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Abstract

The spectrum of a close binary star is a composite of the spectra of both the primary and secondary stars.
Furthermore, high stellar rotational velocities lead to the blending of absorption lines, which complicates the accurate
measurement of equivalent widths. In this study, we focused on the SB2 spectroscopic binary HIP 103833, for which
the atmospheric parameters (effective temperature, surface gravity) and stellar parameters (mass, radius, luminosity)
are already established. Utilizing spectral data obtained from the Nayuta Telescope at Nishi-Harima Observatory
and MALLS, we derived atmospheric parameters and metallicities based on the equivalent widths of iron absorption
lines. The parameters obtained in this research closely align with those from previous studies, thereby supporting the
reliability of our equivalent width measurements. Additionally, the stellar parameters derived from our atmospheric
analysis are not expected to differ significantly from those obtained from orbital motions in previous studies.
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1. Introduction

Stars that originate from the same molecular cloud tend to
exhibit similar atmospheric chemical compositions, reflecting
the cloud’s initial chemical makeup. Observations, for in-
stance, have confirmed that stars within young clusters exhibit
comparable metallicities in their atmospheres (Paulson et al.
2003). Similarly, binary stars formed from a common molecu-
lar cloud core have been shown in previous studies to display
metallicity differences of no more than 2% between their pri-
mary and secondary stars (Takeda 2005).

However, there are reports of binary stars exhibiting signifi-
cant differences in metallicity. For instance, in binary systems
where one star hosts exoplanets while the other does not, the
planet-hosting star typically demonstrates a higher metallicity
(Liu et al. 2018). Furthermore, studies have indicated a corre-
lation between the separation of binary stars and the variation
in their metallicity; Ramirez et al. (2019) found that larger sep-
arations are associated with greater disparities in metallicity.
This trend has been interpreted as a potential reflection of in-
homogeneous metallicity distributions within molecular cloud
cores.

Recent models of binary star formation suggest that the
strength of the magnetic field and the rotational velocity of a
molecular cloud core influence whether it undergoes macro-
scale (~ 100 AU) or micro-scale (~ 10 AU) splitting (Machida
2010). Macro-scale splitting is more likely to produce binary
systems with considerable separations and potentially distinct
metallicities due to the partitioning of regions with varying
compositions. In contrast, micro-scale splitting is expected

to occur within regions of similar metallicities, making it un-
likely for close binary stars to exhibit significant discrepancies
in metallicity.

In close binaries with high rotational velocities, the blending
of the composite spectrum and nearby absorption lines presents
challenges for accurately determining the atmospheric param-
eters of each star. Given these difficulties, we focus on HIP
103833, a close and eclipsing binary system. The orbital mo-
tion and photometric data for HIP 103833 have yielded reliable
mass estimates for both stars, and atmospheric parameters have
already been calculated (e.g., Kjurkchieva et al. 2003; Luck
2017; Eker et al. 2018). This study aims to determine the at-
mospheric parameters and metallicities of the primary and sec-
ondary stars in the HIP 103833 system from its spectral data
and to derive the metallicity difference. We also discuss the
criteria for assessing whether the observed difference in metal-
licity is significant.

2. Observations and Data Reduction
2.1. Target Binary and Observation

The observed binary star, HIP 103833 (also known as ER
Vulpeculae, HD 200391, GAIADR3 1845206534070618624),
is classified as a double-lined spectroscopic binary (SB2). The
magnitudes and spectral types of the primary and secondary
stars are 7.27 mag and 7.49 mag in the V-band, correspond-
ing to spectral types GOV and G5V, respectively. Northcott &
Bakos (1956) measured the radial velocities of this binary sys-
tem to determine its orbital motion. The orbital elements are
listed in table 1.
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To obtain spectral data for the target binary, we conducted
spectroscopic observations using the 2.0 m Nayuta Telescope
at the Nishi-Harima Astronomical Observatory, University of
Hyogo, employing the Medium And Low-dispersion Long-
slit Spectrograph (MALLS) in the visible spectrum. As of
April 2019, MALLS was equipped with an echelle mode.
Observations were performed on 5 October 2021, from 11:50
to 16:50 (UTC). MALLS was operated in echelle mode to ob-
serve spectra in the wavelength range of 4960-6800 A , with a
spectral resolution of R ~ 35,000. The exposure time was set to
900 seconds per exposure, chosen to ensure that the wavelength
shift due to binary orbital motion would not exceed the spec-
tral resolution of approximately 0.168 A at the center of the
observed wavelength range. For a G-type main-sequence star
with a magnitude of V' = 7.5, a 900-second integration pro-
vided spectral data with a typical signal-to-noise ratio (S/N)
of ~ 40. We obtained 8 spectra, which were reduced using
the IRAF software package in the standard manner. The data
were processed within the spectral range of 5000-6600 A. The
observed spectrum within the range of 5610 to 5690 A is pre-
sented in figure 1. This range corresponds to one of several
orders in the echelle spectrum.

