A&A, 702, Al11 (2025)
https://doi.org/10.1051/0004-6361/202555002
© The Authors 2025

tronomy
Astrophysics

The binary fraction of blue horizontal branch stars

Yanjun Guo'2*®, Kun Chen"2®, Zhenwei Li"2®, Jie Ju?*, Chao Liu’®, Xiangxiang Xue®®, Matti Dorsch®®,
Zhanwen Han'2®, and XueFei Chen!?*

[ N N

People’s Republic of China

Yunnan observatories, Chinese Academy of Sciences, PO Box 110, Kunming, 650011, China

International Centre of Supernovae, Yunnan Key Laboratory, Kunming 650216, China

Department of Physics, Hebei Normal University, Shijiazhuang 050024, People’s Republic of China

School of Sciences, Hebei University of Science and Technology, Shijiazhuang 050018, China

CAS Key Laboratory of Optical Astronomy, National Astronomical Observatories, Chinese Academy of Sciences, Beijing, 100101,

6 Institut fiir Physik und Astronomie, Universitit Potsdam, Haus 28, Karl-Liebknecht-Str. 24/25, 14476 Potsdam, Germany

Received 2 April 2025 / Accepted 1 August 2025

ABSTRACT

Context. Blue horizontal branch (BHB) stars are old, low-mass, metal-poor stars that serve as important tracers of the Galactic halo
structure, kinematics, and evolution. Understanding their binary properties provides key insights into their formation channels and the
role of binary interactions in the evolution of horizontal branch stars.

Aims. We investigated the intrinsic binary fraction fg“ of BHB stars and its dependences on metallicity, kinematics, and effective

temperature.

Methods. We collected 299 BHB stars from LAMOST with multiple radial velocity (RV) measurements and classified the sample
into halo-like and disk-like BHBs based on their kinematics and metallicity, and into bluer and redder BHBs based on their effective
temperature. We then investigated the observed binary fraction for each group based on the radial velocity variations and applied
a set of Monte Carlo simulations, assuming distributions of f(P) o« P™ and f(q) « ¢*, to correct the observed binary fraction for

observational biases and to derive the intrinsic binary fraction.

Results. The observed binary fraction of BHB stars is 18% + 2% for cases with n > 2 and 21% =+ 3% for cases with n > 3, where
n represents the number of observation times. After correcting for observational biases, the intrinsic binary fraction increases to
31% + 3% for n > 2 and 32% + 3% for n > 3. A clear contrast is observed between halo-like and disk-like BHB stars, with halo-like
BHBs exhibiting a lower intrinsic binary fraction (28% + 3% for n > 2 and 29% =+ 3% for n > 3) compared to disk-like BHBs
(46% +11% and 51% =+ 11%, respectively), indicating different formation pathways. In particular, halo-like BHB stars are more likely
to have formed via a single-star evolution channel, whereas disk-like BHB stars may predominantly result from binary evolution
processes. Additionally, we find that bluer BHB stars exhibit a significantly higher binary fraction (42% + 6% for n > 2 and 45% + 6%
for n > 3) than redder BHB stars (24% + 5% and 23% + 5%, respectively), which suggests a possible link between binarity and the
effective temperature, although more samples are required to confirm this. No correlation is found between 7 () and metallicity or
kinematics, nor between 7 (k) and the effective temperature of BHB stars.
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1. Introduction

Blue horizontal branch (BHB) stars are low-mass (<1.0 M)
metal-poor Population II stars that are typically found in the
Galactic halo; the majority are A-type stars (Arp etal. 1952;
Behr 2003; Gray & Corbally 2009; Catelan 2009). These stars
are horizontal branch (HB) stars positioned to the blue side of
RR Lyrae variables, where they undergo core helium fusion
while sustaining hydrogen shell burning in their outer lay-
ers (Searle & Rodgers 1966; Ruhland et al. 2011; Culpan et al.
2021). Similar to RR Lyrae stars, BHB stars are used as standard
candles, due to their nearly constant luminosity across a wide
range of effective temperatures (Dorman 1995; Layden et al.
1996; Culpan et al. 2024). Given that BHB stars are over ten
times more abundant than RR Lyrae stars, they are more com-
monly used to investigate the Galactic halo and serve as the
preferred tracer for estimating its mass distribution (Pier 1984;

* Corresponding authors: guoyanjun@ynao.ac.cn;
cxf@ynao.ac.cn

Beersetal. 1996; York et al. 2000; Xue et al. 2008; Catelan
2009; Xue et al. 2011).

