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Abstract

Y Camelopardalis (Y Cam) is classified as one of the oscillating eclipsing Algol (0EA) systems, which feature a § Scuti-type pulsating component
alongside mass transfer phenomena. oEA systems are invaluable for probing the evolutionary processes and internal structures of binary com-
ponents, offering insights through their binary variations and oscillations. In this study, we conducted a comprehensive investigation of Y Cam
utilizing high-quality photometric TESS data and high-resolution ELODIE spectra. Through our analysis, we examined the radial velocity variation,
performed binary modeling, and calculated the effective temperature values of binary components. The fundamental stellar parameters, such as
mass and radius, were determined with an accuracy of ~2%-6%. Furthermore, we examined the orbital period variation to assess the amount
of mass transfer using the available minima times of the system and three new minima times obtained from TESS light curves. Analyzing the
pulsation structure of the system with the TESS data revealed the dominant pulsation period and amplitude of the pulsating component to be
0.066d and 4.65 mmag, respectively. Notably, we observed frequency modulations with the orbital period’s frequency, along with variations in
the amplitude of the highest amplitude frequency across different orbital phases. Remarkably, the amplitude reaches its peak at phases 0.5 and
1. These findings indicate a candidate for a tidally tilted pulsator. Consequently, we investigated the evolutionary status of the binary components
using MESA binary evolution models, determining the age of the system to be 3.28 + 0.09 Gyr.
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1 Introduction mostly by the x mechanism triggered by the partial ioniza-
tion zone of elements like hydrogen, helium, and iron (Aerts
et al. 2010). These systems offer a unique opportunity to
probe the internal stellar structure. Stellar oscillations enable
investigations of the stellar rotation, convective core to over-
shoot mixing, and internal rotation by using stellar oscilla-
tions (Ouazzani et al. 2017; Kim 2023; Zhang et al. 2023).
Pulsating stars display diverse evolutionary statuses and are
expected to show oscillations within a specific area in the
Hertzsprung—Russell diagram that is known as their insta-
bility strip (Aerts et al. 2010). Some of them are commonly
known pulsating systems such as § Scuti (8 Sct), B Cepheids
(B Cep), and y Doradus (y Dor) stars. As mentioned before,
these pulsators can be observed in EB systems as their compo-
nents (Lampens 2021; Southworth 2021). Among these pul-
sating stars, § Sct pulsators are frequently detected in EB sys-
tems due to their relatively shorter pulsation periods and pul-
sation amplitudes. § Sct variables are A- to F-type systems
spanning from dwarf to giant luminosity classes. Typically,
they exhibit oscillations with pulsation periods ranging from
18 min to 8 h manifesting in low-order radial and non-radial
pressure and gravity modes with pulsation amplitudes be-
low 0.1 in the V band (Aerts et al. 2010). Notably, many §
Sct variables have been identified within semi-detached Algol-
type eclipsing binary systems in addition to detached binaries
(Kahraman Alicavus et al. 2017; Liakos & Niarchos 2017).
The main-sequence components of Algols have the
potential to exhibit oscillations as they can fall within
the classical pulsating instability strip. Pulsating stars in

The significance of eclipsing binary (EB) systems has been
widely known for decades. These systems provide a unique
opportunity to determine the fundamental stellar parameters
(such as mass M, radius R) with 1% accuracy (Torres et al.
2010; Southworth 2013). This sensitivity is essential to truly
examine the stellar structure and evolution. To achieve the de-
sired accuracy the photometric light curve and radial velocity
variations of an EB system should be analyzed simultaneously.

There are various types of EB systems, classified based
on the Roche geometry into three primary groups: detached,
semi-detached, and contact EB systems (Kopal 1959). Among
these, semi-detached binary systems are more compelling as
they demonstrate mass transfer between the binary compo-
nents. Algol-type binaries represent a unique subset within
the semi-detached EB systems. Typically, Algols consist of one
more luminous and massive B- to F-type star alongside a less
luminous and massive evolved giant or subgiant companion
(Kopal 1959). The evolution of the Algol-type systems is no-
table given that, currently, the less massive components appear
more evolved compared to the other massive binary compo-
nent. Additionally, these systems undergo mass transfer be-
tween the binary components, and this profoundly affects the
evolution of the systems. Therefore, a thorough examination
of Algol-type systems is essential to gaining deeper insights
into the binary evolution.

