollow
symbols, respectively. Residuals to the model are plotted in the bottom
panel.
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Fig. 9. Ground-based BV light curves of BF Vel with the WD model
fitting. Residuals to the model are plotted on the bottom panel. The V
and / light curves and their residuals are shifted downward to enhance
visibility.

in Sect. 2.5. (ii) The assumption of a hot spot that may form
on the primary component due to mass transfer from the sec-
ondary to the primary, which causes the orbital period of the
system BF Vel to increase in the modelled parabolic change in
the ETV analysis in Sect. 6.2 and fits the semi-detached con-
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Fig. 10. Two light curves of TESS Sector 35 (with a 2-min cadence)
obtained in two different consecutive orbits of BF Vel and the WD
model fitting. Residuals to the model are plotted on the bottom panel.

11

BF Vel
Sector 62

Normalized Flux

0.2
0.02

0.01

=]

-0.01

Residual Flux

-0.02

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Orbital Phase

Fig. 11. Light curves of TESS Sector 62 (with a 200-s cadence) for
BF Vel and the WD model fitting. A solid gray line was added to the
light flux value 1.0 to display the asymmetry between maxima in the
light curve. Residuals to the model are plotted on the bottom panel.

Fig. 12. Roche geometry of BF Vel at orbital phase 0.75. Crosses denote
the barycenters of the stars and the system.
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Fig. 13. Radial velocities of RR Lep with the WD model fitting. RVs
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hollow symbols, respectively. Residuals to the model are plotted in the
bottom panel.
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Fig. 14. Ground-based BV light curves of RR Lep with the WD model
fitting. Residuals to the model are plotted on the bottom panel. The V
LC and its residuals have been shifted downward to enhance visibility.

figuration. The WD code combined with the Monte Carlo (MC)
optimisation procedure (Zola et al. 2004) were used to solve the
TESS Sector 62 LC under these two different spot approaches.
The most important contribution of the MC procedure in the
WD+MC method is the use of a range of input values for the free
parameters, rather than fixed input values. Thus, the WD+MC
method searches for the model that provides the best fit of the
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figures.

Fig. 16. Roche geometry of RR Lep at orbital phase 0.75. Crosses
denote the barycenters of the stars and the system.
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observed LC in the solution space, by conducting hundreds of
thousands of iterations in the selected input ranges. A Chi-square
test was also performed using the model and observed data, and
it was found that the cool spot model reflects the observations
better. The results are given in Table 2, and a comparison of
the observed LC and the cool spot model synthetic LC is pre-
sented in Fig. 11. The spot parameters given in Table 2 are: The
spot’s latitude (8), longitude (1), angular radius (y), and tem-
perature factor (k). As a LC solution only was developed with
WD+MC for the Sector 62 data, there are no RV curve solution
parameters in the last column of Table 2. When the LCs of TESS
Sectors 35 and 62 are compared with each other, it is apparent
that the depths of minima are quite different. The depth of mini-
mum I (O = 0.0) was determined as 0.95 mag for Sector 35 and
1.20 mag for Sector 62, while the depth of minimum II (® = 0.5)
was determined as 0.76 mag for Sector 35 and 0.98 mag for Sec-
tor 62. The reason for the different eclipse depths in the TESS
data might be caused by contamination within the photometric
aperture. The CROWDSAP parameter for the Sector 35 is 0.916,
which indicates that is 8.4% of the flux in the aperture does not
come from the target. Unfortunately, this parameter is not avail-
able for the Sector 62 data. This difference in the WD+MC itera-
tions is attributed to the third light (L3) and not to the spot effect
for Sector 62 data, although the third light contribution is at the
level of 0.11 for Sector 35 data, it reduced L3 to zero for Sec-
tor 62 data. On the other hand, while the fractional luminosity
of the primary component (L;) was 0.76 for Sector 35 data, L,
increased to 0.87 for Sector 62 data. Thus, the third light contri-
bution of 0.11, which cannot be seen in Sector 62, was included
with L; in WD+MC results. Apart from this, the fact that the
other parameters representing the LC for the Sector 62 data were
similar to the parameters for Sector 35 data, as well as other band
data within error limits, does not change the results of the gen-
eral solution for BF Vel.

5. Absolute parameters and evolutionary status

The physical parameters of the components of both systems were
calculated based on simultaneous modelling of the V-band LC
and RVs (see Sect. 4) to simplify calculation of the bolomet-
ric magnitude (My,; = My + BCy), and then derive the total
luminosity of the system (Mpoy = Mpoio — 2.5logL/Ly) and
the distance to the system from the distance module (My =
V + 5logm + 5 — Ay). The physical parameters thus obtained
are given in Table 4 along with their errors. The nominal solar
values, which were adopted by IAU 2015 Resolutions B2 and
B3, were used in our calculations. Bolometric corrections for
the components were taken from the study of Eker et al. (2018),
according to their effective temperatures.

The results of the RV+LC analyses show that the total lumi-
nosity of RR Lep is 28.17L; and that of BF Vel is 12.43 L,
(see Tables 2, 3, and 4). In the Gaia DR3 catalogue, the sys-
tem luminosities produced from the FLAME module are given
as 37.32 L for RR Lep and 12.74 L, for BF Vel.

An absolute magnitude of Mg = 1.97 mag for BF Vel was
calculated using the G-band mean magnitude mg = 10.77 mag,
parallax 7 = 1.9776 mas from the Gaia DR3 catalogue and the
interstellar absorption (or extinction) Ag = 0.275 mag, produced
from the ESP-HS module (Creevey et al. 2023). Based on these
data, the BF Vel system luminosity is 12.78 Ly, assuming zero
bolometric correction. The system’s luminosity and the distance
value calculated from the V-band LC+RV solution for BF Vel
(12.43Ls and 514 + 32pc) agree with the values given in the
Gaia DR3 catalog (12.74 or 12.78 L, and 506 + 7 pc).

Table 4. Absolute parameters of RR Lep and BF Vel.

