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Identifying Ae/Be stars in Gaia low-resolution
BP/RP spectra
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Abstract. Classical Be, and Herbig Ae/Be stars are mainly characterized by
emission in the Halpha and Hbeta lines. These lines are essential to understand-
ing the formation of massive stars and describing mass loss and stellar winds
during stellar evolution. This study aims to characterize and detect classical Be
and Herbig Ae/Be stars in Gaia BP/RP spectra, which allow us to investigate
the complete stellar spectral range. Synthetic Aa and Ha index magnitude val-
ues were calculated from Gaia BP/RP spectra. Colour-colour diagrams were
employed to distinguish emission-line objects from normal stars. With the pro-
posed method here, we could unambiguously retrieve 90% of a sample of well-
known emission-line objects. This shows that analyzing the 520nm and Ha
region efficiently discriminates emission-line objects from normal stars. No fur-
ther assumptions about astrophysical parameters such as reddening, effective
temperature, or IR excess are necessary.

Key words: Techniques: photometric — stars: emission-line, Be — stars: pre-
main sequence

1. Introduction

Hot emission-line stars have been the focus of research for a long time. They
are ideally suited for studying diverse astrophysical phenomena such as mass
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loss, circumstellar disks or shells, and pulsation. With the advent of large-scale
spectroscopic surveys such as the Sloan Digital Sky Survey (SDSS; Blanton
et al., 2017; Abdurro’uf et al., 2022) and the Large Sky Area Multi-Object Fiber
Spectroscopic Telescope (LAMOST; Zhao et al., 2012; Cui et al., 2012) surveys,
the research on these objects has seen a significant boost (e.g. Anusha et al.,
2021; Shridharan et al., 2021; Zhang et al., 2022).

A diverse set of objects is lumped together under the heading of hot emission-
line stars, such as the classical Be and B-type shell stars, young stellar objects
like Herbig Ae/Be stars, Ble] stars, supergiants, mass transferring binaries or
Wolf-Rayet stars (e.g. Rivinius et al., 2013).

Classically, Be stars are defined as stars that are not supergiants and show or
have shown emission features in at least one Balmer line at least once (Collins,
1987). The observed emission features are mostly due to equatorial disks pro-
duced by stellar winds. Depending on the inclination one looks at the star, some-
times a narrow absorption feature is present in the emission line. This effect is
less prominent when looking at the star’s polar regions and gets stronger the
closer one is to the equator (Slettebak, 1979; Rivinius et al., 2013). In addition,
photometric variability on different timescales is commonly observed in these
stars. Periodic variations on intermediate time scales (days to months) cannot
be explained by non-radial pulsation, although the beating of closely spaced
non-radial pulsation frequencies have been postulated as a possible explana-
tion (Labadie-Bartz et al., 2017). Photometric variability on long time scales
(months to decades) is generally attributed to (changes in) the circumstellar
disc, most notably its development and dispersion. Discs are created through
events referred to as outbursts, in which mass is elevated from the stellar surface
and the development of, and mass transfer to, the disc is initiated. Outbursts
are accompanied by characteristic photometric variations (e.g. Rivinius et al.,
2003; Porter & Rivinius, 2003; Kurfiirst et al., 2018). Emission phases may be
replaced by shell and normal phases in the same object.

We here present our efforts at characterizing and finding hot emission-line
stars in Gaia low-resolution BP/RP spectra (Carrasco et al., 2021; De Angeli
et al., 2022) using a pre-selected sample of classical Be and Herbig Ae/Be stars
as reference. This will help in the future detection of emission line stars even
in spectra with (extremely) low spectral resolution such as the Gaia BP/RP
spectra of Gaia DR3 and forthcoming data releases. Our method can be a new
criterion for detecting such stars.

2. Target selection

We selected all Herbig Ae/Be and classical Be stars from the catalogues of
Jaschek & Egret (1982), Bernhard et al. (2018), and Vioque et al. (2020) for
which a BP/RP spectrum is available. Our sample consists of 794 objects with
3.2 <G <12.7mag.
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For the control sample of apparently normal stars, we chose all objects in-

cluded in the paper by Paunzen & Prisegen (2022) and extended this sample
with stars from Paunzen et al. (2005). This sample of stars has non-peculiar Aa
values and can be used as a standard and reference.
Aa-photometry is a powerful tool in detecting magnetic chemically peculiar
(mCP) stars (Paunzen et al., 2005). It uses the flux-depression at A\5200 (Ko-
daira, 1969) to do so. The method uses three narrowband filters: one to the
left of the depression (g1), one right on the depression (g2), and one on the
right of the depression (y). From the (synthetic) magnitudes in these filters, the
peculiarity index a can be calculated:

+

a=g - Y (1)
2

This quantity, however, is slightly colour/temperature dependent, and thus a

Aa value is calculated as such:
Aa =a—ap(g1 —y). (2)

All stars that lie more than 30 above the "normality line” ag have a significant
flux depression and can be taken as candidate peculiar stars.
We selected 435 stars of spectral types B0 to F7 with luminosity classes V to III.
The astrophysical parameter space of stars beyond the zero-age main sequence
should cover the entire pre-main sequence region (Haemmerlé et al., 2019). We
note that both samples also include binary stars.

No cut according to the signal-to-noise ratios of the spectra was applied for
both samples.

3. Methods and Results

To calculate the synthetic magnitudes, we first normalized all spectra to unity
at a common wavelength of 402 nm. All spectra were brought to the same abso-
lute flux at this wavelength region. No additional normalization was performed
in the region of Ha. This technique was successfully applied to the synthetic Aa
photometry (Sect. 3.1.) Applying a standard polynomial technique, the spectra
were then interpolated to a one-pixel resolution of 0.1 nm in the wavelength re-
gions from 480 to 580 nm and 610 to 700 nm. No further smoothing or cleaning
algorithms were used. Each filter curve was folded with the corresponding spec-
trum as described in Stigler et al. (2014). The final magnitudes for all filters are
in arbitrary units.

The calculated Aa and Ha index magnitude values for the sample of known
Herbig Ae/Be and classical Be stars are presented in a text file provided as sup-
porting material. The first ten rows are shown in Table 1 for guidance regarding
the text file’s form and content. Gaia data were gleaned from DR3 (Gaia Col-
laboration et al., 2016; Babusiaux et al., 2022; Gaia Collaboration et al., 2022).
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Figure 1. The sample of known Herbig Ae/Be and classical Be stars in the a versus
(91 — y) magnitude parameter space. As expected, most objects do not show any
significant deviations from the normality line (solid line) and the 95% prediction bands
for the standard stars (dotted lines; from Paunzen & PriSegen, 2022). Stars above the
normality line are in the shell phase, and stars below are in the emission phase.

3.1. Aa photometry

Pavlovski & Maitzen (1989) analysed the different phases of classical Be stars
within the Aa photometric system. They investigated, in particular, the case
of Pleione, which is quite outstanding. It reached a Aa value of 436 mmag in
the shell phase and dropped quite rapidly to zero within a year. Detailed mea-
surements for 59 objects were presented by Paunzen et al. (2005) with extreme
values for the emission phase of —19 mmag. The negative Aa values found are
caused by emission in iron and magnesium lines (Hanuschik et al., 1996).

We used the three filters defined in Paunzen & Prisegen (2022) with a band-
width of 13nm and central wavelengths of ¢g; (501nm), g2 (521.5nm), and y
(548.5nm).

In Fig. 1, the results for the sample of known Herbig Ae/Be and classical Be
stars are shown, together with the normality line and its 95% prediction bands.
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Several extreme outliers were omitted from the plot. The objects show the same
behaviour as the ones published by Paunzen et al. (2005, see Fig. 5 therein),
who employed classical photoelectric Aa photometry. From the 794 objects, 95
(12%) are above and 194 (24%) below the corresponding 95% prediction bands.
Thus, almost two-thirds of the classical Be and Herbig Ae/Be stars cannot be
detected at the 520nm region. Nevertheless, a significant negative or positive
Aa value can help to corroborate the results from the Ha region.
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Figure 2. Filter curves used to probe the Ha line. Also shown are two example spectra
which were offset by a constant value. The lower blue spectrum belongs to a star with
some Ha emission (Gaia DR3 6060547335455660032). The upper orange spectrum
shows a very strong emission feature (Gaia DR3 2999967452909563136).

3.2. Ha photometry

One of the main characteristics of classical Be and Herbig Ae/Be stars is the
variability of the hydrogen lines, which manifests itself especially in the Ha
and HpS lines. On very different time scales, these lines are observed in strong
emission or absorption as in normal stars. Another essential aspect is the vari-
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Figure 3. The samples of normal stars (filled black circles) and known Herbig Ae/Be
and classical Be stars (filled red circles) in the Haindex versus (g1 — y) magnitude
parameter space. Any object with Haindex < 3.35 over the full colour (effective tem-
perature) range is assumed to show emission in the Ha line.
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Table 1. Elementary data for the sample of known Herbig Ae/Be and classical Be
stars. The columns denote: (1) Gaia DR3 identifier. (2) 2MASS identifier (Skrutskie
et al., 2006). (3) Right ascension (J2000; Gaia DR3). (4) Declination (J2000; Gaia
DR3) (5) G-band mean magnitude (Gaia DR3). (6) Calculated (g1 — y) colour index.
(7) Calculated Aa value. (8) Calculated Ha value.

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(3)

Gaia_ID 2MASS_ID «(J2000) 5(J2000) G mag (g1 — y) Aa Ha

1384384649468452224 15553059+4233582 238.877325 42.566264 5.6984 9.504 —0.003 3.386
1741560280196688000 2135237940929184 323.849126 9.488430 10.0942 9.388 +0.077 3.132
1808447386454770304 201709764-1552215 304.290707 15.872623 7.5656 10.151 +0.143 3.174
1817679706409974400 203830164-2119439 309.625721 21.328888 9.2816 8.935 +0.069 3.172
1824520940823718656 19465768-+1814559 296.740351 18.248855 10.4601 9.489 +0.602 3.379
1826951544369716480 20024644+-2151160 300.693478 21.854407 8.2510 9.980 —0.403 2.928
183709705601742592 05254477+3538499 81.436597 35.647184 8.1591 7.624 —0.071 2.949
184497471323752064 05223522+43740336 80.646805 37.675993 7.2317 10.032 —0.459 2.827
1849597571190605952 213544484-2944439 323.935321 29.745477 8.0383 9.422 —0.265 2.639
185767888290202880 05095643+3700158 77.485137 37.004430 8.2110 9.952 —0.171 3.129

ability of the line-profiles, which may show different shapes within a few hours
or remain stable over a timescale of years (Catanzaro, 2013).

To identify emission-line objects, we chose an approach similar to the cal-
culation of the HS index in the Stromgren-Crawford system (Stromgren, 1966).
The idea is to measure the flux of the entire Ha line and compare this to the
flux in the line core. The ratio (Haindex) consequently measures any devia-
tions, particularly emission, in the core. For detection efficiency, the shift of
an emission feature relative to the central wavelength plays a significant role.
Therefore, to come up with an optimum solution, we tried several configurations
and finally settled upon a solution with filters (represented as a Gaussian func-
tion) centered on 655.5 nm with full width at half maxima of 12.5 and 3.5 nm,
respectively. The filter curves and two example spectra are shown in Fig. 2,
which also illustrates a classical P Cygni profile with the corresponding radial
velocity shifts.

The final diagnostic diagram was constructed using (g; —y) magnitudes and
is shown in Figure 3, which presents the results for the sample of normal stars
and the sample of classical Be and Herbig Ae/Be stars. In general, we assume
that any object with Haindex < 3.35 over the full colour (effective temperature)
range shows emission in the Ha line. This is a quite strict criterion that selects
711 (90%) of the 794 sample objects.

4. Conclusions

Our results show that synthetic photometry of the 520 nm and Ha region is an
efficient tool for finding hot emission-line objects and that Gaia BP/RP spectra
are excellently suited for this purpose. The well-established tool of Aa photom-
etry covered the bluer spectral range, for which photoelectric measurements are
also available. To probe the Ha region, we employed a wide and a narrow filter
and calculated the ratio of the fluxes in both filters.
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We analyzed the behavior of a sample of classical Be and Herbig Ae/Be
stars and a control sample of normal stars in the corresponding colour-colour
diagrams. About 90% of the emission-type objects could be unambiguously re-
trieved in this way. The method employed here can, therefore, be used as a
blueprint in future studies to efficiently search for emission-line objects in Gaia
BP/RP spectra.
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Abstract. A new equation of state for hot white dwarfs of small and interme-
diate masses, which takes into account the contribution of an ideal relativistic
electron subsystem, the contribution of a gas nuclear subsystem, and the light
pressure was proposed. The internal structure of dwarfs was calculated within
such model. It was shown that the proposed model agrees with the observed
distribution of white dwarfs on the mass-radius plane. Based on the observed
data on masses and radii of white dwarfs, there was solved the inverse problem
— the determination of model parameters for the specific stars.