Among the Algol-type systems, there are some remarkable
ones that exhibit pulsations alongside binary variations in
their light curves. Pulsating stars undergo oscillations induced
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Algol-type semi-detached binary systems are termed oscillat-
ing eclipsing Algols (0EA). These oEA stars are characterized
as “mass-accreting main sequence A/F-type components
in semi-detached Algols that show § Sct-like pulsation”
(Mkrtichian et al. 2002, 2004). Numerous oEA systems
have been identified and investigated in the literature, with
their count increasing due to recent discoveries (Kahraman
Aligavus et al. 2017, 2022b, 2023; Chen et al. 2022; Shi
et al. 2022; Mkrtichian et al. 2022). A notable characteristic
of oEA stars is the ongoing mass transfer from the inner
Lagrange L1 point leading to the accretion of transferred
mass on to the atmosphere of the pulsating component. Such
mass transfer events have the potential to significantly impact
the pulsation structure of oscillating binary components.
Recent research has demonstrated that the effect of mass
transfer can be discerned in the pulsation frequencies (Wagg
et al. 2024). The impact of mass transfer on pulsations in oEA
systems was anticipated years ago (Mkrtichian et al. 2002).
In these systems, the mass transferred from the evolved star
to the pulsating component interacts with the atmospheres of
pulsating stars, exchanging angular momentum and altering
surface differential rotation, which can lead to differences
in oscillations (Lovekin & Deupree 2008; Mkrtichian et al.
2018). Mkrtichian et al. (2018) provided the first demon-
stration of how mass transfer affects the pulsation amplitude
and frequencies by investigating the well-known oEA system
RZ Cas. In the literature, several well-known examples of
oEA systems have been extensively studied by researchers
(e.g., Park et al. 2020; Miszuda et al. 2022). RZ Cas is one
of those systems that is an active and luminous Algol-type
system that has undergone detailed studies both photometri-
cally and spectroscopically. Through precise high-resolution
observations, Lehmann et al. (2020) elucidated the orbital
period and radial velocity (RV) variations of RZ Cas by using
coolspot models on the surface of the secondary component,
particularly facing the first (L1) and second (L2) Lagrange
points. Additionally, they explored the correlation between
spot sizes and mass transfer activity, revealing that the mass
transfer activity is modulated by variable-depth Wilson
depression on the L1 spot. The case of RZ Cas shows us
the importance of thoroughly investigating oEA systems.
Research on such systems is essential for gaining a deeper
understanding of the influence of mass transfer on pulsation
behavior and binary evolution. Therefore, in this study, we
focus on the oEA system of Y Camelopardalis (Y Cam).

Y Cam (V = 10760, A9 IV + K1 IV, Rodriguez & Breger
2001) is classified as an Algol-type EB system (Ceraski 1903).
The pulsational behavior of this system was initially detected
by Broglia (1973) who determined the highest pulsation
amplitude to be 0™04 with a period of 0.063 d. Subsequently,
analysis of BV-band photometric observations by Broglia
and Marin (1974) confirmed the § Sct-type oscillations of the
primary component, unveiling its multi-periodic pulsating
behavior. Kim et al. (2002) further corroborated this find-
ing, reporting four pulsation frequencies. Estimation of the
fundamental stellar parameters of Y Cam was carried out by
Rodriguez et al. (2010) through binary modeling using data
obtained from Strogrem uvby, Johnson V, and Crawford HB
filters. Subsequently, physical parameters were determined by
analyzing the double-lined radial velocity (v;) curves in con-
junction with the photometric data (Hong et al. 2015). This
study suggested that both binary components have undergone
mass exchange with the primary component experiencing an
evolution path distinct from that of single § Sct-type pulsators.

Y Cam has been the subject of some observational and the-
oretical investigations over the years, encompassing photo-
metric, spectroscopic, and astrometric studies (e.g., Kim et al.
2002; Rodriguez et al. 2010; Hong et al. 2015). However,
none of these studies were conducted with the aid of high-
quality photometric data. Therefore, in this study, we present
an analysis utilizing high-quality space-based data in conjunc-
tion with new spectroscopic analysis and radial velocity mea-
surements from the literature. The paper is structured as fol-
lows. Section 2 introduces the high-quality photometric and
new spectroscopic data. The analysis of the radial velocity
measurements is presented in section 3. In section 4 determi-
nation of the atmospheric parameters is explained. The results
of the orbital period analysis are given in section 5. The binary
modeling and the determination of the fundamental stellar pa-
rameters are presented in section 6. The frequency analysis is
given in section 7. In section 8, the evolution modeling of the
system is given. Discussion and conclusions are presented in
section 9.

2 Observational data

In this study, we used data from the Transiting Exoplanet Sur-
vey Satellite (TESS) for the binary modeling and frequency
analysis of Y Cam. TESS is a space telescope launched to dis-
cover new exoplanets in bright and nearby stars (Ricker et al.
2015). TESS observes the sky continuously, dividing it into
sectors, each lasting approximately 27 d. TESS collects data at
both short (SC) and long cadences (LC). SC data are acquired
every 120 s, while LC data are obtained at intervals of 200,
600, and 1800 s. TESS provides two types of fluxes: simple
aperture photometry (SAP) and pre-search aperture photom-
etry (PDCSAP) (Ricker et al. 2015). The TESS data used in
the study were obtained from the Milkuski Archive for Space
Telescopes (MAST)! from sectors 40,47, and 53. We opted to
use SAP fluxes from SC data due to their lower uncertainties,
and the Nyquist frequency of SC data, approximately 360 d~!,
is suitable for detecting § Sct-type pulsations. Each flux value
was converted into magnitude utilizing the method used by
Kahraman Alicavus et al. (2022b).