Some studies have investigated the formation of BHB stars
(Arp et al. 1952; Castellani & Renzini 1968; Iben & Rood 1970;
Sweigart 1990; Maxted et al. 2001; Ruhland et al. 2011; Girardi
2016; Heber 2016). Hoyle & Schwarzschild (1955) were the
first to accurately recognize that HB stars originate from low-
mass red giant branch (RGB) stars undergoing core helium
burning while sustaining hydrogen shell burning (Faulkner
1966; Moehler 2001). During the RGB phase, stars experi-
ence significant mass loss; blue HB stars lose more mass
than red HB stars, which accounts for their color differences
(Catelan 2009). High-metallicity star clusters typically have
a predominantly red horizontal branch, while low-metallicity
clusters generally exhibit a blue horizontal branch (Faulkner
1966). Additionally, several studies suggest that BHB stars
may also have a binary-related origin (Liebertetal. 1994,
Bailyn 1995; Rich et al. 1997; Hubrig et al. 2009; Li et al. 2024),
although the specific mechanisms remain unclear due to limited
research.
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The binary fraction is very important for understanding
the evolution of stellar populations and the formation of
many objects (Raghavan et al. 2010; Duchéne & Kraus 2013;
Moe & Di Stefano 2017; Chen et al. 2018; Liu 2019; Han et al.
2020; Chen et al. 2024). However, observed fractions can be
affected by observational biases (Kobulnicky & Fryer 2007;
Sana & Evans 2011; Sanaetal. 2012). To correct for obser-
vational biases, Sanaetal. (2013) proposed a method using
Monte Carlo simulations, which has been widely adopted in
many studies to obtain the intrinsic binary fraction by correct-
ing the observed fraction for these biases (Sanaetal. 2012;
Dunstall et al. 2015; Banyard et al. 2022; Mahy et al. 2022;
Guo et al. 2022a; Luo et al. 2021). A homogeneous sample with
multiple observations and reliable radial velocity (RV) mea-
surements would yield more reliable results (Luo et al. 2021;
Guo et al. 2022b).

The current spectroscopic surveys, including the Sloan Dig-
ital Sky Survey (SDSS) (York et al. 2000) and the Large Sky
Area Multi-Object Fiber Spectroscopic Telescope (LAMOST)
(Cui et al. 2012; Liu et al. 2020), offer valuable opportunities to
study stellar statistical properties with huge homogeneous sam-
ples. Xue et al. (2011) selected 4985 BHB stars from SDSS DRS
using color cuts and criteria derived from Balmer-line profiles.
Ju et al. (2024) cataloged 5355 BHB stars using low-resolution
spectra from LAMOST. The sample of Ju et al. (2024) includes
multiple observations and reliable radial velocity (RV) measure-
ments after cross-matching with the RV catalog from LAMOST
MRS (Zhang et al. 2021). Given the potential binary-related ori-
gin of BHB stars and the observed correlations between their
metallicities, kinematics, and horizontal branch morphology, in
this work we aim to investigate the relationship between the
binary fractions of BHB stars, their metallicities and kinematics,
and their positions on the Hertzsprung—Russell (HR) diagram,
applying the method of Sana et al. (2013) based on the sample
from Ju et al. (2024).

The structure of the paper is as follows. We introduce the
LAMOST data in Section 2. In Section 3 we describe the sam-
ple grouping and criteria for the binary. A brief description of the
Monte Carlo method to correct for observational biases is pro-
vided in Section 4. The results are presented in Sect. 5. Finally,
we summarize the work and present our conclusions in Sect. 6.

2. Data

The Large Sky Area Multi-Object Fiber Spectroscopic Tele-
scope (LAMOST), located at the Xinglong Station of the
National Astronomical Observatories in China, is a four-
meter quasi-meridian reflecting Schmidt telescope. Its innova-
tive design allows for a wide field of view, with a focal plane
spanning 5 degrees and accommodating up to 4000 fibers simul-
taneously (Cui et al. 2012; Zhao et al. 2012; Deng et al. 2012).
Since 2012, LAMOST has been conducting the Low-Resolution
Spectroscopic survey (LRS), characterized by a resolving power
of R ~ 1800 and a wavelength range of 3690 ~ 9100 A
(Deng et al. 2012). In October 2018, LAMOST initiated the
Medium-Resolution Survey (MRS) with a resolution of R ~
7500 to collect multi-epoch observations. The MRS spectra
obtained with the blue arm span a wavelength range from 495
to 535 nm, while the red arm covers a wavelength range from
630 to 680 nm (Liu et al. 2020).