Key words: methods: analytical — stars: white dwarfs — stars: fundamental
parameters — stars: interiors

1. Introduction

The discovery of white dwarfs at the beginning of the last century (Adams,
1915) gave a rise to the problem of energy sources and stability of stars, which
have no thermonuclear reactions or occur only in the outer layers with a low
intensity and therefore play a secondary role. According to the idea of Fowler
(1926), the stability of white dwarfs is provided by the quantum effect — the
degeneracy of the electron subsystem, when kg7 is much smaller than the elec-
tron energy at the Fermi surface. Chandrasekhar generalized this idea to the
case of high densities, for which the electron subsystem is relativistic, and con-
structed the theory of cold white dwarfs based on the hydrostatic equilibrium
equation (Chandrasekhar, 1931). The Chandrasekhar model is two-component:
a completely degenerate ideal electron subsystem and a subsystem of nuclei,
which is considered as a continuous classical environment. The equilibrium
between the pressure of electron gas at T = 0K and the gravitational com-
pression, created by the nuclear subsystem provides the stability of a white
dwarf. The white dwarf characteristics (mass, radius, and distribution of mat-
ter) are functions of two dimensionless parameters: the relativistic parameter
zo = h(mec) 1 (372n(0))Y/3 (n(0) is the number density of electrons in the stel-
lar center, m, is the electron mass, ¢ is the speed of light) and the chemical
composition parameter p. = (A/z) =~ 2.0, where A is the mass number, z is the
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charge of the nucleus. The main conclusions from Chandrasekhar’s theory are
the peculiar unambiguous mass-radius dependence and the restriction on the
maximal mass (the Chandrasekhar limit),

Mpax = 2.01824 ... % M,

3\NY2 1 [he\P? (1)
My=| = — | = ~ 2. ..M
0 (2> 4m?2 <G> 8866 ©r

where m,, is the atomic mass unit. The restriction on the mass is confirmed by
observations: for 110 years white dwarfs with masses M > M,.x have not been
detected. However, the mass-radius relation is satisfied only for white dwarfs of
quite large masses (Myax > M 2 0.2M) with small radii,

3\ 1/2 1 B3 1/2 ,
R<Ry=|[Z= - | — ~1.1-107°Rs. 2
~ 0 (2) 4dTmy,me (cG) © @)

This is clearly illustrated in Fig. 1a, constructed from the data of masses and
radii of the observed white dwarfs from the catalog of Tremblay et al. (2011).
The envelope dashed curve in Fig. 1b corresponds to the Chandrasekhar theory.
The chains in Fig. 1b correspond to the observed white dwarfs with the same ef-
fective temperature, from which follow the conclusion about the important role
of the finite temperature effects in the formation of white dwarfs’ characteristics
with small and intermediate masses. The problem of the internal structure of
hot white dwarfs of small masses became relevant only after a wide variety of
the characteristics of white dwarfs (masses, radii, effective temperatures, and
luminosities) were revealed during the last 25 years with the help of space ob-
servatories. The Chandrasekhar model uses the equation of state of a completely
degenerate ideal electron subsystem. From a modern view point, it is quite ide-
alized and does not take into account the important factors of the white dwarfs’
structure formation: interparticle interactions, axial rotation, magnetic fields
and finite temperature effects. This is the basic model that explains the exis-
tence and stability of massive cold white dwarfs. It cannot explain the radiation
of white dwarfs and the main details of their distribution on the mass-radius
plane. Hot low-mass white dwarfs should not be considered correctly within the
Chandrasekhar model, because their effective temperature reaches (4+8)-10* K,
and the luminosity of some of them exceeds the luminosity of the Sun.

The problem of energy sources of white dwarfs was actively discussed in 1939-
1952. Marshak (1940) followed the idea of gravitational compression, but did
not investigate this mechanism. Schatzman proposed the idea of thermonuclear
reactions in the surface layers of white dwarfs. A physically based idea, according
to which white dwarfs emit a reserve of thermal energy accumulated in the
past due to thermonuclear reactions, was proposed by Kaplan (1949, 1950).
According to his idea, thermal energy is mainly concentrated in the nuclear
subsystem, which can be considered as a classical ideal gas. The average value
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Figure 1. The coordinates of white dwarfs of the spectral class DA with different

temperatures on the mass-radius plane (data about masses and radii are taken from
the catalog of Tremblay et al. (2011)). The chains correspond to the white dwarfs with
close values of effective temperatures. The dashed curve is the mass-radius dependence
for the cold white dwarfs.
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of the kinetic energy of such model is

Wr ~ — /p(r)T(r)dr R~ g il MT, (3)
v

Moy fon

where p(r) is the density of matter, u, is the dimensionless molecular mass of
the nucleus in the units m,, T = (T(r)) is the average value of temperature
by the stellar volume. We can estimate the temperature value in the inner part
of a white dwarf (which is considered nearly isothermal due to the electron
mechanism of heat conduction) by the Schatzman (1947) formula

2/7
T:TO(L/L@) , Tp=6.16-10" K. (4)

This expression is obtained by analyzing the system of structural equations in
the peripheral region of a white dwarf (Shapiro & Teukolsky, 1983). According
to Kaplan’s idea, the luminosity is

d 3 kg MdT

L~ ——Wr~——-—"-—-M—.
a ' 2myp,  dt

(5)

On the other hand, the luminosity can be determined from equation (4),

M T 7/2
v-tenr (5) “

Equating the right-hand sides of equalities (5) and (6), Kaplan obtained a dif-
ferential equation that determines the dependence of the white dwarf’s temper-
ature on its age, or cooling time of a white dwarf (Kaplan, 1950)

-107 years. (7)

(MM sk
’ L/Le 75 Mypin Lo Hn

At the same time, it is assumed that the temperature of the white dwarf at the
time of its formation was much higher than observed at the present time. For
low-luminosity white dwarfs L /L ~ 1075, therefore the cooling time is of the
order of 10° years. For hot white dwarfs with masses M =~ 0.2M, and effective
temperatures Tog =~ 5-10* K the luminosity L ~ L), therefore the cooling time
for them is close to 107 years. For bright white dwarfs of small masses with
temperatures T,g ~ (7 + 9) - 10* K, the cooling time is of the order of 3 - 106
years.

In Tab. 1 there are shown the data of masses, radii and luminosities of low-
mass dwarfs with effective temperatures in the range (2+9)-10* K. In this Table
there are also shown the estimates of an average dimensionless temperature
T, = kT /mec?® according to formula (4).
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Table 1. The macroscopic characteristics of DA type white dwarfs from the catalog

of Tremblay et al. (2011).

22

2
1.8
1.6
1.4
1.2

1
0.8
0.6
0.4
0.2

Number  R/Ry M/My Teg, K T,

3 1.8295  0.145498 23010 0.00669
111 1.91470 0.142034 25740  0.00787
104 2.3415 0.176676 72130  0.02692
106 2.87548 0.180140 84430  0.03605
158 3.82335 0.148962 78960  0.04149
266 1.74757 0.152426 28480  0.00821
377 2.11256  0.128177 20890  0.00671
688 1.95930 0.142034 27970  0.00876
592 2.42551 0.193997 86620  0.03297
921 1.29941 0.232104 54370  0.01288
928 2.27731 0.200926 88080  0.03209
2472 1.28454 0.232104 51770  0.01209
2531 1.34523 0.221711 50170  0.01213
2836 0.89115 0.322174 58380  0.01025
2929 1.24836  0.245961 60420 0.01397

T,10° K *
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Figure 2. Dependence of the temperature T' on the effective temperature Teg, calcu-

lated by formula (4) for the group of white dwarfs from the catalog of Tremblay et al.

(2011).
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It should be expected that due to the high thermal conductivity of white
dwarfs, the temperature in the inner region is higher, the higher effective tem-
perature. This is confirmed by Fig. 2, which shows the dependence “Tog — T,
where Teg is taken from the catalog of Tremblay et al. (2011), and T is calcu-
lated by formula (4). It would be incorrect to neglect the pressure of the nuclear
subsystem at such high temperatures.

To clarify the elementary theory of cooling of white dwarfs as described
above, we used a model in which the structure of the nuclear subsystem can
vary from an ideal gas to a crystal lattice (Shapiro & Teukolsky, 1983). At the
same time, the role of the electron subsystem was not taken into account, as in
the work of Kaplan (1950).

Further development of this approach for the calculation of massive white
dwarfs can be found in the work of Bisnovatyi-Kogan (1966), in which the
temperature correction (~ T?2) to the pressure of the electron subsystem is
taken into account within the isothermal electron-nuclear model.

2. Model and equation of state

As it was shown from the calculation supplementing the Chandrasekhar model
by the axial rotation (James, 1964) or interparticle interactions (Vavrukh et al.,
2018), these have a little effect on the characteristics of cold massive dwarfs.
High effective temperatures and observed distribution on the mass-radius plane
indicate the important role of the finite temperature effects in the formation
of hot white dwarfs structure. This is confirmed by approximate calculations
within the generalized Chandrasekhar model, in which the electron subsystem
is not completely degenerate (Vavrukh & Smerechynskyi, 2012, 2013).

The purpose of our work is to calculate the internal structure of specific
observed white dwarfs within a simple spherically symmetric two-component
model: a partially degenerate ideal electron subsystem + a nuclear subsystem
which is considered as an ideal classical gas. Such model corresponds to the
equation of state

P(r) = P.(x) + Pa(r) + Po(r). (8)

where P,.(r) is the partial pressure of the electron subsystem on the sphere of

radius r,
Po(r) = 2T (9)

Moy fon

is the partial pressure of the nuclear subsystem, where T'(r) is the local temper-
ature and p(r) is the density of matter. The term

Pon(r) = 5T () (10)

takes into account the photon pressure (@ = k% (hc)3n%/15). The correct de-
scription of the electron subsystem of a hot white dwarf requires the usage
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of two-phase or three-phase models: because in the inner region the electron
subsystem is relativistic and deviation from the total degeneracy is small; in
the periphery region the subsystem is degenerate, but not relativistic; near the
star surface electrons can be considered as an ideal classical gas (Vavrukh &
Smerechynskyi, 2012). However, the contributions of the peripheral region to
the integral characteristics are small due to the low density. Therefore, to sim-
plify the problem, we will assume that the electron gas is everywhere degenerate,
and its chemical potential u is positive. The terms P,.(r) and P,(r) depend on
the thermodynamic parameters p(r) and T'(r). In order to simplify the problem,
we will pass to one parameter — the local relativistic parameter

o(r) = —— [3r2n(r)] "/, (11)

MeC

where n(r) is the number density of electrons on the sphere of radius r, and
therefore the density of matter

ple) = e (M) ), (12)

According to the method of Eddington (1926), the sum of light pressure and
gas pressure of the nuclear subsystem can be approximately represented in the
form of a polytropic dependence

_ a11/3 . 1/3
Pon(r) + Po(r) = K[p(r)]4/3, K= {1646] (m Z )4/3 (g) ; (13)

where the coefficient 5 determines the relative value of gas pressure (8 =
Po(r)[Pu(r) + Pon(r)] ™t = const). Relations (9) — (13) determine the depen-
dence between the matter density and temperature,

e Ay =4 <M> h (37%) " Pmecta(r),  (14)
(muﬂn)l/?’ Hn, c ’

kpT(r) =~
and the coefficient ~ is the root of the equation
™ -1 4/3
=7 +y=qa, a=K(he)  (mypn)". (15)
According to relations (12) — (14)

Tmic®  8a Le 4/3 N
Py(r) 4+ Pou(r) = 308 3015 \ 2 (r). (16)

As it was known (Shapiro & Teukolsky, 1983), the equation of state of an ideal
homogeneous relativistic subsystem of electrons at finite temperatures is written



22 M. Vavrukh and D. Dzikovskyi

in the following parametric form
8T dE.
P.= — [dpp*—En,,
3h3 5 dp
oo (17)
& = SI f doo’n
V - h3 0 pp §25]

where

1

E, = [(mec?)? + p2 2% —mec?, n, = {1 + exp[(E, — /QL)/kBT]}f . (18)

The deviation from the absolute degeneracy can be considered small if
u(kpT)~* > 1. The approximate calculations of integrals (17) at this basis
and the following exception p from the obtained system of algebraic equations
allows us to represent P, as follows

4.5
TmgC

343 {fO(x) + Fo(z) + Falz) + - - },

Folz) = x(22% — 3)(1 + 2®)V/2 + 3In[z + (1 + 22)'/?);

_ ArT? m(242%) 19)
T3 1+ a2

P.(z) =

.7:2 (.23)

4
Fu(x) = —%Tf [72 + 13622 4 772" + 181:6} e 3142?72

Here Fo(z) determines the pressure of the absolute degenerate electron subsys-
tem (at 7' = 0) and has the following asymptotics

224 — 222 - at x> 1,

Folz) — 4 20
(@) §z5—fx7+~~~atx<<l. (20)
5 7
The dimensionless temperature is determined by the relation
T, = kgT(m.c*)~". (21)

To obtain the coordinate dependence of the partial pressure of the electron
subsystem in the white dwarfs’ model, = should be replaced in formulae (19)
and (20) by the local value of the relativistic parameter (11).