Table 1. Orbital elements of HIP 103833.

Period [day], P 0.6981
Periastron time, Ty (JD-2,400,000.0) 33130.752
Eccentricity, e 0.02
omega primary, w [deg.] 62.6
K1[(kms™] 138.5
K2 [(kms™'] 149.3
VO [(kms™'] 25.2
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Fig. 1. The observed spectrum of HIP 103833. The vertical and hor-
izontal axes represent the relative flux and wavelength, respectively.
This spectrum corresponds to one of several orders in the echelle spec-
trum.
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2.2.  Measurement of Radial Velocity

We measured the radial velocities of the blue- and red-
shifted stars from the 8 spectra. For these spectra, we utilized
10 Fe 1 absorption lines within the wavelength range of 5300—
5700 A, ensuring that there were no nearby strong absorption
lines. The central wavelengths of each absorption line were de-
termined using Gaussian fitting, and the wavelength shifts were
calculated relative to the standard wavelengths. These shifts
were then employed to calculate the radial velocities at each
standard wavelength. Finally, the average of the 10 calculated
velocities was taken as the measured radial velocity, with the
variation among these values considered as the measurement
error.

2.3.  Measurement of Equivalent Widths

The S/N of the obtained spectra was insufficient for precise
measurement of the equivalent widths. To enhance the S/N, 3
spectra with similar wavelength shifts were co-added, resulting
in a synthesized spectrum with approximately double the orig-
inal S/N. Equivalent widths for Fe absorption lines were mea-
sured from this synthesized spectrum using SPTOOL (Takeda
1995; Takeda et al. 2002) for 94 Fe 1 and 27 Fe 1I lines within
the wavelength range of 5080-6600 A.

Since HIP 103833 has a high rotational velocity of approx-
imately 100 km s—! (Frasca et al. 2018), nearby absorption
lines blend, complicating precise measurements. To address
this issue, a model spectrum was generated to approximate the
observed spectrum within the specified range, and iron abun-
dances were derived from the absorption lines in that range.
Based on these abundances, equivalent widths were determined
through the following steps:

1. The MPFIT program in SPTOOL was utilized to deter-
mine the iron abundance by fitting approximate model
spectra to several selected strong absorption lines within
the specified wavelength range of the synthetic spectrum.

2. Using the WIDTH program in SPTOOL, the iron abun-
dance was calculated for the line identified in Step 1 by
varying the equivalent width from 1.0 to 100 mA in in-
crements of 0.5 mA.

3. When the derived Fe abundance in Step 2 closely
matched the Fe abundance from Step 1, the correspond-
ing equivalent width value was recorded as the measured
equivalent width.

As HIP 103833 is a double-lined spectroscopic binary
(SB2), some absorption lines could not provide accurate equiv-
alent widths. Luck (2017) indicates that the Fe abundance of
HIP 103833 is A(Fe) = 7.65 £ 0.10, which is close to solar
levels. Therefore, in this study, the equivalent widths were
deemed accurate when the derived Fe abundances fell within
the range of A(Fe) = 7.0-8.0.

