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ABSTRACT

Eclipsing binary systems play a vital role in astrophysics, as they provide a direct means of measuring fundamental stellar parame-
ters. By combining high-precision space-based observations with ground-based multicolor photometric data, these parameters can
be determined with greater accuracy. In this study, we present the first photometric analysis of the IY Aur eclipsing binary system,
using a combination of the Transiting Exoplanet Survey Satellite (TESS) light curve and new UBVRI CCD observations obtained
with the 60 cm robotic telescope (T60) at the TUBITAK National Observatory. Through detailed photometric modeling, the masses
and radii of the system’s primary and secondary components were determined as M; = 6.51+0.81 Mg, M = 5.39+0.87 M, and
R =4.15+£0.20 Re, Ry = 6.88 £0.33 R, respectively. The logarithmic values of luminosity and surface gravity were calculated
as log L1=3.14 + 0.20 Ly and log g;=4.01 = 0.02 cgs for the primary component, and log L,=2.50 + 0.22 L and log g,=3.49 +
0.03 cgs for the secondary component. Furthermore, the distance to I'Y Aur was estimated as d = 1690 + 237 pc.
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1. INTRODUCTION a variable star by Weber (1963). Some general information on
Eclipsing binary systems are essential tools in astronomical  the IY Aursystem from the General Catalogue of Variable Stars
research, providing valuable insights into stellar structure, evo- ~ (GCVS, Samus’ et al. 2017) is given in Table 1. Recently, Kha-

lution, and galaxy dynamics. These systems allow the deter-  latyan et al. (2024) utilized the Gaia DR3 dataset, particularly
mination of fundamental stellar parameters directly through  the low-resolution XP spectra, to derive the atmospheric param-
observations. The accuracy of these measurements is signifi-  eters and masses of 217 million stars, including I'Y' Aur. For the
cantly enhanced by high-quality photometric data from space ~ IY Aur system, the mean values of the surface gravity (log g),
telescopes like TESS (Ricker et al. 2015). Increased accuracy in ~ effective temperature (log Teqr), mass, and metallicity were de-
determining these parameters contributes to testing theoretical ~ termined to be 3.663+0.368 cgs, 4.238+0.040 K, 6.512+0.0813
models and improving stellar evolution theories by comparing ~ Mo, and -0.872+0.501 dex, respectively. Despite these broad
evolutionary estimates with precise observational data. surveys, which provide stellar atmosphere model parameters
and mass estimates for the system, no detailed spectral or pho-
tometric analyses of I'Y Aur have been conducted up to now. In
this context, there is a notable gap in the literature concerning
the IY Aur system. This absence underscores the need for tar-
geted observations and analyses to determine the nature of I'Y
Aur and its components. The IY Aur system, exhibiting periodic
eclipses, offers an exciting opportunity for detailed photometric
and spectroscopic investigations to refine our understanding of
its stellar properties and evolutionary stage.

Semi-detached binary systems, in which one component fills
its Roche lobe and transfers mass to its companion, provide
valuable opportunities to investigate mass transfer processes
and the dynamics of interacting stellar systems. These interac-
tions within semi-detached binaries can significantly affect the
evolutionary paths of the component stars. The components of
such systems evolve differently, and the mass transfer between
them can alter their evolutionary paths in ways that detached
systems cannot exhibit. By evaluating the fundamental param-
eters of these systems, it is possible to improve theoretical In this study, we aim to determine the fundamental stellar pa-
models of stellar evolution and to gain a deeper understanding  rameters of the components of the IY Aur system. To achieve
of stellar structure, particularly in systems where one star is  this, the first detailed light curve analysis of the system was
undergoing Roche lobe overflow. carried out based on photometric data obtained from TESS ob-

IY Aur, a semi-detached binary system, was first reported as  servations and ground-based T60 telescope measurements. As
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Table 1. GCVS information of IY Aur.

Parameter Value
RA (J2000) 05P48m27%.20
DEC (J2000) +43°04'57".50
Vinax (mag) 9.270
P (day) 2.79338
Type of Variability EB
Spectral Type BS5:p

a result of this analysis, the fundamental parameters of both
components were determined with reasonable accuracy. The
structure of this paper is organized as follows: Section 2 de-
scribes the observational data used in this research and the
methodology adopted for data reduction. In Section 3, the pro-
cedure for the simultaneous analysis of the TESS data combined
with ground-based photometric observations is presented in de-
tail. Section 4 reports the fundamental stellar parameters of IY
Aur derived from the light curve analysis. Finally, Section 5 dis-
cusses the obtained results and presents an overall assessment
of the study.