To simplify the problem, we model the coordinate dependence of temperature
in expressions (19). The significant deviation from the absolute degeneracy of
the electron subsystem occurs when kpT'(r) is proportional to the local value
of the Fermi energy,

kpT(r) = A-mec?{[1 + 2%(r)]"/? - 1}. (22)
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We select the coefficient A so that for x(r) > 1 the relation between T'(r) and
x(r) is given by expression (14). At this condition

T.(r) = a(3rx%)~1/3 (“) v {(1 + 22(r))V/? - 1}. (23)

fin

At this modeling of the coordinate dependence of the dimensionless temperature,
all terms Fa(z(r)), Fa(x(r)), ... have the same asymptotics relative to the x(r)
as the main term of expansion (see (20)), temperature corrections are small and
series (19) coincides. At this Fa(z(r)) ~ a2, Fu(x(r)) ~ a* and etc. We restrict
ourselves to the quadratic approximation by T%(r), which makes it possible to
depict the model equation of state in the following approximate form

Tmic® 8« e 4/3
Py = S Fotato) + g (1) o'+ o)
2_2/3q—5/3  He 2/
T 40?253 (M) f(x(r))},

where
Fla(r) = a2+ 22(@)](1+ 22(0)) {1 + 22 (@)Y - 1}7, (25)

and « is the model parameter. Due to the presence of multiplier o2, the third
term in the curly bracket of formula (24) is small, which allows us to take it into
account by the approximate method. As it is easy to see, the ratio f(x)/Fo(z) in
the interval 0 < x <1 is a monotonously decreasing function that very weakly
depends on z and varies from the value 0.3125 at « = 0 to the value 0.2959 at
x = 1. Therefore, the sum of the first and third terms in the curly bracket of
formula (24) with sufficiently high accuracy can be written in the form

Fo(m(r)){l +1.216a272/3375/3 (ZZ)M} = Fo(z(x))(1+ B),  (26)

replacing the fraction f(x)/Fo(x) with its average value 0.304 on the interval
0 <z <1. Here

2/3
B = 1.2160272/3375/3 (“) . (27)
fin

3. Equilibrium equation

The internal structure of a white dwarf is determined by the equilibrium equa-
tion
VP(r) = —p(r)VO(r), (28)
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where

_ [ px)dr
O(r) = GV/ R (29)

is the gravitational potential on the sphere of radius r, created by the distribu-
tion of matter. Using equation of state (24) in approximation (26) and relation
(12), let us reduce equation (28) to

z(r)V(r)

I S SV _mu,U/e
1+ 2202

MeC2

(1+ B) + CVuz(r) =

Vo(r), (30)

where

4/3
o _da (pe ) (31)
(3m2)V/3 \ i

Using the identity

zVx

m:v{[u:ﬂ]“?—l}, (32)

acting by operator V on equation (30) and taking into account that V2®(r) =
4w Gp(r), we obtain the differential equation for the local value of the relativistic
parameter

_327r2G
3(hc)3

2

(14+ B)A{[1+ ()2 -1+ C’x(r)} = [memuuecﬂ z3(r), (33)
where C = C/(1 + B). It follows from formulae (27) and (31) that B =
1.216 C?72(48) 71 (un/pe)?, and C = C{1 + 1.216 C?w2(48) "1 (i /pe)?} ~1. We
consider a white dwarf without axial rotation i. e. beings spherically symmetric,
and its chemical composition is spatially homogeneous. Therefore, in our model
there appear four dimensionless parameters: zo = x(0) (the relativistic param-
eter in the stellar center), C, . and u, which for the specific white dwarf are
constants.

In order to numerically solve the equilibrium equation, it is convenient to
pass from the variables (r, 2(r)) to the dimensionless variables

£=1 v© = {L+27(] ~ 1+ Ca(n)}, (34)
where _ -
g0 = eo(20,C) = (1 +25)"/? = 1+ Cuo, (35)

and A is the length scale. If we determine it from the condition

32m2G 9 2 72 o (1)’
o memy e A =14+B~1+1216—C% (=2 |, 36
30he)? {m My fheC 50} + + 3 (Me) (36)
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1 y@IC, x,)

1.2

Figure 3. The solution of the equilibrium equation at the fixed value of o = 0.5 for
different values of the parameter C. Curve 1 corresponds to the standard model at
C=0,curve2—C =0.05,3-C=0.1,4-C=0.15.

1 y@IC, x,)

Figure 4. The solution of the equilibrium equation at the fixed value of C = 0.1
for different values of the parameter xo. Curve 1 corresponds to xo = 0.5, curve 2 —
Xo = 1.07 3 - Xo = 1.5, 4 — Xo = 2.0.
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and express x(r) through y(£) using definition (34), then the equation for the
function y(¢) takes the form

go(1 — 62)}71{[02 + (e0y)? + 2e0y]V/% — C(1 + Soy)}.(37)

This equation corresponds to the boundary condition y(0) = 1, as well the
condition dy/d§ = 0 at £ = 0, which ensures the non-singular nature of the
solution in the white dwarf center. As it is easy to see, in the limit C -0
the right-hand side of equation (37) equals (y%(€) + 2e594(€))%/?, as in the
Chandrasekhar model, where 99 = £0(20,0). A set of solutions of the two-
parametric equation (37), found by the numerical method for several values of
parameters C' and g is illustrated in Figs. 3 and 4.
In accordance with relations (34) the radius of the white dwarf is

(w0, e, C) = e (w0, &) = Ro <170 C)_(y  pyirz, (38)

fe€o(zo, C)

where £ (xo,C) is the root of equation y(&|zo,C) = 0, and Ry is determined
by formula (2), A\(C) is the root of equation (36), and parameters C' and C are

related by
1 1
W=z"\V&m ¥ (39)

where v = 72(48) 71 (un/pte)?. The stellar mass is determined by the solution of
equation (37),

Mo, 10.C) = 20 Mo, G)(1 + B)2, (40)
where
&1(20,0)
Mz, C) = / €243(€,0) d. (41)
0

Dependence of the dimensionless radius on the model parameters is illus-
trated in Fig. 5. Herewith, the dashed curve corresponds to the standard Chan-
drasekhar model (C' = 0). The dimensionless white dwarf mass Mz, C) is
illustrated in Fig. 6 as a function of xq for different values of the parameter C.
Relations (14) and (15) give us an opportunity to determine the temperature

change along the radius

~ pe P mec? -
1(6.0) = (L) GO (42)
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Figure 5. Dependence of the dimensionless radius on the relativistic parameter x¢ for
different values of the parameter C. The dashed curve corresponds to the standard
Chandrasekhar model with C =0, curve 1 — € =0.05,2 - C = 0.1, 3 — C = 0.15.
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Figure 6. Dependence of the dimensionless mass M (xo, C) on the relativistic parame-
ter xo for different values of the parameter C' (notations are the same as in the previous
Figure).
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Figure 7. The distribution of matter density along the radius at the fixed value of
2o = 0.5 for different values of the parameter C. Curve 1 corresponds to C = 0, 2 —
C=0053-C=01,4-C=0.15
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Figure 8. The distribution of temperature along the radius at the fixed value of
xo = 0.5 for different values of the parameter C'. Curve 1 corresponds to C' = 0.05, 2—
C=0.1,3-C=0.15.
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To illustrate the capabilities of our approach in Figures 7 and 8 we show how
both density and temperature vary with the radius.

The crosses in Fig. 9 depict the location of observed white dwarfs (from the
catalog of Tremblay et al. (2011)) on the mass-radius plane. Curves in this figure
depict the dependence between the mass and the radius of white dwarfs in our
model. They were constructed from relations (38) — (41) for several values of
the parameter C for a range of the relativistic parameter (0.3 < zo < 0.8).
Herewith, we used the value p. = 2, as well as p,, = 4 (that corresponds to
helium white dwarfs). As it is shown in Figure, in the selected region of the
change of the parameter C our model can describe the distribution of observed
hot white dwarfs of small and intermediate masses on the mass-radius plane.
This is impossible to achieve in the Chandrasekhar model, which corresponds
to the lower curve in Figure with C' = 0. The standard model satisfactorily
describes only the distribution of white dwarfs with sufficiently large masses

and radii R(xo,C) < Rp.

0.7

MIM

0.6 1

0.5 1

0.4 1

0.3 1

0.2 1

0.1 1

Figure 9. The mass-radius relation for different values of the parameter C. The dashed

curve corresponds to the standard model (C = 0), curve 1 — C' = 0.05, 2 - C = 0.1,

3-C =0.15,4 — C = 0.19. The crosses correspond to the observed data from the
catalog of Tremblay et al. (2011).

To calculate the internal structure of the observed white dwarfs, it is nec-
essary first to solve the inverse problem of the theory — the determination of
model parameters for a specific white dwarf based on the observed data. To
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demonstrate the algorithm for such calculation, we consider Fig. 9 from which
it can be seen that a theoretical mass-radius curve can always be drawn through
a point with the given observed mass M and radius R with the certain param-
eter value C. This is the parameter value C for a chosen white dwarf. Putting

instead R(xo,C) and M (zq,C) the observed R and M in relations (38) and
(40), we obtain the system of equations for the parameters xg and g,

EEO(anq) _ i(l +B)1/2,
Ry 51(1‘0,0) He

M _ 1 . 3/2
T = 7M. O+ B

Excluding p., we obtain the equation

M (Ro)* (&(20,C) 2_ v O 1/2
Mo (R> <50(xo,é)> = M(x0,C)(1+ B) (44)

for finding the relativistic parameter g, after that the parameter u. is deter-
mined by the first of equations (43).

Since the parameter B plays the role of correction, it makes sense to con-
sider a simplified version of the model with absolute degeneracy of the electron
subsystem, that corresponds to B = 0 (or C = (). The model parameters for
the group of white dwarfs from the catalog Tremblay et al. (2011) calculated in
such way are shown in Tab. 2. Using relations (12) and (14), we calculated the
density of matter and temperature in the center of these white dwarfs p. = p(0)
and T, = T'(0). These values are also shown in Tab. 2. As we can see, the tem-
perature T2 calculated by formula (4) is almost (1.5 — 3) times smaller than the
temperature T, obtained by formula (42). This cannot be a criterion, because
formula (4) is approximated and corresponds to the isothermal model.

In order to evaluate the role of incomplete degeneracy of the electron sub-
system we considered a group of white dwarfs that corresponds to C' = 0.15 in
Tab. 2. At B = 1.216 (48) " '72C? (i / 11)? these dwarfs correspond to the mass-
radius curve with C' = 0.142. Model parameters z, and e are determined from
the system of equations (43), as well as calculated on this basis p.(0) and T.(0)
are shown in Tab. 3. From the comparison of Tabs. 2 and 3 it follows that the
influence of incomplete degeneracy of the electron subsystem is weak and leads
to small changes of parameters and characteristics of the model. In particular,
the relative decreasing of the relativistic parameter xy has an order of 0.6%,
decreasing p.. corresponds to 2%, and the decreasing T, is close to 5%.