By measuring the equivalent widths of multiple absorption
line profiles and spectral features, Juetal. (2024) identified
5355 BHB stars from LAMOST low-resolution spectra. In this
work, we utilized the BHB stars and their atmospheric parame-
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Fig. 1. Distribution of the number of observational epochs for the 299
BHB stars in our sample. All stars with more than ten observations are
grouped in the “>10" bin.

Number of objects

,bb‘(ob/\(bq'\’Q,,'\’Q

Number of epochs

ters identified by Ju et al. (2024) from LAMOST DRS and cross-
matched these stars with the updated RV catalog from LAMOST
DR10 based on medium-resolution spectra (Zhang et al. 2021)
to analyze their binarity.

3. Sample selection and binary criteria
3.1. Sample selection

Since we aim to investigate the binary properties of BHB stars,
our sample selection requires each star to have at least two obser-
vations (see Sect. 3.3). Starting from an initial sample of 5355
BHB stars, we obtained a subset of 345 sources with more than
twice reliable RV measurements (signal-to-noise ratio > 20) and
robust atmospheric parameters.

Blue horizontal branch stars are particularly susceptible
to contamination from main-sequence (MS) stars. In Ju et al.
(2024), the sample was filtered using equivalent width cuts on
H, and G4300, along with Balmer-line profile cuts, to remove
MS contaminants. However, because this method relies on auto-
mated selection across a large sample without visual inspec-
tion, some residual contamination may remain. Since MS con-
tamination impacts the BHB samples differently depending on
their characteristics, the detailed removal of MS contaminants
is described in Sect. 3.2 after classification. After removal, we
ultimately obtained a subset of 299 sources and the distribution
of observation frequencies in our sample is shown in Figure 1.
We find that 87% of the sources have more than three observa-
tions, while only a few stars have a higher number of epochs. We
present the information for each star in Table 1.

According to Sana et al. (2013), Luo et al. (2021), Guo et al.
(2022a), and Guo et al. (2022b), both sample size and obser-
vation frequency significantly influence the uncertainty of the
binary fraction. Therefore, we need to ensure sufficient observa-
tion frequency while maintaining an adequate sample size for
statistical reliability. To assess the impact of observation fre-
quency, we tested the results for samples with more than two,
three, four, five, and six observations. However, we found that
for four, five, and six observations, the sample size became too
small for reliable statistical analysis. Therefore, our further anal-
ysis and main conclusions are based on the results for stars with
at least two and three observations.

3.2. Grouping of the sample

According to the age—metallicity relation, stars with higher
metallicity generally tend to be younger, while those with lower



Table 1. Radial velocity catalogs.
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RA Dec MJD SNR Tet logg [M/H] RV o
(deg) (deg) (day) (K)  (dex) (dex) (kms™') (kms™h)
223.29825 6.97886 59618.58 25 7922 4.2 -0.9 -165.11 2.60
223.29825 6.97886 59618.56 24 7922 4.2 -0.9 -162.08 2.67
234.54288 38.63063 58887.57 23 11033 3.8 -1.2 -151.44 2.78
234.54288 38.63063 58887.56 22 11033 3.8 -1.2  —153.06 2.81
190.92388 32.35772 58507.51 21 8981 3.8 —-1.5 148.78 2.51
190.92388 32.35772 58953.28 48 8981 3.8 -1.5 146.99 1.78

Notes. This table is available at the CDS. The first six entries are shown here for guidance regarding its format and content.
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Fig. 2. Classification of BHB stars based on kinematics and metallicity.
The magenta dashed line represents the boundary used to separate halo-
like (gray) and disk-like (black) BHB stars in the plane of azimuthal
velocity and metallicity.

metallicity are typically older (Twarog 1980; Carraro et al. 1998;
Rocha-Pinto et al. 2000). Additionally, azimuthal velocity (V)
provides insight into the Galactic component to which these stars
belong: higher V, values indicate significant rotational motion,
characteristic of disk stars, and lower V,, values suggest weaker
rotational support, consistent with halo stars (Tian et al. 2019;
Belokurov et al. 2020; Tian et al. 2024). Figure 2 presents the
relationship between azimuthal velocity (V,) and metallicity
([Fe/H]) for our sample, where the data points are divided into
two main groups using the magenta dashed line. Based on these
two properties, we classify stars with higher metallicity and
higher azimuthal velocity as disk-like BHB stars, while those
with lower metallicity and lower azimuthal velocity are classi-
fied as halo-like BHB stars. This classification is motivated by
the investigation of the correlation between metallicity, kinemat-
ics, and binary fraction. It is worth noting that the [Fe/H]-V,
classification is not absolute: some stars with [Fe/H] ~—1 and
high V4 may still be genuine halo members, while those with
[Fe/H] ~—-1.5 and V4 ~ 200km/s could in fact belong to the
thick disk. To further investigate the relationship between binary
fraction and effective temperature, we divided our sample into
two groups based on effective temperature using Tex = 9200 K
as the boundary, which approximately corresponds to the mid-
point of our sample’s temperature range. We note that under
these two classifications, we have also ensured that the number
of detectable binaries in each group is comparable (see the N,
column in Table 3) since too few detectable binaries may lead to
increased random errors.