Parameter RR Lep BF Vel

a (Re) 6.11 £0.19 4.74 + 0.05
M; Mp) 290 +0.36 1.93 +£0.09
M, Mp) 0.75+£0.12 0.97 £ 0.06
Ri (Rp) 2.44 +0.20 1.66 £ 0.11
Ry (Rp) 1.65 £0.17 1.52 £ 0.06
logg; (cms™2) 4.13 £0.08 4.28 +0.06
log g> (cms™2) 3.88 +0.06 4.06 +0.02
T, (K) 8100 + 300 8100 + 300
T, (K) 4870 + 120 4518 = 115
Ly (Ly) 23.1+43 10.7+14
L, (Lo) 1.38 £0.22 0.87 +£0.11
Myo1,1 (mag) 1.33+£0.34 2.17+0.31
M1 2 (mag) 4.39 +0.33 4.90 +0.20
My | (mag) 1.32 £0.34 2.16 £0.31
My > (mag) 4.71 £0.33 5.44 +£0.20

0.242 £0.030 0.295 £ 0.048
0.078 £0.010  0.095 £ 0.015

Ay @ (mag)
E (B-V) (mag)

B -V ® (mag) 0.15+£0.04 0.13+0.08
vV ® (mag) 10.14 +0.03 10.93 £0.06
My sysiem (mag) 1.25+0.32 2.08 +0.29
d (pc) 537+42 514 +£32

Notes. @Creevey et al. (2023); ®Fabricius et al. (2002).

In a similar manner, for RR Lep, using mg = 9.94 mag, m =
2.4453 mas, and Ag = 0.223 mag, we derived Mg = 1.66 mag,
and a system luminosity of 17.09 Ly, assuming zero bolomet-
ric correction. However, the system’s luminosity and distance
value obtained from the V-band LC+RV solution (28.17 L and
537 + 42 pc) do not match the values given in the Gaia DR3 cat-
alogue (37.32 or 17.09L; and 409 + 3 pc). It should be noted
that the interstellar absorption values from the FLAME mod-
ule and the ESP-HS module in the Gaia DR3 catalogue are
quite different (0.789 and 0.223 mag, respectively), and simi-
larly, the RR Lep system’s luminosities also show a large dif-
ference. Furthermore, there is still a difference of approximately
100 pc between the distance calculated from our V-band LC+RV
solution and that from the Gaia DR3 parallax. If we substitute the
interstellar absorption used in our calculations with the value of
0.8 mag, as calculated from the FLAME module, this difference
is eliminated. We conclude that the aforementioned discrepan-
cies arise due to the strength of the tertiary component’s spectral
lines, which were blended with those of the primary component
at most phases (Sect. 2). Around the first quadrature, at phases
0.17 and 0.25, spectra of the tertiary component were clearly evi-
dent as its sodium D lines were considerably stronger than those
of the primary star.

The physical properties of the primary components of these
systems and their pulsational behaviour (Sect. 7) indicate that
they are § Sct stars. In order to compare their properties with
similar cases, we used mostly the sample of Liakos & Niarchos
(2017) for the oEA stars and various works for individual cases
from the literature. The collected sample contains 96 oEA sys-
tems (including BF Vel and RR Lep), however, information is
available on the absolute parameters for only 72 of these. In par-
ticular, 33 of them are double-lined spectroscopic and eclipsing
systems (SB2+EB), which are the most important tools for cal-
culating absolute parameters of stars. Nine of them are SB1+EB
systems and one is SB1+ellipsoidal system (SB1+el); the latter
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Fig. 17. Mass-radius (top panel) and Hertzsprung—Russell (bottom
panel) evolutionary diagrams. In both diagrams, the black symbols
denote the 6 Scuti members of oEA stars that belong either to spectro-
scopic single- or double-lined (SB1 or SB2) and eclipsing (EB) or ellip-
soidal (el) systems (dots) or only to eclipsing systems (squares). The
sample was mainly gathered from Liakos & Niarchos (2017). Magenta
and cyan symbols refer to the primary (filled) and secondary (open)
components of RR Lep and BF Vel, respectively. Solid black lines indi-
cate the ZAMS and TAMS limits and the coloured solid lines (B = blue,
R =red) the boundaries of the instability strip (IS; Soydugan et al.
2006b).

systems can be considered as the second most informative cases.
The masses of the pulsating stars in the other 29 oEA systems
were assumed, based on their spectral type. The locations of the
components of RR Lep and BF Vel in the Mass-radius (M-R)
and Hertzsprung-Russell (H-R) evolutionary diagrams are given
in Fig. 17. The purpose of these diagrams is to a) check the evo-
lutionary stages of both components of each studied system and
b) compare the evolutionary stages of their primaries with other
6 Sct stars in oEA systems. For the latter reason, we included
only the pulsating members of the oEA stars and not their non-
pulsating companions.

The position of the primary component of RR Lep in the
M-R diagram indicates that it is well inside the main-sequence
boundaries and is identified as the most massive ¢ Sct star of the
current sample. The primary of BF Vel is located on the ZAMS
boundary in the same diagram. The positions of the secondary
components in both diagrams show that they have evolved out
of the main-sequence. The primary components lie well inside
the classical instability strip as shown in the H-R diagram. As
both BF Vel and RR Lep are semi-detached systems, their pri-
mary stars are accreting mass from their companions, which
have evolved to the sub-giant stage of evolution.
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6. Eclipse-timing variation analysis

For the analysis of orbital period variations, we employed the
‘LITE’ code of Zasche et al. (2009). The code uses statistical
weights (w) on the times of minima (ToM) based on the method
followed for the observations of the eclipses. Older ToM derived
from visual or photographic data were assigned w = 1, the pho-
toelectric w = 7, and the CCD w = 10. Past ToM of each stud-
ied system were obtained from online databases®**->:®7 and were
enriched with those derived from our ground-based data, TESS
data and data from other ground-based surveys. The ToM used
in the following analyses are given in Table B.1.

The code is able to fit the data points with light-time effect
(LITE; Irwin 1959) and parabolic curves. The LITE curve has
seven free parameters, namely the ephemeris of the EB (T and
P), the amplitude of the variation, A, and the orbital period,
P3, the time of the periastron passage, JDy, the argument of
periastron, €, and the orbital eccentricity, e;, of the tertiary
component. The parabolic fitting has three free parameters; the
ephemeris of the binary and the parabolic coefficient C,. We
used ephemerides from Kreiner (2004) for both systems; they
were left free to adjust during the iterations. The selection of the
final model is based also on the Bayesian information criterion
(BIC). The results of the Eclipse-Timing Variation (ETV) anal-
yses for both systems were applied as inputs in the ‘InPeVeb’
software (Liakos 2015) to calculate the parameters of the most
likely orbital modulating mechanisms.