3. Results

3.1. Discrimination between the Primary and Secondary

Stars

In this study, 8 radial velocity measurements were obtained
for both the blue- and red-shifted stars (see table 2) and fitted
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to the radial velocity curve using Exo-Striker exoplanet tool-
box'. The orbital elements of the HIP 103833 system were
held constant. The radial velocities and the velocity curves are
presented in figure 2.

The amplitude of the radial velocity was determined to be
K1 =138.5 km s~ for the blue-shifted star and K2 = 149.3
km s~ for the red-shifted star. Based on these results, the blue-
shifted star was identified as the primary star, HIP 103833 A,
while the red-shifted star was identified as the secondary star,
HIP 103833 B.
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Fig. 2. The radial velocity of HIP 103833. The vertical and horizontal
axes represent the radial velocity and Barycentric Julian Date, respec-
tively. The radial velocities of the blue-shifted are indicated by filled
circles, while those of the red-shifted stars are represented by filled tri-
angles. The solid lines depict the variations in radial velocity calculated
from the previously determined orbital elements.

3.2.  Determination of Atmospheric Parameters

The equivalent widths of HIP 103833 were measured for 33
Fe 1 absorption lines and 8 Fe 11 absorption lines from the pri-
mary star, as well as for 23 Fe I absorption lines and 14 Fe 11
absorption lines from the secondary star. The rotational veloc-
ities were derived from 33 Fe 1 absorption lines and 8 Fe 11 ab-
sorption lines for the primary star, and from 20 Fe 1 absorption
lines and 13 Fe 11 absorption lines for the secondary star. The
equivalent widths and rotational velocities for each absorption
line are presented in table 3.

The rotational velocities of the primary star, Vi, and the
secondary star, V,, were calculated as the averages of the
rotational velocities derived from each absorption line, with
the deviation from these averages considered as the measure-
ment error. Consequently, V; and V, were determined to be
94.4 4+ 10.1 km s=! and 95.2 4 9.6 km s!, respectively.
These values are comparable to those reported in previous stud-
ies (Frasca et al. 2018).

For the analysis of atmospheric parameters (effective tem-
perature T, surface gravity log g, and microturbulence veloc-
ity v), absorption lines with equivalent widths ranging from 5
to 100 mA were utilized. The WIDTH program in SPTOOL
was employed to derive solutions for the atmospheric param-
eters, using atomic line data and the equivalent widths of the
absorption lines as constants, while simultaneously satisfying

I Exo-Striker exoplanet toolbox (https:/github.com/3fon3fonov/exostriker)
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the following criteria:

e The iron abundances derived from Fe I absorption lines
exhibit no dependence on the excitation potential, .

e The mean iron abundance derived from Fe 1 absorption
lines is equal to the mean iron abundance derived from
Fe 11 absorption lines.

e The iron abundances derived from Fe I absorption lines
are independent of the equivalent widths.

The measurement errors for the atmospheric parameters
were estimated based on the standard deviation of the iron
abundance. For instance, in the case of effective temperature,
the mean and standard deviation of the iron abundance are de-
rived by assuming an effective temperature and calculating the
iron abundance for each iron absorption line using the WIDTH
program. Subsequently, the effective temperature is adjusted in
increments of 10 K, and the mean iron abundance is recalcu-
lated at each step. The largest change in effective temperature
that still results in a mean iron abundance variation within the
standard deviation is considered the measurement error for the
effective temperature. Similarly, surface gravity and microtur-
bulence velocity were varied in increments of 0.01 cm s~2 and
0.1 m s~!, respectively. The determined atmospheric parame-
ters are presented in table 4.

3.3.  Determination of Metallicity

Using the equivalent widths of the iron absorption lines and
the determined atmospheric parameters, we calculated the iron
abundance for each absorption line using the WIDTH program.
The mean value of these calculations was adopted as the iron
abundance for each star, while the standard deviation was con-
sidered the measurement error. Consequently, we determined
the iron abundance to be A(Fe)s = 7.41 £ 0.24 for the pri-
mary star and A(Fe)g = 7.71 + 0.20 for the secondary star.
The solar iron abundance is given as A(Fe)s = 7.50 (Asplund
et al. 2009). Therefore, the metallicity of the primary and sec-
ondary stars was derived as [Fe/H]5 =-0.005 £ 0.014 dex and
[Fe/H]g = 0.012 £ 0.011 dex, respectively.