After the classification, we subsequently excluded residual
MS contaminants from each group, as motivated by the rea-
sons detailed in Section 3.1. Since MS contamination affects
only the disk sample (hot MS stars are young and not expected
in halos), we further cleaned the disk-like BHB sample with

the following step. Salgado et al. (2013) show that horizontal
branch stars with Tz < 10500K inhabit logg ~ 3.0—4.0 dex,
whereas MS stars at similar T lie at logg > 4.0. We there-
fore removed 26 redder disk-like (7. < 10500K) candidates
with logg > 4.0dex. Additionally, recognizing that some halo-
like stars may be misclassified non-halo objects, we applied
the same criterion to the halo-like BHB group and removed
four additional stars. We derived the absolute V-band magni-
tude (My) for each star by calculating the absolute Gaia G-
band magnitude (M) and applying the photometric transfor-
mation coefficients provided in the Gaia Data Release 3 docu-
mentation'. The distances and extinction values required in this
process were obtained from Ju (in prep.), who constructed new
BP-band absolute magnitude-(BP-RP) relations for BHB stars
based on accurate Gaia distances estimated by Bailer-Jones et al.
(2021). These values were then derived through repeated itera-
tions. Because genuine red HB stars are typically brighter than
MS stars, with My ~ 0.5—-1.0, and the sample becomes increas-
ingly dispersed above My > 1.3, we excluded 16 disk-like BHB
candidates with My > 1.3 to minimize the MS contamination.
Unfortunately, for the hotter disk-like BHBs, the difference in
My between genuine BHBs and MS stars becomes too small
to separate cleanly. In addition, even after applying the spectral
profile diagnostics described in Ju et al. (2024), we cannot effec-
tively remove MS contaminants from the hotter BHB sample.
Therefore, throughout Section 5, we highlight, for every rele-
vant result, the limitations associated with hotter disk-like BHB
stars that may be affected by MS contamination. As shown in
Figure 3, a magenta vertical line at T,z = 9200 K separates the
hotter bluer BHB stars from the cooler redder BHB stars. The
halo-like BHB stars are depicted as gray dots, while the disk-
like BHB stars are represented by black dots. Observed binaries
(see Sect. 3.3) are distinguished by color; the red star markers
are halo-like binaries and the cyan stars are disk-like binaries.

3.3. Criterion for the binary

To identify binary systems in our sample, we applied the cri-
terion from Equation (4) in Sana et al. (2013), which has been
widely used in previous studies (Sana et al. 2012; Dunstall et al.
2015; Luo et al. 2021; Mahy et al. 2022; Banyard et al. 2022;
Guo et al. 2022a). This criterion classifies a star as a binary if

' https://gea.esac.esa.int/archive/documentation/GDR3/
Data_processing/chap_cu5pho/cu5pho_sec_photSystem/
cuSpho_ssec_photRelations.html
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Fig. 3. Classification of BHB stars based on their positions on the Kiel
diagram. The magenta dashed line marks the boundary distinguishing
redder BHB stars and bluer BHB stars in the plane of effective temper-
ature and surface gravity. The gray dots represent halo-like BHB stars,
while the black dots denote disk-like BHB stars. Halo-like observed
binaries (red stars) and disk-like observed binaries (cyan stars) are high-
lighted accordingly.

its radial velocities (RVs) satisfy the following conditions:

[vi — Ujl
Jor + o2
i J

where v;(;, represents the RV measured from the spectrum at
epoch i (j), and o is the corresponding uncertainty. To mit-
igate the significant RV variations caused by stars with pulsa-
tions, Sana et al. (2013) introduced threshold C here as a filter
to remove pulsating stars. Based on the kinks observed in the
RV distributions of their sample, Sanaetal. (2013) adopted
C = 20kms™! for O-type stars, while Dunstall et al. (2015) set
C = 16kms~! for B-type stars. For our sample, the kink is
weak, so it is more reasonable to adopt C based on the typi-
cal RV amplitudes of potential pulsators. Blue horizontal branch
(BHB) stars are not located in the classical instability strip,
and thus pulsating stars are rare among them (Aerts et al. 2010;
Gaia Collaboration 2019; Gao et al. 2025). To date, only one
such pulsator has been identified (@stensen et al. 2012), indicat-
ing that a significant number of pulsating stars are not expected
in our sample, and thus the threshold is unnecessary. We there-
fore adopted C = Okm ™' for our subsequent analysis. In addi-
tion, we performed tests with C = 10 and 20km/s to assess
their impact on the intrinsic binary fractions, as discussed in
Sect. 5.