We also conducted searches in spectral databases and found
four public ELODIE spectra of Y Cam. However, due to the
low signal-to-noise ratio (SNR) of two of those spectra, only
two were suitable for inclusion in the analysis. ELODIE was
a fiber-fed échelle spectrograph mounted on the 1.93 m tele-
scope at the Observatoire de Haute-Provence (OHP), specif-
ically designed for obtaining high-accuracy radial velocity
measurements. The original spectra cover a wavelength range
of 389-618 nm across 67 orders and boast a resolving power
of R = 42000 (Moultaka et al. 2004). The ELODIE archive?
provides spectra in two different formats: S2D and spec.
The S2D format records spectra in steps of 0.05, compris-
ing 67 x 1024 pixels. The spec format covers a wavelength
range of 400-680 nm, accessible as instrumental and contin-
uum normalized flux (Moultaka et al. 2004). For our study,
we utilized two ELODIE spectra observed on 2003 Novem-
ber 1 with SNR values of around 25. We employed instrumen-
tal flux in the S2D format and normalized spectra using the
HANDY? program. Given the low SNR, spectroscopic data
were solely used for radial velocity (v,) measurement and for

L (https://mast.stsci.edu/).
2 (http://atlas.obs-hp.fr/elodie/).
3 (https://github.com/RozanskiT/HANDY).
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Table 1. Results of the radial velocity curve analysis of

Y Cam.

Parameter” Value

P,y (d) 3.3057351

To (HJD) 2452502.242 + 0.013
e 0.0f

o (°) 90.01

y (kms™1) —-7.07 + 0.92
g = M>/M, 0.237 + 0.010
arsini (Rg) 2.037 + 0.134
ay sini (Rg) 10.270 + 0.252
asini (Ro) 12.702 + 0.267
K; (kms~1) 37.23 £ 1.33
K, (kms!) 157.24 + 3.86

“Subscripts 1 and 2 represent the primary and secondary
_components, respectively.
"The fixed parameters and 7 show the inclination.

determining the effective temperature (T,¢) values of binary
components using the Ho line.

3 Radial velocity analysis

To update the orbital parameters of Y Cam a radial velocity
(vy) analysis was carried out. The FXCOR task of the
IRAF/NOAO package (Tody 1986) was utilized to calculate
the v, values of the ELODIE spectra. This task facilitates
the measurement of v, values by comparing a template spec-
trum with the observed spectrum using the cross-correlation
method. Initially, the heliocentric offset was determined using
the RVCOR task in the IRAF/NOAO package and the off-
set was subsequently corrected using the DOPCOR task for
both spectra. During the v, measurement process, a synthetic
spectrum with the parameters of T.¢ = 8000 K, surface grav-
ity logg = 4.0, and metallicity [m/H] = 0.0 was employed
as a template. The rotational velocity of the synthetic spec-
trum was set to vsini = S0kms™! taking into account the
values given in the study of Hong et al. (2015). The ATLAS9
model atmospheres (Kurucz 1993) and SPECTRUM code*
(Gray & Corbally 1994) were used to generate the synthetic
spectrum. Due to the very low SNR, v, values could only be
measured for the primary components. The v, values were de-
termined as —46.8 & 3.5 kms™! at HJD 52650.912454 and
—34.2 4+ 4.6 kms™! at HJD 52650.93845 from the first and
second spectra, respectively.

The measured v, values were analyzed by incorporating
them with the literature v, values (Hong et al. 2015). The rvfiz
code (Iglesias-Marzoa et al. 2015) was used in the analysis.
During the analysis, the orbital period (P,) and time
of phase zero (T)) were taken to be 3.305740(2)d and
2452502.202 (2) HJD as inputs, respectively (Kreiner 2004).
P,..,, the orbital eccentricity (e), and the argument of the peri-
astron (w) were held as fixed parameters during the analysis,
as e was previously determined to be 0 (Hong et al. 2015).
Meanwhile, Tj, the systemic radial velocity y, and the ampli-
tudes of radial velocity variations (Kj, K;) of the primary and
secondary stars were taken as free parameters in the analysis.
The results of the analysis are presented in table 1 and the the-
oretical v, fit to the observed v, values is shown in figure 1. In
the figure, black-filled and open dots represent the literature

4 (http://www.appstate.edu/~grayro/spectrum/spectrum.html).
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Fig. 1. Upper panel: Radial velocity curve fits to the literature data (black
dots, Hong et al. 2015) and our measurements (red dots) of v;. Middle
panel: Residuals (O — C) from the primary (more luminous star) v; values.
Lower panels: Residuals (O — C) from the secondary (less luminous star)
Vv; values.

v, measurements of the primary and secondary components,
respectively, while red-filled dots represent our v, measure-
ments for the primary component. According to the result
of the analysis, the parameters are consistent with the litera-
ture within the range of uncertainties. Since the program that
we used for the v, analysis does not take into account the
Rossiter—-McLaughlin effect, the result of a v, analysis could
show slight differences from the literature.