6.1. RR Lep

The ETV analysis of RR Lep is based on 140 ToM spanning
from the mid 1930s up to 2023. A periodic variation due to a
tertiary companion is not particularly obvious in the ETV dia-
gram. However, as a noticeable third light was detected in both
the spectroscopic and photometric observations, a LITE curve
was selected for fitting the ToM. Given that the system has a
semi-detached configuration, a parabola was also tested as a pos-
sible solution.

The LITE solution is plotted in the upper panel of Fig. 18 and
its parameters are listed in Table 5. This solution suggests that
a tertiary component in eccentric orbit with a period of ~74 yr
orbits the EB. The mass function of the third body suggests
a minimum mass of ~0.33 M, (i.e. in coplanar orbit with the
EB). However, following the formalism of Liakos & Niarchos
(2012), we found that if the tertiary member is a main-sequence
star, then, in order to contribute ~6% of the total luminosity (see
Table 3), its mass should be ~1.14 M. The latter is possible if
its inclination is ~19.5° with respect to the EB’s orbital plane.
Alternatively, a higher inclination angle of the third body’s orbit,
which would yield a lower mass value, is also possible under the
assumption that the tertiary component is an evolved star (i.e.
subgiant or giant).

The parabolic fitting resulted in a downward parabola (lower
panel of Fig. 18) that suggests an orbital period decrease.
This contradicts the conventional semi-detached configuration
(i.e. the less massive star transfers mass to the more massive
component). However, the derived curvature of the parabola
may indicate non-conservative mass transfer (M) and mass loss
(M) due to magnetic braking (Hilditch 2001; Erdem et al.

3 https://www.variablestarssouth.org/

4 http://var2.astro.cz/ocgate/

> http://www.oa.uj.edu.pl/ktt/krttk_dn.html
® https://www.bav-astro.eu/index.php/

7 https://www.as.up.krakow.pl/ephem/
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Table 5. LITE parameters of the ETV analysis of RR Lep and BF Vel.

System: RR Lep BF Vel
Parameter
Eclipsing binary

Ty (HID) 2445352.632+0.002  2457777.167 +£0.001
P (d) 0.9154267 +0.0000002 0.7040275 +0.0000001

Tertiary component
P35 (yr) 74.2+0.6 24.5+0.3
JDy (HID) 2459956 + 1235 2434825 + 332
A (d) 0.013 +£0.002 0.008 +0.001
Q(°) 277 +39 87+11
e 0.53+0.25 0.63 +0.06
f(m3) Mg) 0.0024 + 0.0002 0.0044 + 0.0001
3 res? 0.051 0.0019

Table 6. Mass transfer and mass loss parameters for both systems as
alternative explanations for their ETVs.

System: RR Lep BF Vel
Parameter

T, (HID) 2445352.644 +0.001 2457777.161 +£0.001
P () 0.9154267 +0.0000001 0.7040279 £ 0.0000002
¢ (d cycle™) -1.1+0.1 x 10710 29+03 x 10710
P(dyr™) -8.8+0.8 x 1078 3.0+£0.3 x 1077
My Mg yr™h) 1078 @ 2.8+0.4 x 1077
M Mg yr™))  =3.4+0.5 x 1078 -

3 res? 0.059 0.0029

Notes. Assumed.

2005). Therefore using the method of Erdem et al. (2005), we
assumed that the secondary component is the mass donor star of
the system and transfers mass with a typical rate of 1078 M, yr~!
to the primary, while simultaneously losing mass due to mag-
netic braking. The gyration constant of this component was
assumed as k = 0.32, while its Alfvén radius as 10R, (cf.
Soydugan et al. 2011; Liakos & Niarchos 2013). Results regard-
ing this solution are given in Table 6.

The BIC values for the proposed solutions resulted as —1075
for the LITE and —1073 for the parabola, indicating that LITE
is more appropriate solution. Moreover, as our photometric and
spectroscopic data demonstrate the presence of a tertiary compo-
nent, and a parabolic fitting in the ToM of RR Lep needs many
assumptions to explain the ETV, we also conclude that the cor-
rect solution for the observed orbital period changes of this sys-
tem is the LITE.

6.2. BF Vel

There are 61 ToM currently available for BF Vel. All of them,
except for two, cover the time period after the year 2000; the
other two are from the late 1930s and were based on photo-
graphic plates. Taking these old ToM into account, we fitted a
LITE curve to the data points. The selection of this curve is based
on the detection of third light in both spectroscopic and photo-
metric observations. The fitted curve is illustrated in the upper
plot of Fig. 19 and its parameters are listed in Table 5. Accord-
ing to this solution, a third body orbits the EB with a period of
~25yr. The f(ms3) of this solution derives a minimum mass of
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Fig. 18. Fitting of a LITE curve (upper plot) and of a downward
parabola (lower plot) on the ToM of RR Lep. The bigger the symbol
the bigger the statistical weight. Open and filled symbols denote the pri-
mary and secondary ToM, respectively. Lower panels show the residuals
of each solution.
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~0.36 M. Therefore, similarly to the discussion above in the
context of RR Lep, its inclination with respect to the EB’s orbit
should be ~24° in order for its mass as a dwarf to be ~1 Mg;
this is sufficient to explain the observed ~8% contribution in the
system’s total luminosity (see Table 2). Alternatively, a less mas-
sive, but more evolved star (i.e. more luminous) at a higher incli-
nation angle, is also possible. It should be mentioned that a Ps
of ~36.75yr is also possible. The fit on the data points using
this value yielded slightly larger 3 res® (i.e. 0.0022) but also
a much smaller f(m3) value (i.e. 0.0021 M) that cannot easily
explain the observed light contribution from the tertiary compo-
nent. Therefore, we neglected this solution.

As a second solution, the data points could be fitted by an
upward parabola, which agrees with the semi-detached status of
the system. For this case, the fitting is given in the lower plot of
Fig. 19 and the corresponding parameters in Table 6. However,
that does not accommodate the presence of the tertiary compo-
nent. The BIC value of LITE (—604) is lower than that of the
parabolic fitting (—573). Therefore, the LITE curve is the better
solution, not only statistically, but also because it explains the
presence of the tertiary component.