> 4, and|v; —v,| > C, (D

4. Correction for observational biases

Based on the observed binary fraction ( fg’bs), we applied several
Monte Carlo (MC) simulations, similar to those of Sana et al.
(2013), Dunstall et al. (2015), and Guo et al. (2022b) to assess
the intrinsic binary fraction (f,"). To conduct the simulations, we
needed to generate two synthetic cumulative distribution func-
tions (CDFs), one for the radial velocity variance (ARV), which
represents the maximum RV variation across individual expo-
sures, and another for the minimum time interval between expo-
sures (AMJD). For the orbital period P and mass ratio g, we
adopted a power-law distribution (Sana et al. 2013), expressed
as f(P) « P™ and f(q) « ¢, using log P instead of (log P)*
because the linear form is more sensitive to short-period binaries
(Guo et al. 2022a). Table 2 lists the variable ranges for the above
parameters and the power index.
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Generally, a two-body kinetic system in Keplerian motion
is characterized by several orbital parameters: the inclination
(i), the semimajor axis (a), the argument of periastron (w), the
eccentricity (e), and the epoch of periastron (7). The inclination
is randomly selected between 0 and 7r/2 following a sin(i) prob-
ability distribution. The semimajor axis is related to the orbital
period (P). Meanwhile, w is uniformly distributed over the range
0-27. The eccentricity is modeled by a distribution proportional
to e raised to the power of 7. Given that the global merit func-
tion is insensitive to n (see Sana et al. 2013), we adopt —0.5 as
in Sana et al. (2013), and 7 is chosen at random, in units of days.
Based on these assumptions, we can generate simulated radial
velocity (RV) data, which then allows us to derive the cumula-
tive distribution functions (CDFs) for both ARV and AMIJD.

To evaluate the final results, we compare the constructed
simulated CDFs with the observed ones using the Kolmogorov-
Smirnov (KS) test, and the simulated fraction of detected
binaries ( f;im) are analyzed through a binomial distribution
(Sana et al. 2013). Finally, we employ the global merit func-
tion (GMF) from Sana et al. (2013) to determine the best-fitting
results. The GMF consists of the KS probabilities of ARV and
AMID distributions and the binomial probability,

GMF = Py (ARV) X P (AMID) X B(Np, N, f3i™), 2

where Ny, represents the number of binaries in the observations,
and N denotes the sample size.

In our previous work by Guo et al. (2022a), we revisited the
dataset of 360 O-type stars from Sana et al. (2013) and con-
firmed that its statistical properties align with those presented
in Sana et al. (2013). Moreover, Luo et al. (2021), Guo et al.
(2022a), and Guo et al. (2022b) have successfully applied this
method to the LAMOST data, further demonstrating its applica-
bility to our current study.

5. Results and discussions

According to the criterion (1), the observed binary factions of
our BHB stars are 18% +2% for cases withn > 2, and 21% +3%
for cases with n > 3, where n represents the number of observa-
tions for each sample. These results are summarized in Table 3.
The error bars of fg’bs were estimated through a bootstrap anal-
ysis (Raghavan et al. 2010; Guo et al. 2022a). Table 3 shows
that none of the 55 detected binary were detected with only
n = 2 epochs, so adding them to the n > 3 sample leaves f;’bs
essentially unchanged. To further quantify this, we ran Monte
Carlo simulations assuming a 30% intrinsic binary fraction. For
n = 2, the simulations show that only about 3 of 55 binaries are
detected, demonstrating the very low detection efficiency with
only two epochs.

After the correction for observation bias (see Sect. 4), the f]i“
of our BHB stars are 31% + 3% for cases with n > 2, and 32% +
3% for cases with n > 3, where the error bars are derived from
the larger value between p84—p50 and pS0—p16, corresponding
to the 50th (p50), 16th (p16), and 84th (p84) percentiles of the
intrinsic value distribution obtained from 50 synthetic datasets
(Sana et al. 2013; Dunstall et al. 2015).

To assess the impact of C on the intrinsic binary fraction, we
performed additional tests using C = 10 and 20 km/s. For our
BHB sample, we obtained intrinsic binary fractions of 29% and
20% for C = 10 and 20 km/s, respectively. This difference arises
because increasing C changes the sample composition, which
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Table 2. Range of different parameters and power indexes used in MC simulation.