4 Determination of T, parameters

Determination of accurate T, values of binary components
is essential to calculate precise fundamental stellar parame-
ters, especially for estimation of the bolometric (M) and
absolute magnitudes (M, ). Therefore, we derived T, param-
eters by creating composite spectra considering the flux ra-
tio of the primary and secondary components. In this anal-
ysis, we utilized the hydrogen alpha (Ha) line, because the
SNR level is higher in this part of the spectra. So that will
allow us to estimate more sensitive results. To determine
the initial T, parameters for the analysis, to begin with,
we determined the T value of the system by using John-
son UBV and 2MASS photometry. We utilized the method
given by Sekiguchi and Fukugita (2000) and by Masana,
Jordi, and Ribas (2006) for calculating T.; from UBV and
2MASS photometry, respectively. The system’s B, V, and
K magnitudes are 10.93, 10.60, and 9.47 mag, respectively
(Hog et al. 2000; Cutri et al. 2003). Before the calcula-
tion of T from color indexes, first, we determined the in-
terstellar reddening of E(B—V) = 0M078 £ 0.002 by us-
ing the dust map (Green et al. 2019). Then, with the help
of the equation given in the study of Alonso, Arribas, and
Martinez-Roger (1996), the E(V — K) value was found to be
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Fig. 2. Theoretical composite He line (dark blue solid line) fit to the observed composite Ha line (black line) of Y Cam. The spectra of the primary and
secondary components are shown by light blue and red solid lines, respectively.

1™109 + 0.003. Consequently, the T, values of the system
were calculated as 7427 + 275 and 6820 £ 65 K from the
(B — V)pand (V — K) indexes, respectively. Since the primary
component has over 90% flux contribution in total accord-
ing to the study of Hong et al. (2015), these calculated T.¢
values were considered an initial T, value for the primary
component.

After obtaining the initial T, parameter from color in-
dexes and also considering the 7396 K T.4 value from the
TESS Input Catalog (TIC, Stassun et al. 2019), we gener-
ated synthetic spectra in the range of 6800-8200K in 100K
steps for the primary component and in the range of 4250-
4750 K in 250K steps for the secondary one. For the Ty
range of the secondary component, we took into account the
T.¢ values given in the literature for binary modelings for
the secondary star (Kim et al. 2002; Rodriguez et al. 2010;
Hong et al. 2015).

The ATLAS9 model atmospheres (Kurucz 1993) and SPEC-
TRUM (see footnote 4) code were used (Gray & Corbally
1994) to generate synthetic spectra. During the generation,
the projected rotational velocity (vsini) value was set to be
50 kms~! based on the study of Hong et al. (2015) using the
AVSINI code (Gray & Corbally 1994). The logg value was
fitted to 4.0 because it does not affect the profile of hydrogen
Balmer lines at T, below 8000 K (Catanzaro 2014). Also,
we set the metallicity to [m/H] = 0.0 as the hydrogen lines
are not strongly affected by metallicity. We determined T.¢ by
combining synthetic spectra according to the flux contribu-
tion of binary components. The flux contributions were taken
as 0.93 for the primary and 0.07 for the secondary according
to the V-band light-curve analysis in the study of Hong et al.
(2015). As a result, the T, value of the primary component
was determined as 7800 + 200K and that of the secondary
component as 4500 £ 250 K. The uncertainties in T.¢ corre-

spond to 1 0. The consistency between the theoretical and the
observed composite spectra is given in figure 2.

5 Orbital period analysis

The orbital period of a binary system may undergo slight
variations due to several factors, including the influence of a
third celestial body, magnetic activity, mass transfer between
the components, and potential mass loss from the system.
Y Cam is notably among the systems that predominantly ex-
hibit an augmentation in the orbital period (Khaliullin &
Khaliullina 2013). This increase typically signifies a process
of mass transfer occurring between the binary components.
Therefore, in this section, we examine the orbital period vari-
ation of Y Cam to understand the nature of the orbital pe-
riod change of the system. For this purpose, we collected all
available literature minima times from the O — C Gateway.’
Additionally, we conducted measurements of three new min-
ima times utilizing TESS sectors of 40, 47, and 53. Each sec-
tor contributed one, extracted from the middle portion of the
observed data. The calculation of new minima times was per-
formed following the method outlined by Kwee and van Wo-
erden (1956). Since TESS observation has been carried out for
the last seven years, all minima times correspond to almost the
same region on the Observed minus Calculated (O — C) dia-
gram, which shows the orbital period changes.

Our analysis focused on data collected after epoch (E)
—2562 as these datasets exhibited less scattering and higher
reliability. A total of 94 visual, 18 photographic, 26 photoelec-
tric, and 46 CCD minima times including TESS minima were
incorporated into the study. We assigned data weights of 1
and 4 for visual and photographic minima times, respectively,

5 (http://var2.astro.cz/ocgate/).
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Fig. 3. O — C variation (dots) and theoretical fit (solid blue line). The upper panel shows the parabolic fit, while the middle panel displays residuals from
the parabolic fit and the LITE model fitted to these residuals. The lower panel exhibits the combination of the parabolic variation and LITE model fit. The

black squares represent the minimum times estimated in this study.

while assigning a weight of 10 to photoelectric and CCD min-
ima times.

The O — C diagram of Y Cam displays prominent up-
ward parabolic variations, which may be attributed to mass
transfer. However, upon closer examination, it can be seen that
there are additional variations present alongside the parabolic

changes. Therefore, we initially applied a second-order poly-
nomial fit to the O — C data by using the following formula:

(O=C)=191.534 x 107'9(5)E?
+ 3.305654(5) x E +2445259.391(9). (1)

202 ¥1snBny #| U0 Jasn |SANVLSYH HIMSY FTVMMVYNYO Ad 92171692/.8./7/9./2101€/fsed/woo dno-olwepede)/:sdiy woly papeojumod



792 Publications of the Astronomical Society of Japan (2024), Vol. 76, No. 4

Table 2. Results of the orbital period analysis.