7. Pulsation analyses

The frequency search for both systems relied only on the TESS
LC residuals because of their photometric accuracy, time reso-
lution and continuity in time (i.e. no time gaps). Based on the
spectral types and the physical properties of the components of
both systems, as described in the previous sections, only the
primary stars have properties of ¢ Scuti stars. Therefore, the
data points between orbital phases 0.9-0.1, when the pulsat-
ing components are eclipsed, were excluded from the frequency
analyses. The software PERIODO04 (classical Fourier analysis;
Lenz & Breger 2005) was used to extract the pulsation frequen-
cies. Although the typical oscillation range for 6 Scuti stars is
4-80d-! (Breger 2000; Bowman & Kurtz 2018), we extended
the search from 0 to 80d~" in order to detect possible & Scuti—
v Doradus hybrid behaviour, or low-frequency modes that are
connected to g-mode pulsations or the orbital frequency (for) or
other frequency combinations. The noise level of each detected
frequency was computed around it with a spacing of 2d~! and
a box size of 2 (Balona 2014). After the computation of a
frequency, the residuals were pre-whitened for the next one.
The search was stopped when the signal-to-noise ratio of the
detected frequency was approximately 5 (S/N ~5; Baran et al.
2015; Bowman & Michielsen 2021). The TESS data sets used
for the analyses were observed in short-cadence mode (i.e. 2-
min time resolution) and span over approximately 25 continu-
ous days. The Nyquist frequency for these data sets is ~360d™"
and the frequency resolution (1.5/7T, where T is the observations
time range in days; cf. Loumos & Deeming 1978) is ~0.06d .
The results of the analyses are divided into two main parts;
the independent frequencies and the combination frequencies. In
addition to the Fourier modelling of the pulsations, we also esti-
mated the most likely /-degrees of the independent frequencies.
For this, we used the method of Breger (2000) for calculating
the pulsation constant Q of each frequency (see also Liakos et al.
2022) by using the advantage of the known absolute properties
of the pulsating star (Sect. 5). Then, we compared the Q val-
ues with the models of Fitch (1981) in order to derive the most
likely oscillation modes. Table 7 includes the results only for
the independent frequencies detected in each system. In particu-
lar, we list: the increasing number of the frequency (n), its value
(f1), amplitude (A), phase (®), S/N, Q, and / degrees. Table C.1
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contains the same information as Table 7, except the Q and the
I-degrees, but for the combination frequencies.

7.1. RR Lep

Two TESS time series are currently available for RR Lep,
namely Sector 5 and 32, and they span over 25.6 d. The data set
of Sector 5 has a time resolution of 2 minutes and that of Sec-
tor 32, 10 minutes. Furthermore, these data sets were acquired
with a separation of 1.94 years. Therefore only the data of Sec-
tor 5 were used (app. 13 800 data points) in the analysis to min-
imise introduction of alias frequencies (Breger 2000).

The pulsating member of RR Lep was found to oscillate in
more than 30 frequencies. However, only five, namely fi, f,
fs, f6, and f;, are identified as independent. We detected many
harmonics of the fo (=1.0924d™"). The other frequencies are
combinations of others and many of them result from the rota-
tional splitting of the independent frequencies by the fi and
its harmonics due to the orbital motion of the pulsator around
the common centre of mass. The rotationally split modes would
not be spaced exactly equally by the orbital frequency due to the
influence of the Coriolis force on the pulsations (Ledoux 1951).
According to the Q values of the independent frequencies, all
of them are identified as non-radial pressure modes with their /-
degrees to range between 1 and 3. The ratio Ppy/Por, for these
frequencies is lower than 0.046, which agrees with the conclu-
sion of Zhang et al. (2013, i.e. Ppu/Pory < 0.07) regarding the
non-radial nature of these frequencies. On the other hand, we
note that fs/f; ~ fs/fr ~ 0.73, fs/f> ~ 0.74, and f5/fs ~ 0.78.
These frequency ratios are typical for the radial fundamental and
the first overtone modes (Stellingwerf 1979; Oaster et al. 2006;
Aerts et al. 2010). Therefore, f5 could be a radial fundamental
mode. However due to the very close values of the other indepen-
dent frequencies, we cannot be certain which of them could be
the first overtone. The periodogram of RR Lep, including some
of the strongest detected frequencies, is shown in two plots with
different scales in Fig. 20, and a representative Fourier fit on the
data points is illustrated in Fig. 21. Detailed results for the fre-
quency search are given in Tables 7 and C.1.

The comparison of the results of Liakos & Niarchos (2013)
with the present ones shows that the authors of that work had
found as the most dominant frequency the +1 alias of the present
fi1- Hence, for reasons of completeness, we also re-analysed
the ground-based B and V residual data of Liakos & Niarchos
(2013) based on the LC+RV model presented herein (Sect. 4).
The scope of this re-analysis was the determination of the oscil-
lation modes using the amplitude ratio and the phase difference
of a given frequency value from two different photometric fil-
ters. The new analysis of these data yielded the same alias fre-
quency. Therefore, we fixed it at the value found from the analy-
sis of TESS data and we tried to detect other frequencies as well.
Unfortunately, given that the sample of data points and the pho-
tometric accuracy of these data sets are rather inferior in com-
parison to that of TESS, in addition to the dominant frequency
only a second one, which differs between the filters, with S/N >4
(Table 8) was detected. The mode identification for the dom-
inant frequency was made using the FAMIAS software (Zima
2008) and the MAD-6 Sct models (Montalban & Dupret 2007).
Particularly, the closest model to the stellar and pulsational
parameters of the primary of RR Lep was found for a star with
a mass of 2.2 Mg, (i.e. the maximum value in the MAD models),
a temperature of 8470K, and logg = 3.94 cms~2. This model
suggests an [-degree equal to 3, similarly to that found for f; of
the TESS data (Table 7).
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Table 7. Independent oscillation frequencies of the primary components of RR Lep and BF Vel based on the TESS data sets.