Parameter Power law Parameter range Power index Index range Step
P(d) f(P)oc PT 1-1000 bis —7.00to —2.00  0.05
q f(q) < g* 0.1-5.0 K -3.00to 2.00 0.05
fo - - - 0.00-1.00 0.01

Notes.  and « are the power index of P (orbital period) and g (mass ratio), respectively. f; is the binary fraction for simulation. The ranges of P
and g are shown in Parameter Range, while the ranges of the power index are shown in Index Range. The last row gives the step of each Power

Index.

Table 3. Observed and intrinsic binary fractions for all BHB stars,
and for halo-like, disk-like, redder, and bluer BHB subgroups, including
sample size N and number of observed binaries Ny,

OBStime N N, fobs in
2 299 55 18%+2% 31%+3%
All 3 263 55 21%+3% 32%+3%
2 247 38 15%+2%  28% +3%
Halo-like 3 214 38 18%+3%  29% = 3%
2 56 17 30%+6% 46%+ 11%
Disk-like 3 49 17 35%+7% S51%+11%
2 159 22 14%+3% 24%+5%
Redder 3 139 22 16%+3% 23%+5%
2 144 33 23% 4%  42% + 6%
Bluer 3 124 33 27% 4%  45% + 6%

alters the observational cumulative distribution functions of both
ARV and AMJD, ultimately leading to variations in the final
results. In addition, the effectiveness of the correction depends
on the total number of detected binaries. As C increases, the
number of detected binaries (Ny;,) decreases significantly, from
55 at C = Okm/s to 19 at C = 20 km/s. For smaller samples, the
correction of fi" is more susceptible to statistical uncertainties,
thus exerting a greater influence on the final results.

The values of 7 and « are consistent within the uncertainty
range, with our study yielding 7 = —7.2 + 0.8 and -7.5 + 0.8,
andk = 1.1+1.3and 0.9+ 1.3 forn > 2 and n > 3, respectively.
Figure 4 illustrates the projections of the GMF for n > 3 as an
example, with the green cross (x) marking the position of the
absolute maximum of f; in_ 7, and .

5.1. Dependence on metallicities and kinematics

The observed binary fraction is 15% + 2% and 18% =+ 3% for
halo-like BHB stars and 30% + 6% and 35% + 7% for disk-like
BHB stars for n > 2 and n > 3, respectively. Our results reveal a
difference in the fg“ between halo-like and disk-like BHB stars.
For cases with n > 2, the fg“ is 28% + 3% for halo-like BHB
stars and 46% =+ 11% for disk-like BHB stars; for n > 3, the fbi“
is 29% =+ 3% for halo-like BHB stars and 51% =+ 11%. These
results are summarized in Table 3.

The low binary fraction of halo-like BHB stars may be
explained as follows. Horizontal branch (HB) stars are gener-
ally formed from low-mass stars when they remove some enve-
lope and ignite central helium in a degenerate core (He flashes;
Sweigart 1990; Liebert et al. 1994; Dorman 1995). For halo-like
BHB stars, the progenitors (before He flash) are older (and less
massive) and have lower metallicity than that of disk-like BHB
stars (Lee et al. 1990, 1994). For stars with low mass and low

metallicity, helium ignition in single-star evolution results in rel-
atively high temperatures, directly placing them near the BHB
region, with many likely originating from disrupted globular
clusters (Xue et al. 2011). The low binary fraction (28-29%) of
halo-like BHB stars aligns with this scenario and indicates that
binary interaction has little contribution to halo-like BHB stars.
However, this fraction is not particularly low.

Moe et al. (2019) report that the intrinsic binary fraction
of metal-poor giants branch is approximately 35%—-55% across
the metallicity range —-3.5 < [Fe/H] < -1.0, while metal-
rich giants with [Fe/H] > -1.0 exhibit lower binary frac-
tions of about 20%—-35%. Since BHB stars generally originate
from red giant branch (RGB) stars, comparing the binary frac-
tions of these progenitor populations with those of BHB stars
provides key insights into the role of binarity in BHB for-
mation (Hoyle & Schwarzschild 1955; Sweigart & Gross 1976;
Dorman et al. 1993). If binary interaction plays a dominant role
in the formation of BHB stars, one would expect the BHB binary
fraction to be significantly higher than that of their RGB pro-
genitors. Conversely, comparable binary fractions would suggest
that binary interaction may not be a key factor. The comparable
binary fractions of metal-poor RGB stars (35%-55%) and our
halo-like BHBs (29%), together with the even higher binary frac-
tion of metal-poor low-mass MS stars (54%; Moe et al. 2019)
and intermediate-mass MS stars (~50%; Gao et al. 2017), sug-
gest that most binary systems may be preserved during the evolu-
tion from the main sequence through the RGB to the BHB stage
or, alternatively, that BHB binaries may originate from different
evolutionary channels.