Parameter” Value

To (HJD) 2445259.391 + 0.009
P (d) 3.305654 + 0.000005
0 (d) (10-19) 191.534 + 0.005
dP/dt (Syrfl) 0.366 + 0.009
dM/dt (Mo yr—') (10-%) 3.86 + 0.08
P5 (yr) 60.3 + 1.1
T; (HJD) 2414195 + 673
A (d) 0.049 + 0.002
w3 (°) 164 + 5

e3 0.56 + 0.09
f(m3) (Mg) 0.288 4+ 0.001
my (Mo) (i = 90) 1.74 + 0.04

“Subscript 3 represents the third celestial body.

Here, E is the number of orbital cycles, which can be
computed based on a given reference minima time. Subse-
quently, we determined a rate of increase in the orbital pe-
riod of 0.366 s yr—'. The quadratic term was found to be O =
191.534 x 107'° d and, employing a non-conservative mass
transfer assumption (Erdem & Oztiirk 2014), the amount of
mass transfer between components was calculated as 3.86 x
1078 M. The parabolic fit to the O — C data is illustrated in
the upper panel of figure 3.

After modeling the parabolic variation, we observed that
the residual data display a cyclic variation. This variation
was further examined with the possible cause being attributed
to the light time effect (LITE) caused by a third body or-
biting around the center of mass. The observed cyclic varia-
tion could potentially be the result of magnetic activity. How-
ever, it is noteworthy that in such cases the cyclic variation
tends not to exhibit a smooth sinusoidal shape. The Apple-
gate mechanism explains the irregular cyclic variation caused
by magnetic activity (Applegate 1992). Hence, the cause of
the obtained cyclic variation was attributed to a third body.
The association between the LITE and O — C was initially
established by Irwin (1959). Using the equations given in
this study, we modeled the residual cyclic variations, and
the period and minimum mass of the third body were de-
termined to be 60.3 + 1.1 yr and 1.74 £ 0.04 M, respec-
tively. The resulting analysis fit to these residuals is shown
in the middle panel of figure 3. The combined fit of the
parabolic and cyclic variations to the whole O — C diagram
is also given in the lower panel of figure 3. The parameters
obtained from the orbital period analysis are presented in
table 2.

6 Binary modeling

To determine the accurate fundamental stellar parameters of
Y Cam, the TESS light curve was analyzed using the results of
the v, analysis. In the binary modeling of Y Cam, we utilized
the Wilson-Devinney (WD) code (Wilson & Devinney 1971)
combined with Monte Carlo techniques (Zola et al. 2004,
2010). Given that Y Cam is a known Algol-type binary system
(Alfonso-Garzén et al. 2012) we adopted a semi-detached bi-
nary configuration (mode 5) during the analysis. We initially
observed that the secondary minimum of the system was af-
fected by pulsations. Therefore, we first theoretically modeled
the pulsations using the PERIOD04 program (Lenz & Breger
2005) and removed them from the observational light curve

before the binary modeling. All sector data were combined
and used for the analysis. After removing the pulsations, we
checked the maximum levels of the light curve and observed
spot-like variations. Consequently, we created two models by
normalizing the light curve to 1 at the 0.25 and 0.75 phases.
For the 0.25 and 0.75 phases, we assumed a hotspot and a
coldspot on the primary and secondary components, respec-
tively. During the binary modeling, the T4 value of the pri-
mary star was taken to be 78004200 K from the spectral
modeling. The logarithmic limb darkening coefficients were
obtained from van Hamme (1993), based on the T, values of
the binary components. Given that the primary and secondary
components have radiative and convective envelopes, respec-
tively, we set the gravity darkening coefficients as g; = 1.0 and
g = 0.32, respectively. Additionally, the bolometric albedos
were set to A = 1.0 and A; = 0.5 for the primary and sec-
ondary components. The semi-major axis (a) and mass ratio
(q) values were taken from the v, curve analysis. The phase
shift (¢), effective temperature of the secondary component
(T.tp), surface potentials (Q21, ©2,), and inclination (i) were
derived from the analysis of binarity. The binary modeling is
shown in figure 4. The results of the light-curve analysis and
spot parameters are given in table 3. We obtained the sum
of squares® as 0.0433 for the coldspot model and as 0.0294
for the hotspot model. The interaction of the gas stream with
the atmosphere of the gainer can generate a high-temperature
zone. The variable He 1lines in the spectra of A- to F-type gain-
ers serve as reliable indicators of the existence of an accretion
hotspot in the atmosphere (Lehmann et al. 2018). Hence, we
take into account the results of the hotspot model for further
analysis. Despite the O — C analysis finding, a possible third
component was not detected in the binary modeling. It is es-
sential to acknowledge that the uncertainty rate of this second
O — Canalysis is high, primarily due to the lower sensitivity of
the visual and photographic minimum times, which are more
abundant, and the inherent scattering of the data.