n fa A () S/N (0] l-degree Mode
dh (mmag) (27 rad) (d)
RR Lep
1 32.2753+£0.0001 3.01+0.01 0.544+0.001 34.7 0.014+0.002 3 p4
2  31.8665+0.0001 2.66+0.01 0.144+0.001 329 0.014+0.002 3 p4
5 23.6632+0.0002 1.29+0.01 0.220+£0.002 242 0.019£0.002 1or0 p3orR
6 30.1510+£0.0002 1.24+0.01 0.490+0.002 13.0 0.015+0.002 2 p4
7 324916+0.0003 1.09+0.01 0.658+0.002 12.0 0.014+0.002 3 p4
BF Vel
3 46.7311+0.0007 0.79+0.02 0.812+0.005 164 0.014+0.002 3o0r0 pdorR4H
£ =f -of £f RR Le Table 8. Oscillation frequencies of the primary component of RR Lep
0.0030 1 s e Ar TESSp using the B and V ground-based data of Liakos & Niarchos (2013).
0.0025 f3=f2'2forb»»\
n fa A d S/N
5 @mh (mmag) (27 rad)
% 0.0015 1 f B filter
g 1 32.2787+0.0004 9.8+04 0.567+0.006 7.8
2 25.5633+£0.0009 3.89+04 0.831+0.015 4.0
V filter
S 1 322768+0.0005 7.76+0.4 0.583+0.008 6.3
00 e 2 27.0255+0.0010 3.80+0.4 0.027+0.017 4.0
0.0014 RR Lep I f5 f6 f=f+f
0.0012 TESS NG X i _ ics. We detected most of the harmonics of fy, up to 38 forp. Only
0_0010_aﬂer prewhitening ., i /’fza_frf"’“ one independent frequency was detected, that is f3 = 46.73d7",
. Dt and also a few frequencies that indicate rotational splitting by
§ Ao the f,p and its harmonics. In total, 37 oscillation frequencies
= were detected, but we cannot be certain of the intrinsic origin
E»“mi of all of them, since many of them were found to be connected
to an extremely low-frequency value (i.e. fs) or to high-order
multiples of the fo,. The Q value of f5, based on the absolute

‘ WM sl

Frequency (d™)

Fig. 20. Periodogram of the pulsating component of RR Lep. The
strongest frequencies are indicated.

7.2. BF Vel

The frequency search of BF Vel was based only on the short-
cadence (2-min time resolution) TESS data set of Sector 35.
This data set spans over approximately 24 days, but there is a
6-day time gap. The total number of points used for the analy-
sis, after the exclusion of the primary eclipses, is 10 589. Unfor-
tunately, our ground-based photometric data cover much shorter
time spans (i.e. ~2.5d in B and ~4 din V and [ filters) and have a
much lower photometric accuracy; therefore, they were excluded
from the analysis. The TESS data set of Sector 62, although it
has the same time resolution and covers about the same time
span as that of Sector 35, it includes ~30% fewer data points and
has a time difference of approximately two years with that of
Sector 35. Therefore, as the combination of these data sets into
one common frequency analysis is subject to alias, we excluded
this data set from our analyses.

The periodogram of the oscillating member of BF Vel
(Fig. 22) is dominated by the orbital frequency and its harmon-

parameters of the primary component and the same method as in
the case of RR Lep, was found to be 0.014 + 0.002 d. According
to models of Fitch (1981), f; is either a p-mode or a radial mode
and, particularly, the fourth overtone of the radial fundamental
mode. The pulsations model is given in Tables 7 and C.1, while
a sample of the Fourier fitting is presented in Fig. 21.

8. Summary, discussion, and conclusions

Multi-epoch, multi-filtered ground-based and high-accuracy
space-borne photometry of the systems RR Lep and BF Vel have
been combined with medium resolution spectroscopy to derive
the physical properties of their components and, furthermore, to
study their pulsational behaviour. Both systems are identified
as oEA stars with their primary components displaying & Sct
type pulsations. Radial velocities of both components of the
binary pairs were determined with broadening function analyses
of the blue spectra. These analyses also indicated the presence of
tertiary companions, which were confirmed with spectra of H,
and Na I D lines. Orbital period modulations were analysed to
determine probable orbital period modulating mechanisms. The
secondary stars of both systems have evolved to the subgiant
stage, and are chromospherically active.

Although for both systems a significant contribution of third
light was detected in the photometric and spectroscopic obser-
vations and analyses, they lack clear periodic variations in their
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Fig. 21. Fourier fittings on a small fraction of the available TESS data for each system studied.

orbital periods that could be attributed to the existence of their
tertiary companions. However, we conclude that the LITE is the
most appropriate orbital period modulating mechanism.

The primary star of RR Lep pulsates in five independent
frequencies, with the dominant being 32.275d~!. All these fre-
quencies are identified as p-modes, but fs could also be a
radial fundamental mode. In addition, 31 combination frequen-
cies were detected, many of which are connected to the orbital
frequency of the system. This star is the most massive (2.9 M)
among the § Sct stars in the sample of the oEA systems. Our
results regarding the pulsation modelling partially agree with
those of Kahraman Alicavus et al. (2024). They found seven
independent frequencies with the most dominant one to be
31.866d! followed by the 32.276d™! as the second strongest
one. We also detected these two frequencies (f; and f>) but in
reverse order (i.e. the amplitude of f; was found larger than that
of f5). The frequencies 23.665d~! and 32.492d~! were detected
in both studies (fs5 and f; in our work). The main discrepancies
between the two works concern the current fs, which was not
detected by Kahraman Alicavus et al. (2024), and their classifi-
cation for the 25.782d!, 26.449d!, and 31.986d™!. The latter
frequencies were also detected in our work (i.e. f3, fo, and f5;),
but we found that they are just combinations of other frequen-
cies. Larger discrepancies occur between our work and that of
Liakos & Niarchos (2013), who detected only two frequencies,
namely 33.280d~" and 24.318d"". The first one in their study
is probably the alias of the present f; (i.e. f; = 33.280 — 1d7),
which could be caused by the time gaps in the ground-based LCs
that they used (alias frequencies, cf. Breger 2000). Although we
re-analysed the data of Liakos & Niarchos (2013) by setting the
dominant frequency f; to that found from the TESS data, we did
not detect any other frequencies in the B and V ground-based
data sets similar to those detected in the TESS data. However,
for fi, both methods of mode identification (i.e. models of Fitch
(1981) and the MAD models) yielded the same /-degree value
(I = 3). The TESS data that we used for modelling is far more
precise than that used in previous studies with ground-based
data; however, the latter are useful for checking the main results,
not for pulsation modelling.