2. PHOTOMETRIC DATA

Over the course of 101 nights, from November 1, 2018, to
January 5, 2022, new multicolour CCD observations of ['Y Aur
were conducted using the 60 cm robotic telescope (T60) at the
TUBITAK National Observatory (TUG). The T60 telescope
is operated via the open-source OCAAS software, officially
referred to as TALON (Parmaksizoglu et al. 2014). Initially,
observations were carried out using the FLI ProLine 3041-UV
CCD camera until July 23, 2019, after which the Andor iKon-L
936 BEX2-DD camera was employed. The FLI ProLine 3041-
UV CCD provides an image scale of 0.51 arcseconds per pixel,
resulting in a field of view (FOV) of 17.4 arcminutes, whereas
the Andor iKon-L 936 BEX2-DD camera offers a slightly finer
image scale of 0.456 arcseconds per pixel, corresponding to a
FOV of 15.6 arcminutes.

Observations of I'Y Aur were conducted using Bessell UBVRI
filters (Bessell 1990), with exposure times of 60 s for U, and 5s
each for the B, V, R, and [ filters. To account for pixel-to-pixel
variations in the CCD sensor, calibration frames—including
sky flats and bias frames—were regularly acquired. For differ-
ential photometry, TYC 2923-616-1 was chosen as the com-
parison star, while TYC 2919-760-1 served as the check star,
ensuring the accuracy and consistency of the measurements.
An image captured by the T60 telescope using the V filter is
shown in Figure 1.

In addition to ground-based observations, the light curve
analysis incorporates data from the Transiting Exoplanet Sur-
vey Satellite (TESS), which systematically scans large portions
of the sky in 27.4-day observational sectors. TESS operates
within a wavelength range of 600-1000 nm, delivering broad-
band photometric data (Ricker et al. 2015). Observations of 1Y
Aur were carried out in Sector 19 from November 28 to De-
cember 23, 2019, with an exposure time of 1800 seconds. The
system’s TESS data were retrieved from the Mikulski Archive

TYC 2923-616-1

Comparison

I¥ Aur
TYC 2919-760-1

Check

Figure 1. An image taken with the V filter from the TUG-T60 tele-
scope, with labels indicating the comparison and check stars, as well
as IY Aur.

for Space Telescopes (MAST)'. For analysis, Pre-search Data
Conditioning (PDC) Simple Aperture Photometry (SAP) light
curves were utilized, as outlined by Ricker et al. (2015). The
average photometric uncertainty in the dataset is approximately
0.1%. Light curves derived from the high-precision TESS ob-
servation data exhibit out-of-eclipse light variations. Figure 2
shows a sample phased TESS light curve, with the inset panel
providing a detailed view of the flux variations at phases 0.25
and 0.75.
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Figure 2. A phased TESS light curve. The zoomed-in panel displays
noticeable differences in flux levels between phases 0.25 and 0.75.

The data reduction process for the T60 observations followed
a series of essential steps. Initially, the science frames were

! https://archive.stsci.edu/
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subtracted from bias and dark frame subtraction, followed by
flat-field correction. The processed CCD images obtained from
these steps were then used to determine the differential mag-
nitudes of the target stars. This analysis was carried out using
MYRaf, an IRAF-based aperture photometry GUI tool devel-
oped by Kilic et al. (2016). Throughout the observation period,
no significant variations were detected in the light curves of
the comparison and check stars. The external uncertainties in
the magnitude differences between these stars were calculated
as 39 mmag in the U filter, 38 mmag in the B filter, 28 mmag
in the V filter, 30 mmag in the R filter, and 30 mmag in the /
filter. These values were derived from the standard deviation
of the differential magnitudes recorded over the same night.
Instead of transforming the observational data into the stan-
dard Bessell UBVRI system, the differential magnitudes were
directly utilized for light curve analysis.