Consequently, we calculated the fundamental stellar pa-
rameters by using the results of light-curve analysis using
the Kepler and Pogson equations and the bolometric cor-
rections given by Eker et al. (2020). In addition, we calcu-
lated the distance of the system by taking into account the
E(B — V) value calculated in section 4 and another E(B — V)
value of £ 0™039 £ 0.002 obtained from the SFD (Schlegel-
Finkbeiner-Davis) dust map module (Schlegel et al. 1998).
Consequently, the distance of the system is determined as
748 + 76 and 789 =+ 81 pc from Bayestar19 and SFD, respec-
tively. The distance value calculated using the SFD E(B — V) is
closer to the value of 799 pc given in the Gaia DR3 catalog by
the Gaia Collaboration (2022). The calculated fundamental
astrophysical parameters are given in table 4.

7 Frequency analysis

We performed a frequency analysis to investigate the pulsation
structure of Y Cam. Utilizing the PERIOD04 software (Lenz
& Breger 2005) we sought individual frequencies from the
observational data, along with their combinations and har-
monics. Before the analysis, we removed the binarity effect
from the observational light curve by incorporating a fit com-
prising the frequency of the orbital period and its harmonics
(Kahraman Aligavus et al. 2022a). Subsequently, we carried

¢ Sum of squares: £(O — C)?.
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Fig. 4. TESS light curves of Y Cam with binary models (solid lines). The upper and lower panels show the consistency of hot- and coolspot models with

the observation, respectively.

out a frequency analysis on the residual light curve, simul-
taneously analyzing all sector data. Our search spanned fre-
quencies between approximately 4 and 80 d~! with a signifi-
cant limit set at 4.5 0 SNR (Baran & Koen 2021) to identify
8 Sct-type pulsations. As a result, we detected 13 significant
frequencies. The findings of the frequency analysis are listed
in table 5. The dominant pulsating frequency was determined
to be 15.047 d~' with an amplitude of 4.69 mmag. Addition-
ally, for all frequencies, we calculated the pulsation constant
O = P./(p/pe) with the range of 0.013-0.019 d using the M
and R values of the primary § Sct pulsator obtained in this
study. This corresponds to pulsation of the third and fifth ra-
dial overtones (Fitch 1981).

We examined the obtained frequencies to ascertain whether
the system exhibits characteristics of a tidally tilted pulsator.
Notably, some frequencies are evenly spaced by twice the or-
bital period’s frequency (0.605 d!) around f; and f,, suggest-
ing the presence of modulated frequencies, potentially indicat-
ing Y Cam as a possible tidally tilted pulsator (Handler et al.

2020; Rappaport et al. 2021). This frequency distribution of
Y Cam is shown in figure 5. Furthermore, it is known that
the pulsation amplitude varies throughout the orbital phase
in tidally tilted systems (Handler et al. 2020; Rappaport et al.
2021). Therefore, we investigated whether the system demon-
strates this type of variation using the highest amplitude fre-
quency (f1). As depicted in figure 6, the amplitude reaches its
maximum at around the 0.5 and 1.0 phases. During the pri-
mary eclipse, when the pulsating component’s surface is ob-
scured by the secondary component, and conversely, during
the secondary eclipse, when the pulsating component’s surface
is aligned with the line of sight, the amplitude of the frequency
notably increases compared to phases 0.25 and 0.75. This ob-
served behavior is indicative of tidally tilted zonal mode pul-
sations (Mkrtichian et al. 2022). In such pulsators, notably the
maximum amplitude is observed at phase 0.5, aligning with
the line of sight. Additionally, the occurrence of double-peak
amplitude variations around phase 1.0 suggests the visibil-
ity of the opposite pulsation pole, a phenomenon attributed
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Table 3. Results of the binary modeling.

Hotspot Coldspot
Parameter” model model
i) 85.90 + 0.01 85.59 + 0.02
¢ —0.0029 + 0.0001 —0.0033 + 0.0001
qt 0.237 £+ 0.010 0.237 £ 0.010
7,1 (K) 7800 + 200 7800 £ 200
T (K) 4521 + 250 4368 + 200
Q4 4.303 £+ 0.004 4.270 £+ 0.005
Q) 2.324 + 0.006 2.324 £ 0.005
Li/(h+1h) 0.837 £ 0.003 0.860 £ 0.003
L/(h+1h) 0.1623 £ 0.001 0.140 + 0.001
71(mean) 0.2480 £ 0.0002 0.2501 =+ 0.0002
72(mean) 0.2621 £+ 0.0002 0.2621 £+ 0.0003
Sum of squares 0.0294 0.0464

— Spot parameters —

0 (%) 90.001 90.001
X (%) 173.25 £ 0.14 314.95 + 0.14
0(°) 14.60 + 0.04 7.06 + 0.04
TF 1.103 + 0.002 0.604 £ 0.006

“Subscripts 1 and 2 represent the primary and secondary components, re-
spectively. ¢ is the co-latitude of the spot, A is the longitude of the spot, 6 is
the angular radius of the spot, and TF represents the temperature factor of
the spot

tFixed values.

Table 4. Calculated fundamental stellar parameters of the binary
components of Y Cam.