4. Discussion

According to Fowler’s idea, the stability of white dwarfs ensured by the pressure
of the degenerate electron subsystem is an extrapolation of the real thermody-
namical state of these objects in the case of low temperatures or high pressures.
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Table 2. The characteristics and the model parameters for the group of white dwarfs of
spectral class DA from the catalog Tremblay et al. (2011) at B = 0 (T2 approximately
corresponds to equation (4)).

Number  R/Ry M/M, xo Ile pe, 108gem™ T, 10°K T2, 10°K
C=0.1
2270  3.13742 0.079677 0.346458 2.03348 0.080993 0.105513  0.048904
3026 2.09943 0.142034 0.603049 2.00554 0.427125 0.183657  0.069994
441 1.88942 0.166283 0.703784 1.99963 0.678915 0.214336  0.090419
2581  1.67358 0.197461 0.841388 1.99714 1.160080 0.256243  0.106619
C=0.15
2922  2.82645 0.135105 0.472760 1.99620 0.205788 0.215153  0.144974
1246 2.64303 0.142034 0.508990 2.01176 0.256818 0.231642  0.146958
2606  2.49710 0.152426 0.548329 2.00757 0.321086 0.249545  0.141763
2090  2.15203 0.183604 0.668973 1.99890 0.583074 0.304450  0.148608
2507  1.98346 0.200926 0.744181 2.00258 0.802663 0.338677  0.157729
C=0.19
2017  3.63580 0.131641 0.387910 1.99912 0.113682 0.222433  0.069164
397 3.25419  0.148962 0.444555 1.98260 0.171109 0.254914  0.211635
592 2.42551  0.193997 0.626813 1.99922 0.479636 0.359423  0.199981

Chandrasekhar’s theory is based on this idea. The position of observed white
dwarfs on the mass-radius plane indicates the different ages of these stars and
reflects their evolution. The generalized theory of white dwarfs can be built by
generalization of Fowler’s idea, using a more general form of the equation of
state.

The simplest variant of such approach is proposed in our article to describe
hot white dwarfs, whose nuclear subsystem can be considered as a classical gas.
We have also approximately taken into account the incomplete degeneracy of
the electron subsystem. The electron subsystem in our work is treated almost in
the same way as in the Fowler-Chandrasekhar model, but the nuclear subsystem
is treated as in the theory of main sequence normal stars. Since the nuclear
subsystem contributes to the total internal pressure, the mass and radius of the
white dwarf in this model are greater than in the standard Chandrasekhar model
that corresponds to the observed data. The mass-radius curves calculated by us

Table 3. The characteristics and the model parameters for the group of white dwarfs
of spectral class DA from the catalog Tremblay et al. (2011) at B # 0 (C’ = 0.142).

Number  R/Ry M /My o Lhe pe, 105gcm™3 T, 10K
2922 2.82645 0.135105 0.469604 1.99206 0.201694 0.202473
1246 2.64303 0.142034 0.505594 2.00879 0.251712 0.217990
2606 2.49710 0.152426 0.544676 2.00578 0.314711 0.234840
2090 2.15203 0.183604 0.664536 2.00011 0.571548 0.286519
2507 1.98346 0.200926 0.739257  2.00529 0.786835 0.318735
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agree with the distribution of observed white dwarfs on the mass-radius plane.
Herewith, the calculated radii of white dwarfs can exceed the corresponding
values in Chandrasekhar’s theory by 2-3 times.

The Fowler-Chandrasekhar model has dimensionless parameters xg and ji.
The parameter C reflects the partial pressure of the nuclear subsystem. We
determine this parameter for a specific white dwarf based on the condition that
the theoretically calculated mass-radius curve for a given C passes through the
point corresponding to the observed mass and radius of the white dwarf. After
that the parameters z¢ and p. are determined from relations (43). This allows
us to calculate all characteristics for a specific white dwarf (the distribution of
matter and the temperature along the radius, moment of inertia, total energy
and etc.).
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Abstract. We carried out light curve modeling for all-light curves of the vari-
able W UMa systems V675 Lac and USNO-2035807 using ground-based obser-
vations, the Gaia 3rd data release, and ZTF databases by means of the W-D
code. The accepted models revealed absolute and physical parameters, which
showed that the primary components in both systems are massive and hotter
than the secondary ones, and both systems were classified as overcontact. A
period study of the system V675 Lac of 19 year duration shows a smooth pe-
riod increase with the rate dP/dE = 1.8936 x 10~ '° day/cycle. Investigation of
the systems evolutionary status showed that the primary components for both
systems are situated on the ZAMS track, while their secondary components
are situated above the TAMS track.

Key words: detached, binaries: contact — stars: modelling — stars: evolutionary

1. Introduction

Eclipsing binaries are always considered as a crucial astrophysical tool for re-
searching star formation and stellar structure, testing evolutionary hypotheses,
and figuring out and determining the physical characteristics of stars. They
have served as benchmark candles for measuring the galaxy’s size and struc-
ture as well as for setting limits on the cosmological distance scale (Bonanos
et al., 2006). Calculations of absolute parameters of eclipsing binary compo-
nents (radii, temperatures, mass, luminosity, etc.) from combined photometry
and spectroscopy are useful for distance determination (Vilardell et al., 2010).
Studies of eclipsing binaries frequently combine data from photometric sources
(light curves) and spectroscopic ones (radial velocity curves). The orbital solu-
tion and light curve modeling reveal some stellar parameters, in principle, the
mean surface effective temperatures of the system components, relative stel-
lar sizes and shapes, orbital inclinations, mass ratios, and the ratios of surface
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brightness. These estimated parameters can be used in studying the stellar evo-
lution of the systems. Contact binaries, also known as the W UMa stars, are
low-mass eclipsing binary systems with ellipsoidal components of orbital periods
less than 1 d and continuously changing brightness (Kang et al., 2002; Percy,
2007). Most components of the W UMa type binaries share a common enve-
lope with the same entropy, thereby making their effective temperatures almost
equal over the surfaces (Paczynski et al., 2006). The structure of this paper is
as follows: Section 2 deals with the basic information of the studied systems and
the derivation of their times of minima. Section 3 is devoted to the light curve
modeling. Section 4 presents the evolutionary status of the studied systems.
Finally, Section 5 outlines our discussion and conclusions.

2. Observations and times of minima

The system USNO-A2.0 1425-02035807 (P = 0.931618) (hereafter refer as to as
USNO-2035807) was announced as a new discovered variable of W UMa type
eclipsing binaries by Liakos (2019). It was detected in the field of view of the
planetary nebula Sh2-188 and classified as a W UMa system in the GCVS and
AAVSO databases. First observations of the system in the red (Bessell) pho-
tometric filter were carried out by Liakos (2019) at the Kryoneri Observatory
of the National Observatory of Athens, Corinthia, Greece, between November
2017 and September 2019 using a 1.2-m prime focus telescope (f/3) equipped
with the APOGEE ASPEN CG47 CCD camera. The stars USNO-A2.01425-
02037041 and USNO-A2.01425-02034268 were used as comparison and check
stars, respectively. The system GSC 03208-01986 (hereafter referred to as V675
Lac) was initially included in the Tycho catalog (TYC 3208-1986-1) with V =
11.20 and (B-V) = 0.48 (Hog et al., 1998). It was observed (unfiltered) as an
NSVS variable from May 1, 1999, to February 1, 2000. The observed light curve
was phased with a period of 0.404567 days and demonstrated that the system
V675 Lac belongs to the W UMa binary. The system was included in the bright
contact binary stars cataloged by Gettel et al. (2006) from ROTSE observa-
tions. Liakos & Niarchos (2011) observed the system on July 21-24 and August
1-3, 2010, using a 0.2 m reflector /5 telescope at the University of Athens
Observatory, Greece, in BI filters. Samec et al. (2015) (hereafter 2015-Samec)
observed the system V675 Lac during four nights from 24 to 29 September, 2012,
which revealed complete UBVRclc light curves. The extensive observations from
SWASP give us the opportunity to solve well-defined light curves for the years
2004, 2006, and 2007. The data for 2007 is the best and most numerous. A
new BVRclc light curve was observed by Polakis in 2017 and 2018 (hereafter
2017-Polakis and 2018-Polakis) (Eaton et al., 2019). In addition to ground-based
observations, we tried to collect all available photometric observations for the
studied systems from miscellaneous astronomical databases to increase the ac-
curacy of the adopted models. A set of photometric observations were obtained
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Table 1. Basic information on the variable, comparison, and check stars.

Star Name R.A. (2000) Dec. (2000) B \4 B-V
V675 Lac 220 25716.03"7  4+41°27/52.00”7 12.01 11.52 0.49
GSC 03208-02737
comparison . + . . . .

i 221 24/26.84" 41°23/42.86” 11.63 11.27 0.36
GSC 03208-02740
(check) 22 14/10.32"  +41°23/36.64” 11.21 10.22 0.99
USNO-2035807 01" 30'15.40”  +58°2732.20" - 16.99 -
USNO-A2.0 1425-
02037041
(comparison) 01h 30'18.81”  +58°23/10.96" - 18.10 -
USNO-A2.0 1425-
02034268
(check) 01" 3010.95” 458°27/33.16"” 19.20 — -

from the Gaia 3rd data release (Gaia Collaboration et al., 2016, 2023) for the
systems V675 Lac and USNO-2035807 in BVR and VR passbands, respectively.
Complete light curves for the system USNO-2035807 in VRI passbands were ob-
tained from the ZTF database. Ephemeris formulas in Equation (1) adopted by
Odell (Eaton et al., 2019) (derived from the NSVS plus 2017-Polakis data) and
Equation (2) by Liakos (2019), are used to estimate the relevant phases of each
observation for the system V675 Lac and USNO-2035807, respectively. Figure
1(a),(b) displays the observed light curves for the system V675 Lac by Liakos
& Niarchos (2011) data and by the Gaia 3rd data release respectively. Figure 2
(a)—(d) displays the observed light curves by SWASP 2007, Samec et al. (2015),
2017-Polakis, and 2018-Polakis, respectively . The observed light curves of the
system USNO-2035807 are displayed in Figure 3(a)-(c) for ground-based obser-
vations by Liakos (2019), Gaia 3rd data release, and ZTF data, respectively.

Minl = HJD2456194.7011 4 0.4045663 x E. (1)
Minl = HJD2458081.4380 4 0.3161800 x E. (2)

The orbital period of the system V675 Lac was studied by 2015-Samec using
times of minima revealed from their observations together with estimated min-
ima from the NSVS and Liakos & Niarchos (2011) light curves. A smooth period
decrease was derived, corresponding to a timescale of 13 years (12000 orbits).
Eaton et al. (2019) point out that period decrease results from 2015-Samec are
not acceptable for what they claim is an ”ancient” contact system, especially
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Figure 1. Observed light curves for the system V675 Lac: (a) Liakos & Niarchos
(2011) data and (b) the Gaia 3rd data release.

if caused by magnetic braking, their forward period-change mechanism. They
refer to the radical period decrease as resulting from the Samec’s previously
documented error of confusing the Modified Jullian Date (Heliocentric Jullian
Date HJD - 2400000.5) with the Reduced Jullian Date (HJD - 2400000.0) in
data from the Northern Sky Variability Survey (WozZniak et al., 2004). Eaton
et al. (2019) downloaded archival data from NSVS and SuperWasp (SWASP)
websites, also obtained new light curves by Polakis for 2017 and 2018 (BVRclc
on the UBV/Cousins system) and added the published photometry of Liakos &
Niarchos (2011). They collected all light curves and derived nine epochs of min-
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Figure 3. Observed light curves for the system USNO-2035807: (a) Liakos (2019), (b)
The Gaia 3rd data release and (c) The ZTF data.
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Table 2. Light minima for the systems V675 Lac and USNO-2035807.