Metal-rich stars evolving via single-star evolution typically
evolve into red clump (RC) stars rather than BHB stars because
the lower temperature during helium burning causes them to
directly settle on the RC (Girardi 2016; Moehler 2025). There-
fore, for metal-rich stars to appear on the BHB, they may have
much thinner envelopes—potentially achieved either through
enhanced mass loss via stellar winds or through binary interac-
tions. The significantly higher binary fraction of disk-like BHBs
(51%) compared to both metal-rich RGB stars (20%—-35%) and
metal-rich low-mass MS stars (17%) strongly supports a binary-
related formation scenario for these stars. Although metal-rich
intermediate-mass MS stars exhibit binary fractions of 30%—
60% Gao et al. 2017; Moe et al. 2019; Guo et al. 2022b, com-
parable to our disk-like BHBs, suggesting that binarity may not
play a significant role in this case. However, due to the IMF,
their contribution is small and may have little effect on the disk-
like BHB binary fraction. Several studies have proposed a pos-
sible binary-related origin for BHB stars (Liebert et al. 1994;
Bailyn 1995; Rich et al. 1997; Heber 2009). Similar to the for-
mation of extreme horizontal branch (EHB) stars, stable Roche-
lobe overflow (RLOF), common envelope (CE) ejection, and
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Fig. 5. Histogram of the number of halo-like BHB (black dashed) and
disk-like BHB (black solid) stars as a function of their g (in kK).

merger channels are plausible pathways for removing the hydro-
gen envelope (Maxted et al. 2001; Han et al. 2002; Han 2008).
Additionally, halo-like BHB stars are generally older than disk-
like BHB stars and exhibit a lower binary fraction, which may
be partly attributed to age differences. According to the sim-
ulations of Han (2008), as stellar populations age (i.e., transi-
tioning from young disk-like systems to old halo-like systems),
the dominant formation channel for EHB stars shifts from sta-
ble mass transfer to mergers, resulting in a lower binary frac-
tion among older stars. This trend may also be relevant for BHB
stars, suggesting that similar binary interaction processes influ-
ence the formation and binary properties of both EHB and BHB
stars. While the dominant mechanism remains uncertain, the
higher binary fraction in metal-rich BHB stars (45-48%) com-
pared to halo-like BHBs supports the idea that binary interac-
tions are a key factor in their formation. In addition, we find
that the disk-like group contains more hotter stars, so the higher
binary fraction may also result from this temperature distribution
(see Fig. 5 and the discussion in Section. 5.2). Notably, because
we cannot entirely rule out residual MS contamination in the
disk-like sample, the reported binary fraction may be slightly
overestimated.

The values of 7 and « are consistent within the uncertainty
range. For halo-like BHB stars, our study yields 7 = -5.8 + 1.4
and 54+ 14,andk = 0.7+ 1.6 and 0.9 + 1.6 forn > 2 and
n > 3, respectively. Similarly, for disk-like BHB stars, we obtain
n=-65+06and -6.0+06,andk =1.1+1.3and 3.6 +1.3
for n > 2 and n > 3, respectively.

All, page 6 of 8

5.2. Dependence on Kiel diagram

The observed binary fraction is 23% + 4% and 27% + 4% for
bluer BHB stars and 14% + 3% and 16% =+ 3% for redder BHB
stars for n > 2 and n > 3, respectively. We then examined the
fbi“ at different positions on the Kiel diagram and found that the
bluer BHB sample exhibits a significantly higher f;“ (42% + 6%
for n > 2 and 45% + 6% for n > 3) than the redder BHB sample
(24% + 5% for n > 2 and 23% + 5% for n > 3). These results are
summarized in Table 3.