Hotspot model Coldspot model

Parameter Primary Secondary Primary Secondary
M (Mp) 2.04 £0.07 0.48 £0.03 2.04 £0.09 0.48 £+ 0.03
R (Rp) 3.14 £ 0.06 3.33 £0.06 3.17 +£0.08 3.33 £ 0.07
logL/Lg 1.52 £ 0.04 0.64 £ 0.04 1.52 £0.04 0.59 £+ 0.04
log g (cgs) 3.75 £0.01 3.08 £0.03 3.75 +£0.02 3.08 £ 0.03
My, (mag)  0.95 £ 0.08 3.15 £0.09 0.93 £0.09 3.28 £ 0.11
M, (mag) 0.99 £ 0.05 3.72 £ 0.08 0.97 £ 0.07 3.88 £ 0.08
Vi (kms™!) 48 £ 8 51+ 10 49+ 9 51+ 10

to the periodic spatial filter effect (Gamarova et al. 2003;
Mkrtichian et al. 2018). It is worth noting that similar am-
plitude modulation has been observed in some other binary
systems (Lee 2021).

8 Evolutionary modeling

During the evolution of a classical Algol-type binary, the sys-
tem undergoes several distinct stages. Initially, it starts as
a detached binary system and then transitions into a semi-
detached binary configuration. During the evolution between
these binary configurations, in the first phase, the initially
more massive binary component evolves and the system un-
dergoes a fast mass transfer stage. Eventually, the originally
less massive component gains mass and evolves into a more
massive object, while the initially more massive one turns into
a less massive, evolved star. Following this phase, a slow mass
transfer process ensues between the binary components with
Roche-lobe overflow (Kopal 1959). Y Cam should have un-
dergone similar stages of evolution, indicating that a single-
star evolution model would be inadequate to fully describe its
evolutionary path.

Table 5. Results of the frequency analysis. fo1, represents the frequency
of the orbital period (0.3025d™1).

Frequency Amp Q
(d= (mmag) (d)
+0.00004 +0.02 SNR +0.002
fi—4fom 13.84035 0.52 8.2 0.019
fi =2 fors 14.44526 1.08 14.4 0.018
fi 15.04699 4.69 20.8 0.017
fr =2 for 18.69808 0.45 5.7 0.014
fr=2f o 18.68976 0.56 7.1 0.014
f 19.31290 1.31 16.6 0.013
fr+ 2 for 19.90617 0.57 8.9 0.013
f3 14.98884 1.36 17.0 0.017
fa 19.89150 0.69 10.6 0.013
fs 18.95368 0.56 7.0 0.014
fe 18.30689 0.48 6.3 0.014
fo + 2 forb 17.70198 0.36 52 0.014
f7 14.56605 0.35 4.5 0.018

The evolution process of Y Cam was investigated using
the Modules of Experimental Stellar Astrophysics (MESA)
code with the binary module (Paxton et al. 2011, 2013, 20135,
2018, 2019; Jermyn et al. 2023). Models were generated un-
der the assumption of non-conservative mass transfer. Dur-
ing the model calculations, the OPAL opacity tables were uti-
lized (Rogers & Nayfonov 2002). We adopted an initial metal
abundance based on the solar metal composition given by
Asplund et al. (2009). The overshooting parameter was set
to 0.20 for both components according to Herwig (2000),
and the mixing length parameter a1 was taken as 2.0 con-
sidering the theoretical modeling of the § Sct instability strip
(Dupret et al. 2005). Additionally, we assumed mass loss us-
ing the o parameter, representing the fractional mass loss from
the system near the secondary component as defined by Sober-
man, Phinney, and van den Heuvel (1997). Also, magnetic
braking was considered during the calculation of evolutionary
modeling (Rappaport et al. 1983). Stellar rotation effects were
accounted for in the models with initial rotation velocities set
to 30 and 27 kms™! for donor and gainer stars, respectively,
following Allen (1976). Given that the initial mass, mass ratio,
metallicity, and orbital period of binary systems influence their
evolution, we thoroughly investigated the initial masses of the
components, initial orbital period, and also metallicity (Z) val-
ues during the analysis. This exhaustive approach aimed to
identify the best-fitting models that accurately reflect the cur-
rent state of Y Cam. The Z parameter was explored within
the range of 0.010 to 0.030. Ultimately, it was found to be
Z = 0.017 £ 0.002 for the donor and Z = 0.015 £ 0.002
for the gainer star. The magnetic braking parameter was de-
termined to be 3.585 £ 0.002 after exploration within the
range of 3.0 to 4.0. The most compatible model with obser-
vations was achieved with initial masses for donor and gainer
of My = 1.40 £ 0.02 My, M, = 1.35 & 0.02 M, respectively,
along with an initial orbital period P,,;, = 3.916 d. The er-
ror bars on the parameters were estimated considering the 1 o
uncertainty. The obtained evolutionary tracks of Y Cam are
shown in figure 7.

The mass loss amount, represented by the o parameter,
was held constant throughout both the high-mass transfer
and slow-mass transfer stages. During the analysis, various
a parameters ranging from 0.10 to 0.25 were tested. Ulti-
mately, the most suitable model for the current situation of
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according to the orbital phase.

the Y Cam was identified with an o parameter of 0.198.
According to the model, the first Roche-lobe overflow
(RLOF) commenced at P,y = 1.431 £ 0.003 d. During
the RLOF stage, the mass transfer rate ranged between
2 x 1077 and 9 x 102 Mgyr~! and the mass loss rate
changed between 10~% and 107 Mg yr~'. Eventually, the

masses of the donor (current secondary) and the gainer
(current primary) stars reached My = 0.48 + 0.03 M, and
M, = 2.04 + 0.07 My, respectively, when P, = 3.307 &+
0.004 d.