3. SIMULTANEOUS ANALYSIS OF MULTICOLOUR
LIGHT CURVES

A comprehensive photometric analysis of the [Y Aur system’s
light curve was conducted using both normalized ground-based
UBVRI observations and TESS data simultaneously. The analy-
sis employed the Wilson-Devinney (W-D) method (Wilson &
Devinney 1971), and the uncertainties in the resulting parame-
ters were evaluated using Monte Carlo simulations (Zola et al.
2004, 2010). Since spectroscopic radial velocity measurements
were not available for IY Aur, the mass ratio (g) was deter-
mined using the g-search technique (Terrell & Wilson 2005),
which relies on light curve modeling. This method, known as
the photometric mass ratio test, minimizes the chi-square (y?)
statistic through iterative calculations to find the most likely ¢
value. During the g-search, all parameters were kept free, while
g was incrementally fixed at 0.01 intervals between 0 and 3. The
analysis revealed that the minimum y? value occurred at ap-
proximately g = 0.82. The outcomes of the g-search performed
onIY Aur are presented in Figure 3. IY Aur has been classified
in the General Catalogue of Variable Stars (GCVS) as an EB-
type eclipsing binary system (Samus’ et al. 2017). The light
curve solution was initially attempted using the MOD 2 config-
uration, in which both components are within their Roche lobes;
however, this approach did not produce physically meaningful
results. Subsequently, the solution was performed via MOD 4,
in which the primary component fills its Roche lobe, yet an
acceptable fit could not be achieved. Therefore, the modeling
was repeated using MOD 5, where the secondary component
fills its Roche lobe, and theoretical models were generated that
successfully represent the observational data. The W-D code
analysis was carried out by combining fixed parameters, based
on literature and theoretical models, with adjustable parame-
ters that were refined through multiple iterations. The fixed and
adjustable parameters are detailed below. The effective tem-
perature of the primary component was fixed at 17290 K, as
provided by Khalatyan et al. (2024) using Gaia DR3 data. The
root-mean-square limb darkening law was applied, using limb
darkening coefficients from van Hamme (1993) based on the
temperatures of the IY Aur components and filter wavelengths.
For both components with radiative atmosphere (T.g > 7200
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Figure 3. Illustration of the g-search analysis results for IY Aur.

K), the bolometric gravity-darkening exponents were fixed at
1 (Lucy 1967), while the bolometric albedos were also set at 1
according to Ruciriski (1969). It was assumed that both com-
ponents are in synchronous rotation, with rotational parameters
setto 1 = F» = 1. The orbital eccentricity (e) was assumed to
be zero. In the analysis, the orbital inclination (), mass ratio (g),
the effective temperature of the secondary component (72 efr),
the dimensionless surface potential of the primary component
(1), phase shift, and the primary component’s fractional lumi-
nosity (L) were treated as free parameters. To investigate the
potential presence of a third body, the third light contribution
(I3) was included as a free parameter, but no evidence of third
light was found for IY Aur. The light curve solution was ini-
tially performed without considering the presence of any spots.
However, this model was unable to adequately represent the
significant out-of-eclipse light variations. Therefore, models
containing spots have been applied in order to model these out-
of-eclipse light variations. The best fit was achieved by adopt-
ing an approach that assumes the presence of a hot spot on the
primary component. A statistically significant improvement is
indicated by the lower chi-square value of the spotted model
(x> = 0.003) compared to the spotless model (y> = 0.008).
The spotted model effectively explains the out-of-eclipse light
variations and shows strong agreement with the observations.
According to the spotted model, the hot spot on the surface of
the primary component was located at a co-latitude of 90° and
a longitude of 297°, with an angular radius of 49°. The rela-
tive temperature parameter of the spot was calculated as 1.03.
The parameters derived from the spotted and spotless models
are summarized in Table 2. Figure 4 presents a comparison
between the theoretical and observed light curves based on the
spotted model, and Figure 5 shows the corresponding Roche
geometry of IY Aur.