HJD Error  Min Epochs (E) (0O-C) (0-C)q Ref.
V675 Lac
2451464.1096 0.0010 I -11693 0.0022  -0.0005 1
2453247.4351  0.0003 I -7285 -0.0005 0.0007 2
2453989.8134 0.0006 I -5450 -0.0014 0.0005 3
2454324.7939  0.0001 I -4622 -0.0018  0.0001 4
2454374.1509  0.0001 I -4500 -0.0019 0.0000 5
2455400.5369 0.0006 I -1963 -0.0006 0.0006 6
2455402.5593  0.0003 I -1958 -0.0010 0.0002 6
2455410.4491  0.0003 II -1938.5 -0.0012 0.0009 6
2455411.4591  0.0003 I -1936 -0.0017 -0.0005 6
2456194.7010 0.0001 I 0 -0.0001  -0.0003 7
2456196.7237 0.0002 I 5 -0.0002 -0.0004 7
2456196.9266 0.0011 II 5.5 0.0004 0.0002 7
2456197.7353  0.0002 II 7.5 -0.0001 -0.0003 7
2456197.7356  0.0002 II 7.5 0.0003  0.0001 7
2456197.9368 0.0002 I 8 -0.0008 -0.0010 7
2456199.7584  0.0004 II 12.5 0.0002  0.0000 7
2456199.7586  0.0005 II 12.5 0.0004 0.0002 7
2457924.8343  0.0003 II 4276.5 0.0054 -0.0003 8
2457924.8346  0.0006 II 4276.5 0.0057  0.0000 8
2457924.8349  0.0002 II 4276.5 0.0060  0.0003 8
2457927.8684 0.0002 I 4284 0.0053  -0.0005 8
2458415.7778  0.0002 1 5490 0.0077  -0.0002 9
2458415.7779  0.0004 I 5490 0.0078  -0.0001 9
2458416.7898  0.0002 II 5492.5 0.0083 0.0004 9
2458416.7902  0.0001 II 5492.5 0.0087  -0.0005 9
USNO-2035807

2458368.5300 0.0004 I 908 0.0006  — 10
2458340.5482  0.0005 II 819.5 0.0007  — 10
2458346.5559  0.0004 II 838.5 0.0010 — 10
2458364.5761  0.0004 II 895.5 -0.0011  — 10

References: 1-NSVS, 2-SWASP (2004) , 3-SWASP (2006), 4-SWASP (2007), 5-SWASP
(2007) Epoch2, 6-Liakos & Niarchos (2011), 7-Samec et al. (2015), 8-2017-Polakis, 9-
2018-Polakis, 10-Liakos (2019).

ima, which fitted and showed that the system’s period is increasing moderately
on a timescale of 2x10%years, which is a very different result than 2015-Samec.

In the present paper, we used the package Minima V2.3 (http://members.
shaw.ca/bob.nelson/softwarel.html) to estimate times of minima from the
seven observed light curves displayed in Figure 1(a), (b) for data from Liakos
& Niarchos (2011) and the Gaia 3rd data release, and in Figure 2(a)-(d) for the
data from SWASP 2007, 2015-Samec, 2017-Polakis and (2018) together with
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Figure 4. Period behavior of the systems: (a,b) V675 Lac, and (¢) USNO-2035807.

light curves downloaded from NSVS. A total of 25 minima were estimated from
the observed light curves. The orbital period of the system V675 Lac was studied
by means of an O-C diagram using 25 epochs of minima derived from all available
light curves spanning the time interval from 1999 to 2018, covering about 19
years (17142 revolutions). In the residuals (O-C), the C’s were calculated using
the linear elements in Eq. (1) and are listed in Table 2. Figure 4a represents
the O-C values versus the Epoch (E) for the system V675 Lac; no distinctions
have been made between primary and secondary minima. The general trend of
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the O-C diagram can be represented by a quadratic fit with a residual sum of
squares of 4.318 x 1075 and an R-squared of 0.987, yielding the following:

MinI = 2456194.7013 + 0.9404567188 x E +0.9468 x 1070 x E2.  (3)

Light elements of Eq. (3) give a new period (P = 0.9404567188); the pe-
riod shows an increase with the rate dP/dE = 1.8936 x 10~ %day/cycle or
1.7084 x 10~ "day /year or 2 second /century. The O-C residuals calculated using
the quadratic ephemeris of Eq. (3) are listed in Table 2 and displayed in Figure
4b. A total of four minima were estimated for the system USNO-2035807 from
the observed light curves and listed in Table 2. The residuals (O-C) and C’s,
were calculated using the linear elements in Eq. (2) and are listed in Table 2.
As the system USNO-2035807 was discovered a few years ago and has no data
base of observations (times of minima), we used the available times of minima
listed in Table 2 to construct a preliminary view of the period behavior of the
system using the estimated O-C values represented by a linear fit, as illustrated
in Figure 4c.

3. Light curve modeling

The observed light curves of the systems V675 Lac and USNO-2035807 indi-
cate typical short-period W UMa eclipsing binaries with continuous changes in
brightness with nearly equal depth minima and maxima. Photometric analyses
of the systems were carried out using the synthetic light curve and differential
corrections program of the Wilson and Devinney code (W-D) (Wilson et al.,
2020), which was based on the Milone (1993) model atmosphere. Mode 3 of
the code was applied to the observed light curves during the calculations for
both systems. We used the B-V values published for the systems at SIMBAD
(http://simbad.u-strasbg.fr/simbad/) to calculate the corresponding initial tem-
perature for the primary components T using the Cox (2000) relation. The ob-
served light curves were analyzed using all individual observations in each band.
Gravity darkening (A4, Az) and bolometric albedo (g1, g2) exponents were as-
sumed for the convective envelopes (Teff<7500 K) of the late spectral type, and
we adopted A; = Ay = 0.5 (Rucinski, 1969) and g; = ¢g» = 0.32 (Lucy, 1967).

The bolometric limb darkening coeflicients were adopted and interpolated
using the logarithmic law for the extinction coefficients from van Hamme (1993).
To establish the initial mass ratio (¢), a g-search method was used because
spectroscopic measurements (radial velocity) for the systems under study are
not available. Therefore, some test solutions for a range of assumed mass ratios
(¢) with values spanning from 0.10 to 0.90 were performed. Figure 5(a),(b) shows
the plotting of the sum of the squared deviations Y (O — C)? for every ¢ value
for all studied systems. The starting points for modeling are the values of g,
which correspond to the minima of Y~ (O — C)? found for each system.
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Figure 5. g-search of the binary systems: a) V675 Lac, b) USNO-2035807.

Table 3. Orbital solution parameters for the system USNO-2035807.
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ro side 0.2931+0.0080 0.2838+0.0137 0.2802+0.0124
r9 back 0.3592+0.0237 0.3410+0.0358  0.3286£0.0282

> (0-0)?

0.44563

0.02230

0.00714




Table 4. Orbital solution parameters for the system V675 Lac.

Parameter Liakos& Gaia data Samec et al. (2015) SWASP 2007  2017-Polakis 2018-Polakis
Niarchos 2011

i[°] 85.79+0.51 86.31+2.14 85.09 (fixed) 85.09 (fixed) 85.09 (fixed) 85.09 (fixed)

g1 = go 0.32 0.32 0.32 0.32 0.32) 0.32)

A=Ay 0.5 0.5 0.5 0.5 0.5 0.5

q(Ms/My) 0.2791+£0.0009 0.2713+£0.0017  0.2636-+0.0005 0.2657+0.0011  0.2675+0.0010  0.2664+£0.0009

Q=09 2.3855+0.0028 2.3685+0.0039  2.3518+0.0012 2.34854+0.0032  2.3499+0.0032  2.3585+0.0028

T, [°K] 667515 6718+13 6736+3 6579£22 6639+26 666316

Ty [°K] 644917 6471+9 645513 640619 645348 6468+14

Qin 2.4195 2.4019 2.3843 2.3891 2.3931 2.3906

Qout 2.2447 2.2317 2.2187 2.2222 2.2252 2.2233

r1 pole 0.4689+0.0013  0.4710£0.0021  0.4732+0.0005 0.4743+0.0014 0.4743£0.0007  0.4723+0.0013

r1 side 0.5071+0.0019  0.5098+0.0029  0.5125+0.0007 0.51424+0.0020  0.5143£0.0010 0.511340.0019

r1 back 0.53424+0.0024 0.5367+0.0038  0.5392+0.0009 0.5416+.0025  0.5419+0.0012  0.538140.0024

r9 pole 0.2638+0.0022 0.2617+0.0037  0.2596+0.0008 0.26214+0.0022 0.2631+0.0008 0.2602+0.0021

ro side 0.2757+0.0027  0.2735+0.0046  0.2713+0.0010 0.274240.0027 0.2753£0.0009 0.2719+0.0025

ro back 0.3149+0.0053  0.3128+0.0089  0.3105+0.0019 0.3153£0.0053  0.3170£0.0017  0.3110+£0.0049

3> (0-C)?2  0.1344 0.0103 0.0646 0.0057 0.0217 0.0036
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The adjustable parameters were: the mass ratio (¢), the inclination (i), the
temperature of the primary star (71) and the secondary one (T3), the surface
potential (27 = Qo, for over-contact systems), and the monochromatic lumi-
nosity of the primary star (L;). The relative brightness of the secondary star
(Ly) was calculated by the stellar atmosphere model. The photometric analysis
was performed on all the observed light curves of the studied systems, and some
trials were conducted to find a set of parameters that roughly correspond to
the observed light curves. After applying the WD code (Wilson et al.; 2020)
condition of Mode 3 (over-contact), the best photometric fitting was obtained,
and synthetic light curves were estimated for each system. The first light curve
modeling for the system V675 Lac was carried out by 2015-Samec using his UB-
VRcle light curves. Mode 3 (over contact) of the W-D code was applied with
the starting values of the parameters estimated from BM3 (Bradstreet & Steel-
man, 2002). No third body was included in their constructed model, and a set of
parameters were estimated that classified the system as totally eclipsing classic
A-Type W UMa binary. Eaton et al. (2019) present a light curve analysis for
the system V675 Lac using SWASP observed light curves in the years 2004 and
2007 (the quality of 2007 data are the better than that of 2004 (Eaton et al.,
2019)) together with observed light curves by Polakis in 2017 and 2018. The
W-D code was used to solve the collected light curves, and a set of absolute
parameters was estimated according to the constructed model. Their accepted
model for SWASP 2004 and SWASP 2007 light curves reveals a small dark spot
on the leading hemisphere of the primary component, which does not appear in
the model of Pokalis (2017) and (2018) light curves.

Table 5. Physical parameters for the system USNO-2035807.

Parameter (Liakos data)  ZTF data (Gaia data)
M, (Mg) 0.6627+0.0271 0.615340.0251 0.6651+0.0272
My(Mg)  0.1716£0.0070  0.1530+0.0063 0.173340.0071
Ri(Ro) 0.7493£0.0306  0.6985+0.0285 0.751940.0307
Ry(Ro) 0.6423+0.0262 0.6549+0.0267 0.638240.0261
Li(Lg) 0.2043+0.0083  0.157240.0064  0.2070+£0.0085
Ly(Lg) 0.1158+0.0047  0.124240.0051 0.1131+0.0046
T (Te) 0.7769+0.0317  0.7537+0.0308 0.7781+0.0318
T5(Tw) 0.7281£0.0297  0.7338+0.0300 0.7262+0.0298
Myon 6.4745+0.2643  6.75861+0.2759  6.4602+0.2637
Myo12 7.0909+0.2895  7.01484+0.2864 7.116140.2905
My 7.22874+0.2951  7.6238+0.3112  7.209010.2943
Mo 8.0952+0.3305  7.9865+0.3261 8.1315+0.3320
Sp. Type  (K4)',(K7)2  (K5)!, (K62  (K4)',(K7)?

Note: 1 and 2 refer to the primary and secondary components, respectively.



Table 6. Physical parameters for the system V675 Lac.