One independent frequency mode (=46.731d~") was found
for the 6 Sct star of BF Vel, and more than 35 other combination
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Fig. 22. Same as Fig. 20 but for BF Vel.

frequencies were detected. The majority of these frequencies
are splittings of the orbital frequency due to rotation of the star
around the systemic centre of mass, but many of them are proba-
bly leftovers from other stronger frequencies. Our results have
large discrepancies compared with those of Manimanis et al.
(2009). In particular, they detected seven frequencies with the
dominant one being 44.94 d~!, which is close to our f3. The other
frequencies reported in that work are either harmonics of others
or they were not characterised at all. With the exception of their
7.48d7!, they did not detect any other slow frequencies, in con-
trast to our results. However, it should be noted that the results
of Manimanis et al. (2009) were based on a much smaller data
sample (i.e. 350 points in B filter spanning over three consecu-
tive nights) in comparison with the TESS data that we used. The
short time span of their data series could also be the reason they
did not detect slow frequencies connected to the fop.

In order to compare the absolute and pulsation properties of
the oscillating components of BF Vel and RR Lep with simi-
lar systems, we placed them among other ¢ Scuti stars of other
oEA systems in two diagrams. The first diagram (Fig. 23) is the
orbital-pulsation periods (Pog, — Ppuls) correlation and the sec-
ond (Fig. 24) is the pulsation period-evolutionary stage (Ppys —
log g) correlation (cf. Soydugan et al. 2006a; Liakos et al. 2012;
Liakos & Niarchos 2015, 2017). For both diagrams, the major-



Liakos, A., et al.: A&A, 691, A260 (2024)

‘OQPPu\s C)

OEA stars *
RR Lep L]
2.2 BF Vel

T T T T T T T T T T T 1
-0.3 -0.2 -0.1 0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9

logP_, (d)

Fig. 23. Py, — Ppus correlation for 6 Scuti stars of oEA systems (star
symbols) and the locations of the pulsating components of RR Lep
(magenta) and BF Vel (cyan). Black solid line represents the linear fit-
ting of Liakos & Niarchos (2017).
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Fig. 24. P,y — logg correlation for 6 Scuti stars that belong to
SB1(2)+EB(el) (black dots) and EB (black squares) oEA systems
and the locations of the pulsating components of RR Lep (magenta)
and BF Vel (cyan). Black solid line represents the linear fitting of
Liakos & Niarchos (2017).

ity of the sample and the empirical linear fittings were taken
from Liakos & Niarchos (2017). The sample of the Poy, — Ppuis
diagram includes 96 oEA systems, while that of Ppys — logg
includes 75 ¢ Scuti stars categorised according to the type of
their host systems (i.e. SB1(2)+EB(el) or EB; for details see
Sect. 5). The reason for the different number of stars in these
samples is that the absolute parameters have not been determined
for every oEA system. The pulsating components of BF Vel and
RR Lep follow the empirical trends in these plots. The primary
of BF Vel is among the ten fastest pulsators and the ten youngest
stars of these samples, while its host system is among the five
systems with the shortest orbital periods. The § Scuti component
of RR Lep is, similarly to that of BF Vel, a relatively young and
fast pulsating star in comparison with the rest of these samples.
These findings are in very good agreement with the main conclu-
sions of Liakos (2017) regarding a) the connection of the dom-
inant frequency with the age of the star (i.e. log g; the younger
the star the faster its pulsation frequency) and b) the connection
between the orbital and pulsations periods (i.e. the shorter the
systemic orbital period the faster the pulsation frequency of the
oscillating component).

Further investigations of similar systems are strongly encour-
aged. Expanding the study sample of oEA stars with precisely
determined absolute properties will enhance our understanding
of how interactions between components in close binary systems
impact pulsations.

Data availability

The majority of data included in this article are available as
listed in the paper or from the online supplementary mate-
rial it refers to. The TESS data are available online from
the MAST repository (https://mast.stsci.edu/portal/
Mashup/Clients/Mast/Portal.html).

All the times of minima used for the O-C analysis in
this work are available at the CDS via anonymous ftp to
cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra. fr/viz-bin/cat/J/A+A/691/A260.
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Appendix A: Radial velocities

Table A.1 contains the RV measurements derived from our spectroscopic observations. The values in the O — C columns represent
the deviations of the individual measurements from the fitted RV curves. Orbital phases were calculated using the ephemeris given
in Tables 2 and 3.

Table A.1. Radial velocity measurements of the components of RR Lep and BF Vel.

RR Lep BF Vel
Time Phase RV, (0-0), RV, (0-C), Time Phase RV, (0-C), RV, (0-C),
(HID-2450000) (kms™)  (kms") (kmsh) (kms™') | (HID-2450000) (kms™)  (kms) (kms!) (kms)
58923.9740 0.1660  -106.0 2.1 194.6 6.9 57798.0978 0.7439 137.8 19.9 -232.0 -11.0
58923.9787 0.1712  -108.0 3.1 208.0 16.1 57798.1016 0.7493 118.0 0.1 -232.0 -10.8
59518.1623 0.2503  -118.0 52 222.1 0.2 57799.1614 02545  -112.0 4.6 207.9 237
59518.1651 0.2534  -118.0 52 207.2 -15.0 57799.1662 0.2615  -128.1 221.0 213.0 -18.1
59518.1679 02564  -120.6 79 231.5 9.6 57853.0372 0.7795 117.9 2.0 -210.5 6.7
59518.1708 02596  -118.0 5.4 211.1 -10.5 57853.0403 0.7839 115.5 0.1 -210.0 6.0
59184.9651 02696  -121.2 9.0 222.0 2.1 57853.0435 0.7884 107.9 6.8 2144 0.2
59184.9682 02730  -118.0 -6.0 2228 3.8 58240.8914 0.6853 113.8 5.0 2114 8.6
59184.9713 02764  -116.0 43 198.5 -19.6 58240.8952 0.6907 110.9 0.7 -214.0 -8.3
59184.9744 02798  -116.0 -4.6 234.0 17.0 58240.8990 0.6961 132.1 20.5 -218.0 96
59184.9769 02825  -116.0 438 234.0 17.9 58240.9623 0.7861 116.0 1.0 -204.5 10.9
59184.9793 0.2851 -116.0 5.1 209.3 5.8 58270.8966 0.3045  -130.4 -29.5 232.0 13.5
59156.0223 0.6529 20.3 7.4 -246.0 18.0 58270.9625 0.3981 -99.6 37.6 160.0 19.6
59156.0296 0.6608 19.3 45 2742 3.0 58271.8827 0.7052 114.0 0.5 -194.5 17.8
59156.0369 0.6688 14.5 2.0 -302.0 24.1 58924.1616 0.1984  -108.0 6.4 228.0 8.1
59156.0436 0.6761 16.6 .14 2726 10.9 58924.1668 0.2058 -83.1 20.0 221.9 -1.1
59156.0495 0.6826 25.0 5.8 2720 16.0 58924.9009 0.2485 -82.0 254 234.9 3.2
59156.0554 0.6890 17.3 29 -302.0 99 59156.1607 0.7285 118.0 1.1 -199.7 19.4
59157.0409 0.7655 22.0 25 -302.1 6.5 59185.0595 0.7762 140.0 23.6 -202.0 16.1
59157.0461 0.7712 22.0 22 -295.8 11.5 59301.9320 0.7812 103.3 -124 -215.6 1.3
59157.0513 0.7769 20.7 3.1 -295.4 10.5 59330.0169 0.6730 97.9 72 213.1 -17.8
59330.0206 0.6782 105.9 0.8 -210.8 -122
59358.9370 0.7508 114.0 39 -204.2 17.0
59358.9401 0.7553 104.5 -134 -216.9 4.1
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Appendix B: Times of minima