4. FUNDAMENTAL PARAMETERS OF 1Y AUR

The analysis of the light curve data allowed the estimation
of the fundamental parameters of the components of the IY
Aur binary system. The effective temperature and mass of the
primary component were adopted as T; e = 17290 = 1600 K
and M; = 6.51 £ 0.81 My based on the findings of Khalatyan
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Table 2. The results of the light curve analysis for I'Y Aur. The sub-
scripts 1, 2, and 3 correspond to the primary, secondary, and third
components, respectively. Parameters marked with (a) indicate fixed

values.
Parameter Value
Spotless Spotted
To? (BJD+2400000) 52502.0956
Pop? (days) 2.7933774
i© 74.076 £ 0.016  73.835 + 0.018
T1.e6% (K) 17290
7.5 (K) 9372 + 1621 9293 + 1615
e? 0.000
Q 5463 +0.019 5443 +0.014
Q 3441 £ 0.046  3.465 + 0.041
Phase shift 0.0004 + 0.0001 0.0010 + 0.0001
q 0.814 +0.034  0.828 + 0.030
r} (mean) 0.216 £ 0.001  0.218 = 0.001
13 (mean) 0.360 = 0.001  0.361 = 0.001
Li/(Li+L;) (TESS) 0.452 +£0.001  0.458 = 0.001
Li/(L+Ly) (U) 0.767 £ 0.008  0.774 = 0.008
Ly/(L1+Ly) (B) 0.574 £ 0.006  0.581 = 0.006
Li/(Li+Ly) (V) 0.523 £ 0.006  0.530 = 0.006
Li/(L1+L3) (R) 0.492 + 0.005  0.499 + 0.005
Li/(Li+Ly) (I) 0.452 +0.005  0.459 + 0.005
Lo/(L1+Ly) (TESS) 0.548 + 0.001  0.542 +0.001
Ly/(Li+Ly) (U) 0.233 £ 0.003  0.226 = 0.003
Ly/(Li+L5) (B) 0.426 £ 0.002  0.419 = 0.002
Ly/(Li+Ly) (V) 0.477 £0.002  0.470 = 0.002
Lo/(L1+Ly) (R) 0.508 £ 0.002  0.501 = 0.002
Lo/(Li+Ly) (I) 0.548 £ 0.002  0.541 £ 0.002
I3 (TESS,U,B,V,R,I) 0.0
X2 0.008 0.003

* fractional radii calculated from the geometric mean

Vmean = (rpole X Fside X Tback)

1/3

Table 3. The estimated fundamental stellar parameters for IY Aur.

Parameter Value
M, (Mo) 6.51 £ 0.81
My (M) 5.39 + 0.87
Ry (Ro) 4.15+0.20
R> (Ro) 6.88 +0.33
a (Ro) 19.04+ 0.89
log Ly (Lo) 3.14 = 0.20
log Ly (Lo) 2.50 £ 0.22
log g1 (cgs) 4.01 +0.02
log g2 (cgs) 3.49 +0.03
Mgo1,1 (mag) -3.12 £ 0.51
Mgor2 (mag)  -1.52 +£0.55
My 1 (mag) -1.69 + 0.54
My > (mag) -1.38 +£0.58
Ay 4 (mag) 0.784 + 0.020
d (pc) 1690 + 237
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Figure 4. A comparison between the theoretical light curves (red line)
and the observed data (black dots) for I'Y Aur. The residuals are shown
in the bottom panel.

et al. (2024) using Gaia DR3 data. These values served as
initial reference points for further calculations. The mass of
the secondary component was subsequently derived using the
mass ratio obtained from a detailed photometric analysis of the
system. To determine the radii of both components, the semi-
major axis of the system was calculated using Kepler’s third
law, and the fractional radii values were directly taken from the
results presented in Table 2. Following this, the luminosities
and bolometric magnitudes of the components were computed
using the standard solar parameters of T, o = 5777 K, Mpol,0 =
4.74 mag, together with the bolometric corrections provided by
Eker et al. (2020). The surface gravity values for the primary
and secondary components were determined as log g; = 4.01 +
0.02 and log g2 = 3.49 £ 0.03 in cgs units, respectively. The
V-band interstellar extinction for IY Aur, Ay 4 = 0.784 mag,
was determined using the same method explained in detail by
Alan et al. (2025). The distance to I'Y Aur was calculated as
d = 1690+237 pc, incorporating an interstellar extinction value
(Av q), the apparent magnitude of the system, the component
light ratios listed in Table 2, and the values BC; = —1.43
mag and BC, = —0.14 mag determined according to Eker
etal. (2020). A detailed summary of the estimated fundamental
parameters is presented in Table 3.