Extreme horizontal branch stars, which are core-helium
burning stars exhibiting lower masses and higher temperatures
than canonical BHB stars, are strongly linked to binary interac-
tions (Maxted et al. 2001; Han et al. 2002, 2003; Heber 2009).
The minimum binary fraction for EHB stars is inferred to be
60% +8% based on Maxted et al. (2001), while Han et al. (2003)
report an intrinsic binary fraction ranging from 76% to 89%. Sta-
ble Roche-lobe overflow and common envelope evolution serve
as the main channels for envelope stripping in red giant stars.
These processes effectively remove the outer envelope, leav-
ing behind a core-helium burning star with a lower mass and
a higher effective temperature. Similarly, BHB stars are also
formed through mass loss on the red giant branch. In this con-
text, the formation mechanisms of BHB stars and sdOB stars
may follow a common evolutionary channel, but the BHB stars
experience a less extreme degree of envelope removal. High
envelope removal efficiency may favor evolution into an EHB,
whereas lower efficiency may result in the star remaining as a
BHB object. The bluer a BHB star is (i.e., the closer it is to the
EHB region), the more extensive the envelope stripping required.
This may make the single-star channel increasingly unlikely, and
suggests that binary interactions could play a significant role in
achieving such stripping. This aligns with our finding that the
bluer BHB sample exhibits a significantly higher intrinsic binary
fraction (45%) compared to the redder BHB sample (23%) and
the observed binary fraction. These observations suggest that the
actual envelope ejection process in CE evolution may be less
“clean” or efficient than idealized models predict, and this evi-
dence can help constrain the physical parameters and efficiency
of envelope stripping in CE evolution, potentially refining our
understanding of binary evolution.

Figure 5 displays the number of halo-like BHB and disk-like
BHB stars as a function of effective temperature. The histogram
shows that halo-like stars are systematically cooler, while the
disk-like sample contains a great number of hotter stars. This



Guo, Y. et al.: A&A, 702, Al1 (2025)

distinction may leads to higher overall binary fraction observed
in the disk sample because hotter BHB stars have higher binary
fractions. Itis important to note that we cannot completely elim-
inate MS contamination from the hotter disk-like BHB sample.
Any residual contaminants may still lead to a modest overesti-
mation of the binary fraction.

In Figure 3, we find that the halo-like BHB stars are rela-
tively evenly distributed across the diagram, and their observed
binaries (red stars) also do not exhibit pronounced clustering.
In contrast, the disk-like observed binaries (cyan stars) show a
tendency to cluster toward the bluer region. Although this may
hint at a higher fraction of detectable binaries in those spe-
cific areas, the pattern should be viewed cautiously as more data
would be needed to confirm any definitive trend.

The trend of 7 and x remains consistent within the uncer-
tainty range across different subsets of BHB stars. For bluer
BHB stars, our analysis yields 7 = —=5.4+1.9 and —6.2+1.9, with
corresponding « values of 0.5 + 1.4 and 0.4 = 1.4 for n > 2 and
n > 3, respectively. Likewise, for redder BHB stars, we derive
m=—-64=+1.1and —6.1 + 1.1, along with x = 3.4 + 1.2 and
35+12forn>2andn > 3.

6. Summary

Blue horizontal branch stars are valuable tracers of the Galac-
tic halo, commonly used to study its structure and kinematics.
Their nearly constant luminosity across a wide range of tem-
peratures makes them reliable standard candles. Investigating
their binary properties provides crucial insights into their for-
mation pathways and the role of binary interactions in stellar
evolution.

In this work, we first selected a sample of 299 BHB stars
with multiple observations from the catalog of Ju et al. (2024).
We then classified the sample into disk-like and halo-like groups
based on their metallicities and kinematics, and separately into
bluer and redder groups according to their effective tempera-
ture, in order to investigate their relationship with the binary
fraction. Using the Markov chain Monte Carlo (MCMC) frame-
work developed by Sana et al. (2013), we corrected the observed
binary fraction for any observational biases.

The intrinsic binary fraction of all 299 BHB stars is 31%+3%
for n > 2 and 32% + 3% for n > 3. A difference was observed
in the intrinsic binary fraction between halo-like and disk-like
BHB stars. Halo-like BHB stars exhibited an fli" of 28% + 3%
for n > 2 and 29% + 3% for n > 3, whereas disk-like BHB stars
had a much higher binary fraction of 46% +11% and 51% + 11%
for n > 2 and n > 3, respectively, indicating that binary inter-
actions play a more significant role in disk-like BHB stars. We
further examined the binary fraction at different positions on the
Kiel diagram and found that the bluer BHB sample exhibited a
significantly higher fg" (42% + 6% for n > 2 and 45% + 6%
for n > 3) compared to the redder BHB sample (24% + 5% for
n > 2 and 23% + 5% for n > 3), suggesting a potential correla-
tion between binarity and the effective temperature of BHB stars.
These observations may help to better constrain the efficiency of
envelope stripping during common envelope evolution, offering
a modest refinement in our understanding of binary evolution.
We find no significant correlation between 7 («) and metallicity
or kinematics, nor with the position of BHB stars on the Kiel
diagram.

Data availability

Table 1 is only available at the CDS viahttps://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/702/A11
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