Table B.1 includes the ToM used for the ETV analyses of RR Lep and BF Vel (Sect. 6). Particularly, we list: the HID of the
ToM, the type of observation (Obs. type) based on which the respective data for its calculation were obtained (i.e. vis=visual,
pg=photographic, pe=photoelectric, CCD; TESS; ASAS=CCD), and the literature source (e.g. name(s) of observer(s), campaign,
mission).

Table B.1. Times of minima (ToM) of RR Lep and BF Vel used in the ETV analyses.

ToM (HJD) Obs. type Source | ToM (HID) Obs. type Source

RR Lep
2426684.31600 vis Kreiner, J. M. 2446797.18700 pe Vyas, M. L., Abhyankar, K. D.
2427386.45000 vis Tsesevitch, V. P. 2446814.57900 vis Baldwin, M. E., Samolyk, G.
2430020.15400 pg Erleksova, G. E. 2446819.15790 pe Vyas, M. L., Abhyankar, K. D.
2430377.16000 pg Erleksova, G. E. 2446835.63700 vis Baldwin, M. E., Samolyk, G.
2431057.30800 pg Erleksova, G. E. 2446857.61100 vis Baldwin, M. E., Samolyk, G.
2431850.07400 pg Erleksova, G. E. 2447170.67800 vis Baldwin, M. E., Samolyk, G.
2432227.22300 vis Soloviev, A. 2447472.77360 pe Mullis, C. R., Faulkner, D. R.
2432239.10600 Vis Soloviev, A. 2447539.61000 Vis Baldwin, M. E., Samolyk, G.
2432260.20700 vis Soloviev, A. 2447564.34000 vis Paschke, A.
2432261.12700 vis Soloviev, A. 2447950.62200 vis Baldwin, M. E., Samolyk, G.
2432553.11400 Vis Soloviev, A. 2448219.76600 Vis Baldwin, M. E., Samolyk, G.
2432586.12400 vis Soloviev, A. 2448976.82800 vis Baldwin, M. E., Samolyk, G.
2432595.21700 vis Soloviev, A. 2450096.37300 vis Kohl, M.
2432662.97000 pg Erleksova, G. E. 2450464.38800 vis Kohl, M.
2432909.20600 pg Erleksova, G. E. 2451427.40800 CCD Paschke, A. (ROTSE)
2432941.25700 pg Erleksova, G. E. 2451510.73400 vis Baldwin, M. E., Samolyk, G.
2432943.14500 Vis Soloviev, A. 2451576.63400 Vis Baldwin, M. E., Samolyk, G.
2432974.18200 pg Erleksova, G. E. 2451870.47000 CCD Pojmanski, G.
2433276.30100 pg Erleksova, G. E. 2451908.00660 CCD Nagai, K.
2433601.30800 pg Erleksova, G. E. 2451913.07170 CCD Nagai, K.
2434090.12700 vis Soloviev, A. 2452170.73200 CCD Kosiek, P., Ogloza, W.
2434413.28000 Vis Erleksova, G. E. 2452228.85670 CCD Kosiek, P., Ogloza, W.
2434425.17000 Vis Erleksova, G. E. 2452312.64700 vis Baldwin, M. E., Samolyk, G.
2434782.19000 vis Erleksova, G. E. 2452672.38890 CCD Zejda, M.
2435477.01100 pg Erleksova, G. E. 2452681.54280 CCD Baldwin, M. E., Samolyk, G.
2436750.37200 pg Erleksova, G. E. 2453016.59200 CCD Dvorak, S. W.
2440926.55700 vis Locher, K. 2453028.03170 CCD Kosiek,P., Ogloza,W.
2440994.30000 vis Locher, K. 2453029.40630 CCD Zejda, M.
2441250.62500 vis Locher, K. 2453066.02010 CCD Kosiek, P., Ogloza, W.
2441596.62000 vis Locher, K. 2453305.86320 CCD Baldwin, M. E., Samolyk, G.
2443098.85200 vis Baldwin, M. E., Samolyk, G. | 2453331.05140 CCD Nagai, K.
2443143.71000 vis Baldwin, M. E., Samolyk, G. | 2453406.55830 CCD Baldwin, M. E., Samolyk, G.
2443154.70300 vis Baldwin, M. E., Samolyk, G. | 2453409.30620 CCD Zejda, M., Mikulasek, Z.
2444191.88500 Vis Baldwin, M. E., Samolyk, G. 2453438.59780 CCD Baldwin, M. E., Samolyk, G.
2444226.66350 pe Bookmyer, B. B. et al. 2453737.02760 CCD Nagai, K.
2444231.69680 pe Bookmyer, B. B. et al. 2454043.69780 CCD Ogloza, W.
2444237.66000 Vis Baldwin, M. E., Samolyk, G. 2454085.80800 vis Baldwin, M. E., Samolyk, G.
2444291.64800 vis Baldwin, M. E., Samolyk, G. | 2454108.69060 CCD Baldwin, M. E., Samolyk, G.
2444593.74900 vis Baldwin, M. E., Samolyk, G. | 2454454.71860 CCD Samolyk, G.
2444616.63900 vis Baldwin, M. E., Samolyk, G. | 2454465.70390 CCD Samolyk, G.
2445352.65600 vis Baldwin, M. E., Samolyk, G. | 2454487.67390 CCD Samolyk, G.
2445373.70800 vis Baldwin, M. E., Samolyk, G. | 2454520.62710 CCD Samolyk, G.
2445715.15340 pe Vyas, M. L., Abhyankar, K. D. | 2454777.86070 CCD Diethelm, R.
2445753.59200 vis Baldwin, M. E., Samolyk, G. | 2454792.09200 CCD Nagai, K.
2446027.31500 pe Vyas, M. L., Abhyankar, K. D. | 2454856.58880 CCD Samolyk, G.
2446049.28240 pe Vyas, M. L., Abhyankar, K. D. | 2454862.99790 CCD Nagai, K.
2446050.19900 pe Vyas, M. L., Abhyankar, K. D. | 2455144.94770 CCD Diethelm, R.
2446445.66700 vis Baldwin, M. E., Samolyk, G. | 2455157.76390 CCD Samolyk, G.
2446489.60500 vis Baldwin, M. E., Samolyk, G. | 2455513.85860 CCD Diethelm, R.
2446785.28510 pe Vyas, M. L., Abhyankar, K. D. | 2455953.26740 CCD Liakos, A. et al.
2446795.38500 vis BBSAG observers 2455959.67420 CCD Samolyk, G.
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Table B.1. Continued.