4. Discussion

The rotational velocities, derived from iron absorption lines
in our spectral data, are consistent with previous measure-
ments. Our atmospheric parameters (see table 4), based on
equivalent width measurements of Fe T and Fe 11, are also com-
parable to those from previous research. These findings sug-
gest minimal measurement uncertainty.

4.1. Equivalent  Width

Differences

Differences and  Metallicity

Katoh (2019) indicated that in equal-mass binaries, varia-
tions in the equivalent widths of identical absorption lines be-
tween the primary and secondary stars reflect differences in
their stellar compositions. For HIP 103833, the equivalent
widths of 10 Fe 1 absorption lines and 3 Fe II absorption lines,
which were measurable for both the primary and secondary
stars, are presented in figure 3.
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Table 2. Radial Velocities of the blue- and red-shifted stars.
BID-UTC* Blue-shifted RV  Uncertainty Red-shifted RV Uncertainty
(-2450000) [km s ] [km s~ ] [km s~ ] [km s™']
9493.01614 -61.7 13.8 63.6 26.9
9493.02954 -83.4 15.0 96.0 17.3
9493.04228 -87.3 11.0 116.4 14.2
9493.05530 -96.3 13.7 116.4 18.7
9493.07015 -102.9 14.3 128.3 9.7
9493.08366 -111.5 14.4 141.5 14.6
9493.09631 -113.4 16.0 144.1 10.6
9493.14929 -118.5 16.6 152.8 19.8
*We converted HID to BJD-UTC using the calculation code provided by Eastman, Siverd, and Gaudi (2010).
The equivalent widths of the primary star and the secondary 120

star are denoted as EW, and EWg, respectively. The aver-

age difference in equivalent widths is given by EWA—-EWp = 100 . Fol

-9.35 £ 10.73 A. The equivalent widths of the secondary star A Feul °

are greater than those of the primary star. Additionally, the dif- _ * a *

ference in iron abundance is more pronounced in the secondary °“£ 80 |

star, with [Fe/H] o - [Fe/H]p =-0.017 & 0.025 dex, suggesting 5 o0

that the secondary star is more metal-rich. - 6 |

However, the uncertainties in both the equivalent width dif- g

ferences and the compositional variations suggest that there 2 . .

is no definitive evidence of a significant difference in iron z 40 i

abundance between the primary star and the secondary star.

Consequently, this study does not exclude the possibility that 0. e

the iron compositions of HIP 103833 A and HIP 103833 B are

similar. Additionally, metallicities typically vary by approxi-

mately 10% among stars within an open cluster (Paulson et al. 0 ; > 0 m - 0 o

2003). The iron abundances between HIP 103833 A and HIP
103833 B also differ by only about 10% at most. Therefore,
even if the metallicity difference is significant, it would not
necessarily be unique.

4.2.  Characterization of Binary Stars

The stellar masses, radii, and luminosities of HIP 103833
A and HIP 103833 B were determined using EXOFAST
(Eastman et al. 2013), which calculates stellar parameters
based on our atmospheric parameters. For error estimation,
only the effective temperature was treated as a variable. The
derived parameters are shown in table 5.

The masses of the primary star and the secondary star are
M, =125 £0.09 My and My = 1.16 £ 0.07 M, respec-
tively. Consequently, the mass ratio is given by g = (M2/M;) =
0.928. The mass ratio of the binary system can also be derived
from the radial velocity amplitudes, denoted as K. The radial
velocity amplitudes of the primary and secondary stars are rep-
resented as K1 and K2, respectively. Thus, the mass ratio can
be expressed as ¢ = K'1/K2. The mass ratio derived from the
radial velocity amplitudes is 0.928, which is consistent with the
mass ratio obtained from the stellar composition. Regarding

EW Primary star [rnA]

Fig. 3. Equivalent widths of the primary and secondary stars in HIP
103833. The horizontal axis represents the equivalent widths of the
primary star, while the vertical axis represents the equivalent widths
of the secondary star. The filled circles indicate the observed equiva-
lent widths of Fe I lines, and the filled triangles represent the observed
equivalent widths of Fe 11 lines. The solid line illustrates that the two
quantities are equal.

the radii and luminosities, the primary star has a radius of R; =
1.80 + 0.07 Ry and a luminosity of L; = 3.54 & 1.01 Lg,
while the secondary star has a radius of Ry = 1.19 £ 0.04 R,
and a luminosity of Ly = 1.74 + 0.40 L .