The age of the system was determined to be 3.28 - 0.09 Gyr
as illustrated in figure 8, representing the point at which it
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Fig. 8. Position of the primary (square) and secondary (circle) components of Y Cam in the age-log R diagram.

attains its current binary system configuration. Towards
the end of the model, the donor star evolves into a pre-He
white dwarf with a mass of My = 0.308 M, while the
gainer star evolves into the red giant stage with a mass of
M, =2.171 Mg. When P, = 4.142 & 0.005 d (at an age of

3.32), the system transitions into a contact binary, marking the
conclusion of the model. This model effectively elucidates the
current evolutionary status of the system, providing insight
into the radii and surface gravity (logg) of the component
stars.
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9 Discussion and conclusion

In this study, we present the results of the photometric
and spectral analysis of Y Cam, an Algol-type eclipsing bi-
nary system. Double-lined v, analysis of the system was ini-
tially conducted by Hong et al. (2015). In the current study,
we contribute two new v, values of the primary compo-
nent obtained from ELODIE spectra, thereby updating the
v, analysis. Notably, the results of our analysis are consis-
tent with those of Hong et al. (2015) within the respective
uncertainties.

Binary modeling was performed utilizing the high-quality
TESS light curve following the determination of T val-
ues of the component stars through composite synthetic
spectra modeling. Two different binary models were gener-
ated assuming the presence of both a hot- and a coldspot.
Various mechanisms have been proposed to elucidate the
additional mass loss observed in Algol-type systems. Of these
mechanisms, the hotspot is considered more convenient to
explain mass loss. Consequently, we relied on the results
obtained from the hotspot model while deriving the funda-
mental stellar parameters of Y Cam. Comparison of these
parameters with those from Hong et al. (2015) reveals close
agreement within the error bars. However, slight discrepancies
are noted in the My, and M, parameters. These variations
may stem from differences in the quality of the light curve
and discrepancies in the methodology used for determining
Teg values.

In the continuation of the study, orbital period analysis was
carried out to examine the mass transfer event. Consequently,
we determined an increase in the orbital period. Also, we de-
tected another cyclic variation in the residual after removing
the parabolic variation caused by the mass transfer. Accord-
ing to the analysis of this variation, there may be a third object
with a mass of 1.74 M, connected to the system. Although this
is a fairly high mass, we did not find the light contribution be-
longing to the third body during the binary modeling. One
should keep in mind that, since the O — C variation mostly
consists of visual and photographic minimum times, more

reliable data are needed to be sure about the sinusoidal varia-
tion related to the third body.

To determine the pulsation feature of Y Cam, we carried
out a frequency analysis. Three sectors of TESS SC data were
used during the analysis. Eventually, the dominant pulsation
frequency was found to be F; = 15.05 d~! and the pulsating
amplitude is A = 4.65 mmag. This frequency seems to be con-
sistent with Rodriguez et al. (2010). For this frequency, the
pulsating constant was calculated as Q = 0.017 d, and this
value corresponds to the third radial overtone (Fitch 1981).
In addition, we examined whether the system is a tidally tilted
pulsator. The amplitude variation of the system and the fre-
quency modulation with the orbital phase were examined. As
a result, we concluded that the system is a candidate for a
tidally tilted pulsator.

The position of the pulsating component of Y Cam on the
well-known relationship between pulsation period (P,,;) and
P,,,, was examined in figure 9. Its position is compatible with
the correlation given for semi-detached EB systems contain-
ing a § Sct component (Kahraman Ali¢avus et al. 2017). Also,
the position of the pulsating component is shown in differ-
ent known relationships between P,,; and other parameters
in figure 10. Among these, the relationships with logg and
R are notably consistent with given correlations. It is worth
noting that the relationships used were sourced from Kahra-
man Alicavug et al. (2017). However, it is important to ac-
knowledge that these relationships may lack sensitivity, as
most of the parameters of these objects were not determined
based on radial velocity, spectral analysis, and high-quality
space data.

The evolutionary status of Y Cam was further explored
through modeling using the determined fundamental stellar
parameters and MESA binary evolutionary models. This anal-
ysis allowed us to ascertain the initial masses, the initial rota-
tional velocity of the binary components, and the initial P,
value of the system. The derived Z values for the primary and
secondary binary components were found to be 0.017 £ 0.002
and 0.015 + 0.002, respectively. It is known that binary stars
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are formed in the same circumstellar area, suggesting that they
should have similar Z values. In the case of Y Cam, the binary
components have similar Z abundances within the error bars,
which is suitable for the expected scenario.

The comprehensive analysis of Y Cam marks the first
detailed investigation into the system’s evolutionary status,
utilizing binary evolutionary models that account for mass
transfer, rotation, and magnetic braking effects. Studying
such systems is crucial for understanding the impact of mass
transfer on evolution and pulsation dynamics within binary
systems.
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