ToM (HJD) Obs. type Source \ ToM (HID) Obs. type Source
2456238.88040 CCD Diethelm, R. 2458494.48940 CCD Samolyk, G.
2456302.04583 CCD Nagai, K. 2458495.40120 CCD Samolyk, G.
2456651.73730 CCD Samolyk, G. 2458792.91790 CCD Samolyk, G.
2457320.91280 CCD Samolyk, G. 2458868.89465 CCD Nagai, K.
2457356.61560 CCD Samolyk, G. 2458885.37560 CCD Samolyk, G.
2457421.61080 CCD Samolyk, G. 2458896.35960 CCD Samolyk, G.
2457699.89770 CCD Samolyk, G. 2459174.64868 TESS This study
2457758.95063 CCD Nagai, K. 2459175.10678 TESS This study
2458093.07450 CCD Nagai, K. 2459184.71818 TESS This study
2458123.73930 CCD Samolyk, G. 2459185.17528 TESS This study
2458438.64647 TESS This study 2459187.46458 TESS This study
2458439.10347 TESS This study 2459187.92158 TESS This study
2458449.17357 TESS This study 2459192.04280 CCD Richards, T. et al.
2458449.63167 TESS This study 2459198.90778 TESS This study
2458450.08900 CCD Nagai, K. 2459199.36518 TESS This study
2458452.37817 TESS This study 2459518.84150 CCD Samolyk, G.
2458452.83417 TESS This study 2459610.38910 CCD Samolyk, G.
2458462.44807 TESS This study 2459843.82720 CCD Hazel, L.
2458462.90497 TESS This study 2459875.86370 CCD Samolyk, G.
2458470.68610 CCD Samolyk, G. 2459956.42200 CCD Paschke, A.
BF Vel
2428102.40200 pg O’Leary, W., O’Connell, D. | 2459264.06796 ASAS-SN This study
2428253.07000 pg O’Leary, W. 2459264.77259 TESS This study
2451868.26900 ASAS Paschke, A. 2459265.82950 TESS This study
2452235.77471 ASAS-3 This study 2459266.88456 TESS This study
2452296.66870 ASAS Zakrzewski, B. 2459278.85380 TESS This study
2452297.02330 ASAS Zakrzewski, B. 2459279.20590 TESS This study
2452500.48700 CCD Kreiner, B. Nelson SS 2459305.60627 CCD This study
2452699.73200 ASAS Dvorak, S. 2459307.71803 CCD This study
2453307.65500 ASAS Zakrzewski, B. 2459628.05348 ASAS-SN This study
2453308.00240 ASAS Zakrzewski, B. 2459923.04011 ASAS-SN This study
2453463.59225 ASAS-3 This study 2459937.82490 CCD This study
2453564.97360 INTEGRAL Zakrzewski, B. 2459940.64090 CCD This study
2453656.85870 INTEGRAL Zakrzewski, B. 2459941.69680 CCD This study
2453748.37070 CCD Manimanis et al. 2459942.75300 CCD This study
2453749.42710 CCD Manimanis et al. 2459943.80850 CCD This study
2454533.70961 ASAS-3 This study 2459946.62598 CCD This study
2454570.67300 ASAS-3 Zakrzewski, B. 2459947.68207 CCD This study
2454631.56910 ASAS-3 Zakrzewski, B. 2459948.73830 CCD This study
2456959.78410 CCD Jurysek, J. et al. 2459949.79330 CCD This study
2457175.92110 CCD Pavlov, H. et al. 2459952.60960 CCD This study
2457764.48748  ASAS-SN This study 2459990.62850 TESS This study
2457777.16064 CCD This study 2459990.98120 TESS This study
2457850.02680  ASAS-SN Zakrzewski, B. 2459996.96490 TESS This study
2457877.83500  ASAS-SN Zakrzewski, B. 2459997.31760 TESS This study
2458181.27215  ASAS-SN This study 2460001.18830 TESS This study
2458527.65360 TESS This study 2460001.54050 TESS This study
2458532.58068  ASAS-SN This study 2460005.41330 TESS This study
2458555.11100 TESS This study 2460005.76590 TESS This study
2458860.65741  ASAS-SN This study 2460013.15780 TESS This study
2459256.32500 TESS This study 2460013.51040 TESS This study
2459256.67700 TESS This study

Appendix C: Combination pulsation frequencies

Table C.1 contains the increasing number of the frequency (n), its value (f,), amplitude (A), phase (®), S/N, and the most pos-
sible frequency combination (Combo). This table is complementary to Table 7 and their integration is the complete model of the
pulsational behaviour of each studied system (Sect. 7).
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