Kjurkchieva, Marchev, and Zola (2003) determined the or-
bital inclination i of HIP 103833 AB to be 66°.1 based on
photometric observations of the system as an eclipsing binary.
Consequently, they calculated the mass of the primary star,
M; =1.16 £+ 0.04 My, and the mass of the secondary star,
M5 =1.05+0.04 Mg , from the orbital elements, including the
inclination. The orbital inclination and the semi-major axis of
the binary system provide the relative radii of the primary and
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secondary stars. As a result, the radii of the primary star, R =
1.25 £ 0.05 R , and the secondary star, R, =1.12 £ 0.16 R,
were derived. Yakut and Eggleton (2005) utilized these radii to
estimate the luminosities of the primary star, L; = 1.81 Ly,
and the secondary star, Lo = 1.04 L.

In this study, the stellar masses, radii, and luminosities de-
rived from the atmospheric parameters are not expected to dif-
fer significantly from those obtained from the orbital motions
in the previous study.

4.3. Age of the Target Binary

For HIP 103833, for which the primary and secondary effec-
tive temperatures and luminosities have been determined, we
estimate the age of the system using the H-R diagrams and the
Padova evolutionary tracks (Marigo et al. 2008). These evolu-
tionary tracks calculate the isochrones from the zero-age main
sequence (ZAMS) up to 13.5 Gyr. H-R diagram for the target
binary is presented in figure 4. The positions of the primary
and secondary stars coincide with the 5.0-7.0 Gyr isochrones.
Casagrande et al. (2011) estimated the age of the system to be
between 5.02 and 9.43 Gyr, with a maximum likelihood age of
7.90 Gyr, which is consistent with our estimated age.

Some previous studies have estimated the age of HIP 103833
to be 9.2 Gyr (Feltzing et al. 2001) and 10.3 Gyr (Luck 2017).
This binary system may be in an advanced stage of evolution.
In this study, the primary star is cooler than the secondary star;
however, its radius and luminosity are approximately 1.5 and 2
times larger, respectively. The position of the primary star on
the H-R diagram appears to be farther from the main sequence,
suggesting that the primary star may be evolving off the main
sequence.
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Fig. 4. H-R diagram of HIP 103833. The vertical axis represents nor-
malized luminosity on a logarithmic scale, while the horizontal axis
represents effective temperatures, also on a logarithmic scale. The
primary stars are plotted as filled circles, and the secondary stars are
represented by filled triangles. The solid lines indicate the isochrones
derived by Marigo et al. (2008).

5. Conclusion

In close binary systems, the overlapping spectra of the
primary and secondary stars make it challenging to accu-
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rately measure the equivalent widths of their absorption lines.
Consequently, it is often unclear whether any observed dif-
ferences in metallicity between the two stars are statistically
significant. In this study, we focused on HIP 103833, a sys-
tem for which the masses and atmospheric parameters of both
stars have been derived from orbital motions and photometric
data. We obtained spectral data of the binary using the Nayuta
Telescope at the Nishi-Harima Astronomical Observatory and
the MALLS, and we measured the Fe equivalent widths. This
study derived the atmospheric parameters of the binary from
the observed equivalent widths.

For these spectral data, we measured the radial velocities of
the primary and secondary stars, identifying their individual
spectra. The rotational velocities, derived from iron absorp-
tion lines, were V; =94.4 + 10.1 km s~ ! and V5 =95.2 + 9.6
km s~!, consistent with previous studies. Atmospheric param-
eters based on Fe I and Fe 11 equivalent width measurements
were also comparable to those from previous research, suggest-
ing minimal measurement uncertainty. Furthermore, the stellar
mass, radius, and luminosity derived from our atmospheric pa-
rameters align with the values obtained from orbital motions
in previous studies. Using the effective temperatures and lu-
minosities, we constructed an H-R diagram and estimated the
age of the binary system to be approximately 5.0 to 7.0 Gyr
based on the evolutionary track. The primary star in the HIP
103833 system may exhibit signs of evolving beyond the main
sequence.