Parameter

Liakos&
Niarchos (2011)

Gaila data

Samec et al. (2015)

SWASP 2007

2017-Polakis

2018-Polakis

Mi(Mp)
M>(Mo)

Sp. Type

1.403440.0573
0.3917+0.0160
1.4779+0.0603
1.41374+0.0577
3.8849+0.1586
3.0972+0.1264
1.155240.0472
1.116140.0456
3.2765+0.1338
3.5226+0.1438
3.3610+0.1372
3.6165+0.14

(F5)", (F6)*

1.4170+0.0579
0.3844+0.0157
1.48984+0.0608
1.420140.0580
4.0505+0.1654
3.1682+0.1293
1.1627+0.0475
1.1199+40.0457
3.2312+0.1319
3.4980+0.1428
3.3148+0.1353
3.5906+0.1466
(F4)", (F6)”

1.4227+0.0581
0.3750+0.0153
1.49484+0.0610
1.415440.0578
4.1216+0.1683
3.1163+0.1272
1.1658+0.0476
1.117240.0456
3.2123+0.1311
3.5159+0.1435
3.2956+0.1345
3.6095+0.1474
(F4)", (F6)”

1.3728+0.0560
0.3648+0.0149
1.4509+0.0592
1.4012+0.0592
3.5335+0.1443
2.9624+0.1209
1.1386+0.0465
1.1087+0.0453
3.3795+0.1380
3.5709+0.1458
3.4670+0.1415
3.6676+0.1497
(F6)", (F7)’

1.3919+0.0568
0.3723+0.0152
1.4678+0.0599
1.4149+40.0578
3.7500+0.1531
3.1102+0.1270
1.1386+0.0465
1.1168+0.0456
3.3149+0.1353
3.5180+0.1436
3.4003+0.1388
3.6117+0.1475
(F5)", (F6)”

1.3995+0.0571
0.3728+0.0152
1.4746+0.0602
1.419240.0579
3.8399+0.1568
3.1583+0.1289
1.1532+0.0471
1.1194+0.0457
3.2892+0.1343
3.3740+0.1377
3.5014+0.1429
3.5942+0.1467
(F5)", (F6)”

Note: 1 and 2 refer to the primary and secondary components, respectively.
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Figure 6. The light curve solutions for the systems V675 Lac: (a) Liakos & Niarchos
(2011) data and (b) The Gaia 3rd data release; synthetic (lines) and observed (dots).

As Samec et al. (2015) used only his own light curves, Eaton et al. (2019)
used just three observed light curves to construct their orbital solution, in the
present paper we collected all ground-based observations: SWASP 2007, Liakos
& Niarchos (2011), Samec et al. (2015), 2017-Polakis and (2018), together with
observations downloaded from the Gaia3rd data release (Gaia Collaboration
et al., 2016, 2023). A total of six complete sets of light curves were used through
Mode 3 of the W-D code to construct a model-represented orbital solution for
all available light curves of the system V675 Lac. The adopted model shows
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no spots on the primary component, as Eaton et al. (2019) suggest for SWASP
2007 observations, and demonstrates that the primary component is hotter than
the secondary one. The high inclination of 85 degrees results in a long-duration
secondary total eclipse. The synthetic light curve solution is given in Table 4,

while the normalized curves overlain by the light curve solutions are shown in
Figures 6(a), (b), and 7(a)-(d).
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Figure 8. The light curve solutions for the system USNO-2035807: (a) Liakos (2019),
(b) The Gaia 3rd data release and (c) The ZTF data; synthetic (lines) and observed
(dots).
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For the system USNO-2035807, we carried out the first light curve modeling
using the available ground-base light curve by Liakos (2019) together with light
curves downloaded from the Gaia 3rd data release and ZTF in different pass
bands. The accepted solution demonstrates that the primary components are
hotter than the secondary ones. Table 3 lists the estimated absolute parameters
of the accepted models for each light curve, while Figures 8(a)—(c) display the
synthetic and the observed light curves for the system USNO-2035807.

The calculation of the physical parameters of the eclipsing binary compo-
nents is mostly estimated using spectroscopic observations of their radial ve-
locity. Since the studied systems had no prior spectroscopic observations, the
empirical Teff-mass relation provided by Harmanec (1988) was used to approx-
imate their absolute physical parameters. Tables 5 and 6 present the absolute
physical parameters that were determined for each component of the system,
USNO-2035807 and V675 Lac, respectively. According to these parameters, the
primary components of both systems are more massive than the secondary com-
ponents. The spectral types of system components were adopted based on the
parameters of the accepted orbital solutions (Popper, 1980).

The W UMa systems are subcategorized into the A-type and the W-type by
Binnendijk (1970). These groups can be further divided into the A9-F8 group
(A-type) and the F7-M5 group (W-type) based on their spectral types. Eaton
(1983) proposed that the two types of W UMa systems can be distinguished
by the presence (W-type) or absence (A-type) of magnetic spots. According
to the adopted spectral types, the systems V675 Lac and USNO-2035807 can
be classified as W UMa systems of the A-type and the W-type, respectively. In
verifying the validity of the relation r1 + ro = 0.75 for contact systems, according
to Kopal (1959), it is found that r; + ro = 0.8438 for the system V675 Lac and
r1 + ro = 0.7882 for the system USNO-2035807, when using the mean values
of r1 and 71 given in Table 3 and 4 for the studied systems. Hence, according to
the calculated values, the systems V675 Lac and USNO-2035807 are overcontact
eclipsing binaries with components overfilling their respective Roche lobes, as
shown in Figures 9(a) and (b), which depict the three-dimensional view of the
studied systems based on the calculated parameters from the adopted models
using the software Package Binary Maker 3.03 of Bradstreet & Steelman (2002).

4. Evolutionary state

The mass-luminosity (M-L) and mass-radius (M-R) relations, as well as the
evolutionary tracks calculated by Girardi et al. (2000) for both zero-age main
sequence stars (ZAMS) and thermal-age main sequence stars (TAMS) with
metallicity z = 0.019, were used to investigate the evolutionary state of the
studied systems using their estimated physical parameters, which are listed in
Table, 5 and 6. The primary components (S7) for both systems are situated
on the ZAMS, whilst their secondary components (S3) are situated above the
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Figure 9. A three-dimensional view of the binary systems: a) V675 Lac, b) US-
NO-2035807.

TAMS track as shown in Figure 10(a) and (b) which displays the locations of
the studied systems components S; and S5 on the M-L and M-R relations. The
evolutionary states of the systems were also examined using the luminosity-
effective temperature (L-Teff) relation of non-rotated models and the empirical
mass-effective temperature (M-Teff) relation of the intermediate and low-mass
eclipsing binaries.

All the components of the systems are located on the Teff-L, therefore, an
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Figure 10. Positions of the components S, S2 of the systems V675 Lac and US-
NO-2035807 on the theoretical diagram (a) mass- luminosity, and (b) mass-radius of
Girardi et al. (2000).

agreement has been achieved between the masses derived from the orbital so-
lutions and those for the stellar models, using the non-rotated evolutionary
models of Ekstrom et al. (2012) in the range of 0.6 — 2.0 M, at solar metallicity
z = 0.014, as illustrated in Figure 11 where each component shows a fair fit.

Figure 12 shows the M-Teff relation for low-mass and intermediate-mass stars
(Malkov, 2007), and also shows that the locations of the primary components
of both systems are in good agreement while the secondary components show
some deviations. Such deviations are similar to that in Figure 10(a) and (b)
in the M-L and M-R diagrams; we attribute this to an energy transfer via the
common convective envelope from the primary to the secondary components of
both systems (Lucy (1973)).

5. Discussion and conclusions

Using all available CCD ground-based observations in various pass bands to-
gether with the Gaia 3rd data release, SWASP and the ZTF database, orbital
solutions for the eclipsing binary systems V675 Lac and USNO-2035807 were
carried out. The adopted models reveal a set of absolute parameters that demon-
strate that all the primary components of both systems are hotter and more mas-
sive than the secondary components. A total of 29 new times of minima from the
observed light curves of the studied systems were calculated, and the O-C curves
were constructed. The period study of the system V675 Lac of 19-year duration
shows a smooth period increase with the rate dP/dE = 1.8936 x 10~ %day /cycle.
The behavior of the studied systems in M-R and M-L relations using their evolu-
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tionary states was examined. The primary components S1 for both systems are
situated on the ZAMS, while their secondary components S2 are situated above
the TAMS track. Such deviations are also noticed when examining the M-Teff
relation for low-mass and intermediate-mass stars and can be attributed to an
energy transfer from the primary to the secondary components via the shared
convective envelope, which accounts for the general deviation of the secondary’s
in W UMa systems.
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Abstract. We present the R-band lightcurves of the Flora family asteroid
(12499) 1998 FRA47, obtained in 2022 at two different astronomical sites: Bul-
garian National Astronomical Observatory Rozhen (MPC Code 071) and As-
tronomical Station Vidojevica (MPC Code C89). The quadramodal lightcurves
reveal a rotation period of 6.1724+0.003 h and an amplitude of about 0.44 mag.
Using the lightcurve inversion method, with the combination of our dense
lightcurves and the sparse data from Gaia DR3, we found the sidereal pe-
riod, an indication of a retrograde rotation of (12499) and its low-convex res-
olution shape. Nonetheless, the unusual shape of the quadramodal lightcurve
and its additional analysis reveals two possible periods, 3.083440.0085h and
4.124540.0151 h, making the suspect that the asteroid might be a non-synchro-
nised wide binary system. Spectral analysis of the asteroid using data from the
GAIA DR3 shows that it is either an M- or an L-type object and maybe a piece
of the first planetesimals to form in the Solar System protoplanetary disk. On
the other hand, (12499)’s dynamical properties indicate a significantly shorter
lifetime. The asteroid lies exactly on the chaotic border of the 7:4 mean mo-
tion resonance with Mars (7M:4), alternating between being in and out of it
for almost 190 Myrs. During 200 Myrs of integration, (12499) visited other res-
onances in the Flora family, but it never became a Near Earth Object (NEO).
Additional integration of fictive objects from the 7M:4 resonance showed a
possibility of transportation to the NEO region already at about 20 Myrs.

Key words: binary asteroid — (12499) 1998 FR47 — photometry — spectroscopy
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1. Introduction

An asteroid lightcurve is constructed by the rotation of an irregular ellipsoidal
shape. In the usual case, lightcurves during one rotational phase should have
two maxima and two minima with slightly different depths. On the other hand,
some asteroids have shown unusual lightcurve shapes, which may be caused by
different albedo over their surfaces or irregular shapes. Lately, different observa-
tional techniques confirm that some of these irregular lightcurves shapes could
be caused by the binary nature of the observed asteroids (Tedesco, 1979; Mar-
got et al., 2015). In the last two decades, numerous studies of these asteroid
binary systems have been done, and the estimation is that around 15 % of the
Near Earth Asteroids (NEA’s), with diameters greater than 0.3 km, belong to
this class (Pravec et al., 2006). There are a few characteristics of the lightcurve
that may suggest the possibility of a binary system. The most common one is
the presence of two minima with different depths separated by a half phase,
which is usually caused by mutual events like occultations and eclipses between
the two components. Unfortunately, determining a binary system is not always
straightforward. If the system is not positioned equatorially to the observer or
the components of the binary are distinctly separated, these features will not
be presented in the lightcurve.

The asteroid (12499) 1998 FR47 was discovered on 1998 March 20 by the
LINEAR project in Soccoro (New Mexico, USA). According to the Asteroid
Lightcurve Photometry Database (ALCDEF)! (Stephens & Warner, 2018; War-
ner et al., 2009), the calculated diameter of (12499) is 4.591 km, and the assumed
albedo is 0.277 (Mainzer et al., 2019). A search of the Asteroid Lightcurve
Database found no previously reported period for asteroid (12499). The only
available information about the asteroid lightcurve was its amplitude of 0.4 mag,
reported by Simpson et al. (2013).

The asteroid (12499) is located at about 2.21 AU in the inner main belt
in the region of the Flora family (although its membership to the family is
somewhat questionable). According to Nesvorny (2020) it belongs to the Flora
family, while the AstDys database? denoted it as a background asteroid. This
discrepancy can be explained by the fact that the Flora family does not have
sharp boundaries, but it gradually fades into the background population (see e.g.
Vokrouhlicky et al. (2017); Dykhuis et al. (2014)). Nevertheless, here we study
only one of its potential members in the same way we studied the asteroid (4940)
Polenov (Vchkova Bebekovska et al., 2021).

Thttps://alcdef.org
2 Available at https://newton.spacedys.com/astdys/
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2. Observations and data reduction

Our first photometric observations of the asteroid (12499) 1998 FR47 were on
2022 Aug 18 and 19, at Bulgarian National Astronomical Observatory (BNAO)
Rozhen (MPC Code 071), when our primary targets were long-term studied
asteroids. The observations were performed with a 50/70 Schmidt telescope,
equipped with an FLI PL 16803 4096 x 24096 CCD with 9 um pixels. The next
observations were conducted on 2022 Sep 23 and 24 at Astronomical Station
(AS) Vidojevica (MPC Code C89) with 60 cm Cassegrain ”Nedeljkovi¢” tele-
scopes equipped with an SBIG STXL-6303 3072x2047 CCD with 9 pm pixels.