5. DISCUSSION AND CONCLUSION

Semi-detached binary stars represent a critical phase in the evo-
lution of close binary systems. In this phase, one of the com-
ponents fills its Roche lobe and transfers mass to its compan-
ion, while the other component remains within its Roche lobe.
These systems provide important implications for understand-
ing complex physical processes such as mass transfer, angular
momentum loss, magnetic activity, and the combined effects
of these processes on the structural and evolutionary properties
of the components. Moreover, as a result of the mass trans-
fer, the initially less-massive secondary component gradually
gains a significant amount of material and eventually becomes
the more massive star in the system, taking on the role of the
primary component. This phenomenon reveals a key process
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Figure 5. The Roche geometry of the IY Aur system in four different phases was constructed based on the best-fit light curve model parameters.

in binary star evolution known as "mass reversal". Studying
semi-detached systems over a wide range of ages is therefore
essential for understanding how binary interaction shapes stel-
lar evolutionary tracks, particularly in systems with different
initial masses and orbital configurations.

In this research, for the first time, a simultaneous analysis of
high-precision TESS photometric data combined with ground-
based multicolor observations has been performed for the I'Y
Aur binary system. The system exhibits the characteristics of
an evolved semi-detached configuration, in which the originally
less massive secondary component has gained mass from the
primary, becoming the more massive component in the system,
while both components are still undergoing main-sequence evo-
lution. The analysis revealed that the secondary component fills
its Roche lobe, while the primary component remains within its
critical equipotential surface, with a fill-out factor of f = 65%,
confirming the semi-detached nature of the system. The so-
lutions indicate a significant temperature difference between
the components. Considering that the system is relatively far
from the contact phase, this may suggest ongoing or recent
mass transfer activity. The hotspot revealed through the light
curve analysis may also be interpreted as an indirect indicator
of ongoing mass transfer within the system. In binary sys-
tems composed of early-type components, the presence of such
hot spots is generally associated with thermal enhancements
occurring in localized regions where the accretion stream im-
pacts the surface of the mass-accreting component with high
velocity during the Roche lobe overflow phase. This interaction
leads to transient temperature anomalies on the stellar surface,
producing detectable signatures in both photometric and spec-
troscopic observations. The dynamical interaction between the

mass stream and the stellar surface would potentially reveal
more complex features. However, the current dataset does not
exhibit clear evidence of such interactions beyond what can be
reasonably modeled with a hot spot, suggesting either a low
mass transfer rate or that the geometry of the stream does not
result in prominent photometric effects. A more detailed under-
standing of the dynamic properties of the mass flow, its physical
structure, and the interaction region between the components
can only be achieved through high-resolution spectroscopic ob-
servations in which the spectral components of the system are
disentangled.

The fundamental parameters of each component of the IY
Aur system have been determined, providing valuable data for
stellar astrophysics. The masses of the components were de-
rived as M1 = 6.51 = 0.81 M, for the primary component and
M, = 5.39 £ 0.87 M, for the secondary component. The total
mass of the system, which is about 12 M, is a rare feature
among close binary systems that have undergone a mass trans-
fer process. Radii were found to be Ry = 4.15 + 0.20 Ry and
R> = 6.88 £ 0.33 R, respectively. The derived logarithmic lu-
minosities and surface gravities are log L1=3.14 + 0.20 L and
log g1=4.01 + 0.02 cgs for the primary star, and log L,=2.50 +
0.22 Ly and log g2,=3.49 + 0.03 cgs for the secondary star.

Following the determination of the fundamental parameters,
the distance of I'Y Aur to our Solar System was calculated as
d =1690+237 pc, which is slightly smaller than the Gaia DR3
distance estimate of 1919 pc. The discrepancy may arise from
the complex structure of the system and the presence of mass
transfer activity, which can affect astrometric measurements in
binary systems.

In conclusion, the IY Aur system, which contains relatively
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massive components, is currently in a semi-detached evolution-
ary phase, and offers a valuable laboratory for investigating the
effects of mass transfer and binary interaction on stellar struc-
ture and evolution. For a more comprehensive understanding
of the nature of the system and its evolutionary status, future
high-resolution spectroscopic studies are essential. Such data
will provide detailed information on the chemical composition,
rotational velocities, and orbital dynamics of the components,
further contributing to the broader field of close binary star
astrophysics.
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