This study indicated that, even in SB2 spectroscopic binaries
with high rotational velocities, metallicities can be accurately
derived by measuring the Fe equivalent widths for the primary
and secondary stars individually. We also discussed the signif-
icance of the metallicity differences in the HIP 103833 binary.
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Table 3. Equivalent widths and rotational velocities for the primary and secondary stars in HIP 103833.

Primary star

Seconadary star

M A] EW [mA]* Viot [km s11* EW [mA]* Viot [km s~11*
Line : Fe 1

5083.340 92.5 101.458 87.0 69.927
5198.700 82.5 90.026
5225.533 65.5 120.373
5247.060 53.5 71.649
5250.217 62.0 103.786 44.5 80.084
5253.500 70.0 88.700
5322.050 435 70.581
5326.145 44.5 98.631
5330.000 36.0
5412.788 13.5 109.891 21.0 81.781
5473.910 58.0 88.587
5525.600 35.5 86.554
5569.600 83.0 126.055 92.0 94.724
5600.227 15.0 84.431 18.5 88.103
5661.348 22.0 91.160
5705.468 34.5
5784.661 11.0 98.568
5856.090 18.5 90.449
6056.010 66.0 108.526
6079.010 32.0 99.443
6082.715 44.0 108.898
6136.600 85.0 92.894
6137.000 34.5 47.0 88.875
6157.730 48.5 91.763
6159.380 10.0 90.906
6165.360 36.5
6173.343 56.0 117.515
6180.208 415 113.001 42.5 87.182
6200.320 39.5 87.671
6219.289 58.5 68.233
6229.240 11.0 100.018
6232.649 425 71.0 89.991
6240.652 40.5 97.673
6246.300 59.0 82.975
6252.500 70.0 98.450 91.5 109.139
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Table 3. (Continued.)

Primary star Seconadary star

A A] EW [mA]* Viot [km s™1]* EW [mA]* Viot [km s~1]*
6265.141 82.5 99.217
6336.800 63.0 103.088
6392.540 6.5 83.508
6393.600 85.5
6400.000 97.753
6411.600 94.253
6421.350 75.5 105.314
6591.320 10.0 95.853
6592.930 68.5 87.260 98.5
6593.880 47.5 71.5

Line : Fe 11

5132.674 39.5 100.728
5136.800 13.0 116.461
5197.576 76.5 60.361 85.0 86.608
5264.790 355 92.054
5325.560 55.5 95.960 47.0 98.138
5414.075 38.0 79.155
5425.259 44.5 105.718 45.5 81.809
5525.130 7.0 96.285
5627.490 14.5 106.206
5991.380 39.5 87.897
6084.110 30.5 108.878 37.0 108.898
6149.250 57.0 114.875
6179.395 7.5 98.760
6238.392 46.0 97.673
6239.948 18.0
6247.562 47.5 104.960
6416.928 29.0 94.551
6456.391 69.5 94.076

* The blank spaces in the EW and V. columns indicate values that could not be measured.
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Table 4. Atmospheric Parameters and Metallicities of HIP 103833 A and B.

HIP 103833 A HIP 103833 B

Effective temperature, Teg [K] 5910 + 300 6090 £ 250
Surface gravity, log g [cm s~2] 4.02 £0.70 4.35 £ 0.50
Microturbulence velocity, v [km s™1] 044+1.0 04409

Metallicity, [Fe/H] [dex] -0.005 + 0.014  0.012 + 0.011

Table 5. Stellar Parameters of HIP 103833 binary.

HIP 103833 A HIP 103833 B
Mass [Mo] 1254009  1.16 +0.07
Radius [R | 1.80£0.07  1.19 £ 0.04
Luminosity [Lo]  3.54 4+ 1.01  1.74 + 040