After light image reduction, aperture photometry of the asteroid and com-
parison stars were performed with the software program CCDPHOT? by Buie
(1996). For the lightcurve analysis, we used the software package MPO Canopus
v10.8.4.1 #, which produces composite lightcurves, calculates rotational periods,
provides the Fourier analysis fitting procedure, and estimates the amplitude of
the lightcurve.

Table 1 presents the aspect data for (12499) for the observational sets and
Fig. 1 shows the Phase Angle Bisector (PAB) longitude, PAB latitude, and
phase angle distributions for dense and sparse photometric data. Dense data
correspond to observations in Table 1 and sparse data correspond to 19 accurate
photometric points from 31 December 2014 to 13 May 2017 from GAIA Data
Release 3 (DR3). The phase angles of the sparse satellite data are between 19
and 32 degrees and the phase angles of our dense data fill the gap around the
asteroid opposition.

PAB Longitude Distribution = PAB Long/LAT Distribution Phase Angle Distribution
Negative: pre-opposition
-90

920

92

60

30

180 0 ® -

-30

-60

-90

+90
Positive: post-opposition

0 50 100 150 200 250 300 350

Figure 1. Dense (red points) and Gaia DR3 sparse observations (orange points). Left:
Distribution of PAB longitude; Centre: Distribution of PAB longitude on PAB latitude;
Right: Distribution of phase angle.

3https://www.boulder.swri.edu/~buie/id1l/ccdphot.html
4https://minplanobs . org/BdwPub/php/mpocanopus . php
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Table 1. Aspect data for the asteroid (12499) 1998 FR47 for the five observational
sets.

Date! r2 A% Ph. angle* A% B MPCT
(UT) (AU) (AU) (a°) (°)  (°) code

2022 Aug 19.02 1.707 0.747 16.7016 355.04 0.26 071
2022 Aug 20.01 1.707 0.746  16.1411 354.96 040 071
2022 Sep 23.99 1.713 0.721 7.6643 348.70 5.12 C89
2022 Sep 24.04 1.713 0.721 7.7522 348.67 5.14 C89
2022 Sep 24.83 1.714 0.724 8.2522 348.53 5.22 (C89

! The observation date referring to the mid-time of the lightcurve
observed

2 Heliocentric distance

3 Geocentric distance

4 The solar phase angle

5 The J2000.0 ecliptic longitude

6 The J2000.0 ecliptic latitude

7 Minor Planet Centre Observatory Code
https://www.minorplanetcenter.net/iau/lists/ObsCodesF.
html

3. Results

3.1. Lightcurve analysis

During the first night (12499) was observed for about 2.8 hours. By visual in-
spection of the typical asteroid bimodal symmetrical lightcurve, we thought that
more than 90 % of its period was covered. To our surprise, the next night’s obser-
vations with a duration of 4.5 h showed an asymmetrical lightcurve having three
minima with different amplitudes. Combining these two nights’ observations, we
could not determine the rotational period.

During the next observations, carried out at AS Vidojevica, Sep 23 and 24,
2022, the solar phase angle of the asteroid was at 7.8° after opposition, and
the asteroid was observed for about 8 and 4 hours, respectively. A Fourier fit of
order 9 reveals an asymmetric quadramodal shape of the composite lightcurve
and confirms a period of 6.172+0.003h with an amplitude of 0.444-0.01 mag
(see Fig. 2). Using the empirical relation between the amplitude and largest to
the smallest axis ratio (a/c) proposed by Zappala et al. (1990) we computed
a/c=1.39. Four well-defined maxima and minima with different heights could
be due to an irregular shape of the asteroid and/or albedo variations on its
surface.

This period was used in constructing the composite lightcurve from the pre-
vious observations, which were taken at a phase angle of 16.7° before opposition.
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Figure 2. The composite lightcurve of (12499) 1998 FR47 gathered from the ob-
servations on 23 and 24 September 2020. The Fourier analysis of order 9 gave the
best corresponding to the rotational period 6.172h40.003h with the amplitude of
0.44+0.01 mag.

Even though the data have a gap, the composite lightcurve constructed with
a Fourier fit of order 6 again reveals an asymmetric quadramodal shape, that
looks like a mirror image of the first composite lightcurve (see Fig. 3).

3.2. Testing a single-body shape model

Even though the irregular form of the observed lightcurve we decided to test
for a single-body low-resolution shape model. For this purpose, we used the
lightcurve inversion method (Kaasalainen & Torppa, 2001; Kaasalainen et al.,
2001) and LCInvert programme part of the MPO Software®. Considering the
tremendous accuracy of the DR3 photometric data we took the weighting factor
to be set to 1.0 for both sparse and for dense photometric data. These sparse data
added to our dense data give us a wide range of the PAB longitude distribution
(see Fig. 1) which is very important for the shape reconstruction. We made the
initial sidereal period search around our synodic period of 6.172h (see Fig. 4-left
panel). A narrower period search found a few solutions with 10 % of the lowest
x? (see Fig. 4-right panel), but we choose the one with the lowest x?, which is
6.16802461 h, as the most likely period and used it for the pole search.

The pole search produced 312 discrete and fixed pole positions distributed
over the unit sphere with 15° steps in ecliptic latitude and longitude. The dark
blue region in the constructed y2-map, presented in Fig. 5, has x2-value about

Shttps://minplanobs.org/BdwPub/php/displayhome.php
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Figure 3. The lightcurve of (12499) 1998 FR4T7 gathered from the observations in
August 2022. Although not completely covered, it is constructed on the basis of the
afterwards calculated period of 6.172 h.
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Figure 4. The periodograms of the initial sidereal period search around our synodic
period of 6.172h.

25 % smaller than y2-values of the dark red region. It corresponds to pole co-
ordinates A=300° and $=-60° and sidereal period 6.168027718 h. Taking those
values as free parameters we made a finer pole search and we got sidereal period
6.16799606 h and pole coordinates A=291.9° and [$=-53.2°, which suggest the
retrograde sense of the asteroid rotation. Assuming the triaxial ellipsoid form
of the asteroid with axes a>b>c, which rotates around the shortest axis c=1,
the calculated pole coordinates corresponded to the relative shape dimensions
a/b=1.1 and a/c=1.3. The corresponding 3D shape model is also constructed
and presented in Fig. 6. The comparison of the lightcurves generated from this



Asteroid (12499) 1998 FR47 — binary or not? 63

model with the dense lightcurves is shown in Fig.7. The modelled lightcurves in
Fig.7 do not correspond well enough with the observations. These, together with
the initial irregular form of the observed lightcurve, were indicators for searching
for a double-period solution caused by the binary nature of the asteroid.

12499

CS(low) +

Period: 6.16802718 hrs ChiSq Range: 0.6988 - 3.4161

Figure 5. The x?-map of the pole search distribution. The white arrows indicate the
dark blue region with the smallest value of x?. The dark blue regions have x? values
about 20% smaller than x? values of the dark red regions.

3.3. Possible binary system

The complex form of the lightcurves, the unusual depth of one of the minima,
as well as the diameter of the asteroid (smaller than 10km), suggest that there
could be two additive components in the lightcurve and that (12499) could be a
candidate for a binary asteroid (Pravec et al., 2019). Using a Dual-period search
(Warner, 2016) in MPO Canopus, we calculated the rotational period of the syn-
odic period of both components. The first one has a period of 3.0834+0.0085 h
and an amplitude of 0.27 mag and is presented in Fig. 8. The second one is with
a period of 4.1245+0.0151h and an amplitude of 0.22 mag and is presented in
Fig. 9. Unfortunately, our observations did not capture any superimposed mu-
tual events, and the distance between the two bodies is not constrained. The
orbital period of the satellite using the data from these events could not be
determined, which suggests that it may be a wide binary system.

Additional data from our observations and data from observers sufficiently
far away in longitude are needed to cover the orbital period with mutual events
(i.e. occultations and/or eclipses). It will help not only to decide if (12499) is
a binary asteroid but also to refine our calculated periods for the primary and



64 G. Borisov, N. Todorovié, E. Vchkova-Bebekovska, A. Kostov and G. Apostolovska

North Pole Equatorial, Z = +0°

South Pole Equatorial, Z = +90°

Figure 6. The 3D low-resolution convex shape model of (12499) 1998 FR47. The
north and south pole views are given in two left panels, while the equatorial viewings
with rotational phases 90° apart are given in two right panels. The calculated aspect
ratio of the longest to two shorter semi-axis is a/b=1.1 and a/c=1.3.

for the secondary, as well as to determine the orbital period of the system. The
best way is to organise an observational campaign on this object in the future.

3.4. Taxonomy from Gaia spectroscopy

The Gaia mission has been observing Solar System objects since the beginning
of its operation. The Gaia DR3 includes, for the first time, the mean reflectance
spectra of selected asteroids. Considering that (12499) is among them, we will
use that data to further investigate its properties in the direction of taxonomy
and composition, relying on the new probabilistic approach by Mahlke et al.
(2022).

The results are shown in Fig. 10. The left panel shows the Gaia DR3 re-
flectance spectra of the object, the middle panel points out its latest pub-
lished albedo obtained by NEOWISE (Mainzer et al., 2019), and the right panel
presents the possible taxonomy classes with their probabilities.
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Figure 7. The lightcurve (red points) obtained from our dense observations superim-
posed over the lightcurves generated by the model constructed using a combination of
our dense and GAIA DR3 sparse data.

In particular, the asteroid has a 66 % probability of being an M-class object
and 30% for an L-class. Both of these solutions fall into very diverse classes
situated between primitive carbonaceous C- and silicate (partially thermally
metamorphosed) S-classes (Cloutis et al., 1990, 2011; Vernazza et al., 2014).
Other low probability solutions are 3% for being an S-type object and 1% for
E-type.

The most probable M-class, which according to Mahlke et al. (2022) cor-
responds to the old Tholen (1984) M-class or the newest Bus-DeMeo (Bus &
Binzel, 2002; DeMeo et al., 2009) Xk-class. Its reflectance spectrum has a linear
red slope and possible faint features around 0.9 um. The objects of this class
are associated with at least two populations, the chondritic and the metallic
(Vernazza et al., 2011; Viikinkoski et al., 2017), whose composition can vary,
depending on their distance from the Sun and the time of format. The most
probable formation scenario for M-type objects is that they are formed from
a differentiated parent body after a collision and the fragments from the core,
which were rich in metals, were formed them.

On the other hand, the reflectance spectrum of L-class asteroids is variable
apart from a red visible slope and a small feature around 1 um (Sunshine et al.,
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Figure 8. (12499) 1998 FRA7 — the lightcurve of the primary (left panel) and the
corresponding dual-period search periodogram (right panel).
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Figure 9. (12499) 1998 FRA7 — the lightcurve of the secondary (left panel) and the
corresponding dual-period search periodogram (right panel).

2008). The composition of this type of object is associated with large abun-
dances of spinelbearing calcium—aluminium-rich inclusions, suggesting they may
be pieces of the first planetesimals to form in the Solar System’s protoplanetary
disk (Devogele et al., 2018).

3.5. Dynamical properties

Let us first remark that (12499)’s membership to the Flora family indirectly
suggests that (12499) could be stable in long times, since the age of the family
is estimated to ~ 1 Gyr (Hanus et al., 2013; Dykhuis et al., 2014; Broz et al.,
2013). We will verify these stability assumptions in two ways: (a) by mapping
and studying the orbital neighbourhood of the asteroid (b) by tracking the
evolution of (12499) and several fictive objects in its close neighbourhood.

The calculation of maps is performed using the Fast Lyapunov Indicator -
FLI (Froeschlé et al., 1997), a numerical tool which is efficient in dynamical
cartography of both realistic (Daquin et al., 2016, 2022; Rosengren et al., 2017;
Todorovié, 2020, 2017) and idealised systems (Froeschlé et al., 2000). FLI val-
ues and the orbital evolution of individual test particles (TPs) are obtained
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Figure 10. Gaia DR3 reflectance spectrum of (12499) 1998 FR47 and its taxonomical
classification according to Mahlke et al. (2022) (see text for details).

with the orbit9 integrator available at http://adams.dm.unipi.it/orbfit/.
We consider the gravitational influences of seven planets from Venus to Neptune.
The mass of Mercury is added to the mass of the Sun, and a proper barycentric
correction is applied. The non-gravitational Yarkovsky and YORP effects are
not included in the calculation. In the integration, asteroids are treated as mass-
less test particles. We do not consider their sense of rotation, nor the eventual
mutual gravitational effect of the components in the possible binary system.

Fig. 11 shows one segment of the semi-major axis eccentricity (a,e) plane
around the asteroid (12499). It is produced by taking 250000 TPs regularly
distributed on a 500x 500 grid in [a, e] = [2.18,2.24] x [0.15,0.35]. For each TP
we calculate its corresponding FLI for 5000 years. Stable orbits have lower FLIs
and are marked with dark blue colours, while the more chaotic ones have higher
FLIs and are coloured with lighter shades of blue. The four remaining orbital
elements, the inclination 7, the longitude of the node €2, the argument of the
pericentre w, and the mean anomaly M, are equal to the corresponding elements
of (12499) for the epoch 2458800.5 MJD (13. November 2019). Their values are
taken from the JPL NASA database® and are approximately (i,Q,w, M) ~
(6.76°,337.11°,6.71°,53.79°). By using this mapping method, we can see the
realistic dynamical environment of (12499).

The map in Fig. 11 shows a large number of mean motion resonances (MMRs)
appearing as vertical thin V-shaped structures. Additional calculations (not
shown here) verified that most of them are resonances with Mars, confirming
the domination of such resonances in the Flora family (Vokrouhlicky et al., 2017;
Nesvorny et al., 2002).

The location of the asteroid (12499) at (a,e) = (2.21209, 0.23150) is marked
with a white dot, while the green diamond shape at (a,e) = (2.18289,0.15945)

6 Available at https://ssd.jpl.nasa.gov/
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Figure 11. The 5000 years FLI map calculated in the semi-major axis, eccentricity
plane for [a, e] = [2.18,2.24] x [0.15,0.35], where most of the vertical V-shaped struc-
tures are mean motion resonances with Mars. The asteroid (12499), marked with a
white dot, lies close to the 7M:4 MMR at a ~ 2.212 AU. The position of the asteroid
(8) Flora, the largest body in the family, is marked with a green diamond-like shape
close to the 12M:7 MMR at about a ~ 2.182 AU.

shows the position of the asteroid (8) Flora, the possible largest remnant of the
parent body of the family. Although our paper focuses on the asteroid (12499),
we will make some other remarks on Fig. 11. Vokrouhlicky et al. (2017) showed
that the asteroid (8) Flora is close to the v and v16 secular resonances’. Their
presence is not visible on our map since it would require much longer inte-
gration times than 5000 yrs used here (see Todorovi¢ & Novakovié¢ (2015) for
the detection of secular resonance in FLI maps). In Fig. 11 it appears that
(8) Flora is close to the 12:7 MMR with Mars at about a ~ 2.182 AU (for
the identification of mean motion resonances see e.g. Gallardo (2006); Smirnov
(2023)). Still, its exact distance from the 12M:7 resonance as visible on the
chart, is not entirely reliable, since the map illustrates the dynamical situa-

"Resonances vg and vig occur when the precession and nodal frequencies of the asteroid’s
orbit equal the precession and nodal frequencies of the orbit of Saturn, respectively.
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tion in the orbital plane of the asteroid (12499). The shape and the positions
of resonances change with the change of orbital angles, and according to the
JPL database for the particular epoch, (8) Flora is 199.6 degrees in front of
(12499) in the mean anomaly M, it has 226.2 degrees larger longitude of the
node Q, and is 79.6 degrees behind in the argument of pericentre w, id est
M(g) - M(12499) = 199.607 Q(g) - 9(12499) = 226.2O,OJ(8) — W(12499) = —79.6°.

In Fig. 11 the asteroid (12499) is placed at the 7:4 mean motion resonance
with Mars. In a closer look given in Fig. 12, for [a,e] = [2.21101,2.2145] x
[0.15,0.3], we notice that (12499) lies exactly on the chaotic border of the reso-
nance.

Several asteroid pairs are already associated with mean motion resonances
(see for example Pravec et al. (2019), Duddy et al. (2012), or Rosaev (2024)).
We are unaware that any such pair is found on the very edge of resonance, as is
the case for (12499). It remains an open question whether the position on the
resonant border may be related to the duality (binarity) of the asteroid.

In the following part, we will verify the long-term stability of (12499). In
Fig. 13 we show two perspectives of its orbital evolution during 200 Myrs. The
top panel shows which parts of the (a,e) plane are visited by (12499), where
its trace is coloured pink. The lower panel gives the change of (12499)’s semi-
major axis a(ig4g99y during the integration time. The value of a(j2499) remains
close to the centre of the 7M:4 resonance at ~ 2.212 AU for about 190 Myrs,
after which it starts an excursion to nearby resonances, but inside the family.
We use the rough boundaries of the Flora family from Nesvorny et al. (2002)
which are 2.12 < a < 2.31AU, 0.11 < e < 0.175, and 3 < i < 7.5°. The
(12499)’s perihelion distance ¢ reached Mars crossing values (¢ = 1.665 AU)
several times, for the first time after about 0.6 Myrs. However, (12499) did not
become a Near Earth Object (¢ < 1.3 AU) since its minimal perihelion distance
was about ¢ ~ 1.4 AU.

Another look at (12499)’s evolution for ¢ € [50, 155] Kyrs is given in Fig. 14.
On the top plot, we track the critical angle of (12499) for the 7M:4 resonance
defined with o7pr.4 = TAg+4Ay —3&,, where A, and Aj; are the mean longitudes
of the asteroid and Mars respectively, (defined with A = M + w + Q), while @,
is the asteroids longitude of perihelion @ = w + Q. The lower panel shows
the evolution of a(12499) for the same time. We notice that o7ar.4 and a(12499)
have synchronised changes. In the first 80 Kyrs, o7ps.4 librates, and a(12499)
oscillates, meaning the asteroid is trapped in the resonance. In the next 70 Kyrs
the asteroid is outside the resonance since the critical angle circulates (it has
smooth changes in the [0,360] interval), while a(12499) is almost constant. The
next entry in the 7M:4 resonance starts at ~ 130Kyrs and lasts for about
20 Kyrs. Such alternating episodes of going in and out of the resonance are
observed for 190 Myrs. In Fig. 14 we plotted a relatively short time interval of
about ~ 100Kyrs (between ¢ € [50,155] Kyrs), because the fine oscillations in
o7m:4 and agia499) are not noticeable for a 200 Myrs interval (see panel b in
Fig. 13).
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Figure 12. The enlarged portion of Fig. 11 around the 7M:4 resonance for
la,e] = [2.21101,2.2145] AU x [0.15, 0.3]. The asteroid (12499), marked with the white
dot, is located exactly on the chaotic border of the resonance.
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Figure 13. The top panel shows the orbital evolution of (12499) in the (a,e) plane
during 200 Myrs of integration. The places visited by the asteroid are coloured pink.
The map from Fig. 11 is set in the background for better orientation. In addition to the
TM:4 resonance at a ~ 2.212 AU (from which it originated), (12499) visited numerous
neighbouring resonances but did not leave the Flora family. The lower panel shows the
evolution of a(;2499) during the whole integration time. The asteroid remains close to
(or inside) the 7M:4 resonance at a ~ 2.212 AU for almost 190 Myrs. Its excursion to
the neighbouring MMRs occurred in the last 10 Myrs of integration.

In the end, we selected 20 additional TPs from the chaotic border of the TM:4
MMR from Fig. 12 and observed their orbital evolution in 50 Myrs. Assuming
(12499) could be a binary asteroid lying on the chaotic border of a resonance, we
may expect that initially close segments could have a large orbital divergence.
We emphasise again that we did not treat the gravitational interaction between
the possible components of the binary, but only the evolution of individual
massless TPs in the above-described Solar system model.
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Figure 14. The change of (12499)’s critical angle for the 7M:4 MMR o714 (top panel)
and the change of its semi-major axis a(12499) (bottom panel) for ¢t € [50, 155] Kyrs.
The asteroid spent around 72 Kyrs librating in the resonance (the first 50 Kyrs are not
presented). In the next 80 Kyrs i.e. until ~ 130 Kyrs, o7ar.4 circulates, meaning the
asteroid was pushed out of the resonance, but not far since its semi-major axis has
a quasi-constant value close to the resonance at about a(i2499) ~ 2.213 AU. Another
episode of libration in o7ar.4 and oscillation in a(i2499) occurred between 130 and
150 Kyrs, meaning the asteroid is trapped in the resonance again. We observed that
such libration-oscillation modes in o7as:4 alternate for about 190 million years.

The results of this last set of integration are given in Fig. 15. Again, we
show the (a,e) plane but for a larger domain for [a,e] = [0,100]AU x [0, 1],
where the semi-major axis is presented on the logarithmic scale. This portion
of the (a,e) plane was selected because we observed large-scale changes in the
orbital elements of the test asteroids. More precisely, 4 among the 20 objects ex-
perienced macroscopic evolution through the Solar system. These four asteroids
were thrown out of the resonance by close approaches with Mars, followed by a
series of encounters with Earth and Venus. Only one among the four test objects
had an approach with Jupiter. The resulting orbital pathways in the (a, ¢) plane
are coloured in red (Fig. 15). We notice they spread mostly between the apsidal
lines of Jupiter gy and @ (marked with two grey lines). The first entries in the
NEO region are observed at about 20 Myrs, in significantly shorter times than
the average deliveries of 100 Myrs as reported in Nesvorny et al. (2002). The re-
maining 16 test asteroids stayed in the 7TM:4 resonance; their trace in the chart
at about 2.21 AU, is coloured green. Let us mention that this result represents
a possible outcome of the chaotic evolution, whereas, in reality, we could expect
shorter evolution timescales, due to eventual close approaches with the largest
asteroids and/or nongravitational effects like YORP and Yarkovsky.

Our results show that the Flora family is efficient in supplying the NEO
region also through weak MMRs with Mars, not only via the vg resonance as a
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main driver. Still, we emphasise that this last set of test asteroids is intentionally

chosen from the resonant chaotic border, meaning the real possibilities for this
scenario are somewhat lower, but not impossible.
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Figure 15. The trace of 20 test asteroids initially placed on the borders of the 7:4
MMR, with Mars, during 50 Myrs of orbital evolution. We cover a large segment of
the Solar system [a, e] = [0,100] AU x [0, 1], where the semi-major axis is given in the
log,, scale. Among the 20 test objects, four of them were thrown out of resonance due
to close approaches with Mars (and other inner planets), entered the NEO region and
experienced a macroscopic diffusion through the Solar system (their traces are coloured
red). The 16 remaining bodies stayed close to the 7M:4 MMR around a ~ 2.212 AU.
Their trace in the chart is coloured green. The two apsidal lines of Jupiter ¢; and Qs
are marked with thin light grey lines.

4. Conclusions

The unusual shape of the observed lightcurve for the asteroid (12499) 1998
FRA47 was investigated in different senses. Firstly we try to determine the rota-

tional period, axis poles, and shape of the object assuming a single body. The
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solution suggests a rare quadramodal shape of the lightcurve with a rotational
period of 6.172+0.003h and an unusual shape to model it. Then we saw that
the lightcurve can be modelled by two different periods and performed a dual-
period search assuming that the asteroid is a binary system. The two solutions
are 3.08341+0.0085h and 4.1245+0.0151 h respectively for the primary and sec-
ondary bodies. No mutual event was detected in the lightcurve, so we suppose
that these periods are of the individual lightcurves of the two bodies of the
system, which is not synchronised and most probably is a wide binary system.

The available Gaia DR3 reflectance spectrum of the object suggests either
M- or L-type taxonomy. They both are from the M-complex and suggest ei-
ther chondritic or metallic composition or an object with large abundances of
spinelbearing calcium—aluminium-rich inclusions, suggesting that the asteroid
(12499) might be a piece of the first planetesimals to form in the Solar System
protoplanetary disk.

Dynamical studies showed that (12499) is located at the very edge of the 7:4
mean motion resonance with Mars, where it should spend the next 190 Myrs,
after which it should start a tour of nearby resonances. Additional calculations
showed that TPs on the chaotic border of the 7TM:4 MMR, close to (12499), may
experience shorter stays in the resonance and faster deliveries to the NEO region
and/or macroscopic diffusion starting already at 20 Myrs. Since our model does
not include Yarkovsky or YORP effects, there is a possibility that the reported
times are even shorter.
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