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Abstract

The development of large-scale time-domain surveys provides an opportunity to study the physical properties as
well as the evolutionary scenario of B-type subdwarfs (sdBs) and M-type dwarfs (dMs). Here, we obtained 33 sdB
+dM eclipsing binaries based on the Zwicky Transient Facility (ZTF) light curves and Gaia Early Data Release
3 (EDR3) parallaxes. By using the PHOEBE code for light curve analysis, we obtain probability distributions for
parameters of 29 sdB+dMs. R;, R, and i are well determined, and the average uncertainty of mass ratio g is 0.08.
Our parameters are in good agreement with previous works if a typical mass of sdB is assumed. Based on
parameters of 29 sdB+-dMs, we find that both the mass ratio ¢ and the companion’s radius R, decrease with the
shortening of the orbital period. For the three sdB+dMs with orbital periods less than 0.075 days, their companions
are all brown dwarfs. The masses and radii of the companions satisfy the mass—radius relation for low-mass stars
and brown dwarfs. Companions with radii between 0.12 R, and 0.15 R, seem to be missing in the observations.
As more short-period sdB+dM eclipsing binaries are discovered and classified in the future with ZTF and Gaia, we
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will have more information to constrain the evolutionary ending of sdB+4-dMs.
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1. Introduction

Hot subdwarf stars are located between the main sequence and
the white dwarf (WD) sequence in the Hertzsprung-Russell
diagram (Heber 2016). They are classified as B-type (sdB,
Tt < 40,000 K) and O-type (sdO, T > 40,000 K) according to
their different spectral types (Hirsch et al. 2008). sdB stars are
located in the blue tail of the horizontal branch (HB), which is also
known as the extreme horizontal branch (EHB; Heber 1986). sdB
has a helium-burning core and an extremely thin residual
hydrogen envelope (mass < 0.01 M). Its progenitor is likely
an evolved star that loses most of its hydrogen envelope when it
ascends the red giant branch. sdB will not enter the asymptotic
giant branch phase, instead, it will become a WD directly. The
average lifetime on the EHB is on the order of 10° yr (Dorman
et al. 1993). Maxted et al. (2001) suggested the binary ratio of sdB
is ~60%. About half of these binary systems are close binaries
with periods of a few days (Allard et al. 1994; Maxted et al.
2001), while the others are wider binaries with periods of several
years (Stark & Wade 2003; Chen et al. 2013; Vos et al. 2018).

The evolution of sdB is still controversial (Geier &
Heber 2012), although the binary evolution scenario is favored.
Han et al. (2002, 2003) proposed three binary evolution channels
for sdBs (common envelope evolution, stable Roche-lobe over-
flow and the merger of two He WDs). Subsequently, a number of
works tried to test these theories through observations (Luo et al.

2019, 2020; Kupfer et al. 2020; Kramer et al. 2020; Pelisoli et al.
2020). For single sdB stars, the formation has always puzzled us.
About 40% of sdB stars have been found to be single. Although it
has been argued that all sdB stars evolved from binary stars
(Pelisoli et al. 2020), several facts suggest that the merger channel
of two He WDs cannot satisfactorily explain single sdB stars
(Burdge et al. 2020; Van Grootel et al. 2021). First, the number of
low-mass WD binaries is small (Ratzloff et al. 2019b). Second,
the predicted broad mass distribution of single sdB stars from the
merger channel seems to be inconsistent with observations
(Fontaine et al. 2012). Third, observations show that most single
sdB stars have a very slow rotation, which counters the fast
rotation predicted by the merger channel (Geier & Heber 2012;
Charpinet et al. 2018). Recently, a new channel for the formation
of single sdB stars has been proposed (Meng et al. 2020, 2021).

‘When an sdB+4-dM binary system is eclipsed, it exhibits an HW
Vir-type light curve (LC). The number of such stars is relatively
small, and since they possess a characteristic LC, they provide a
direct way to measure the physical properties of components by
modeling the LC and radial velocity curve, which helps to test the
theory of formation and evolution of such systems. For a more
detailed review on HW Vir-type stars, see Heber (2016). Such
stars have been studied continuously and extensively over the last
few decades, and their number is increasing (see e.g., Kilkenny
et al. 1978; Menzies & Marang 1986; Drechsel et al. 2001;
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Ostensen et al. 2007; For et al 2010; Barlow et al. 2013;
Schaffenroth et al. 2014; Kupfer et al. 2015; Almeida et al. 2017;
Ratzloff et al. 2019a; Koen 2019; Ratzloff et al. 2020; Sahoo et al.
2020a; Baran et al. 2021). The orbital periods of HW Vir-type
stars are easily obtained from LCs, while the physical parameters
such as mass and radius of sdB and the companion stars can be
determined based on radial velocity measurements and LC
analysis. Based on these parameters, it is possible to constrain the
evolution of HW Vir-type stars and the mass-radius relations of
two components. The mass—radius relation of brown dwarfs was
studied by Baraffe et al. (2003) using the COND model from
Chabrier et al. (2000). The mass—radius relation of low-mass stars
was studied by Knigge et al. (2011) using cataclysmic variables
(CVs). HW Vir-type stars are suitable objects for updating the
physical properties of low-mass stars and brown dwarfs.

There are currently about 200 HW Vir-type stars in the
database of AAVSO International Variable Star Index* (Watson
et al. 2006, VSX), which are mainly collected from the periodic
variable catalog of the Zwicky Transient Facility (Chen et al.
2020, ZTF), the fourth phase of the Optical Gravitational
Lensing Experiment (Udalski et al. 2015, OGLE) and the catalog
of the Asteroid Terrestrial-impact Last Alert System (Heinze
et al. 2018, ATLAS). Schaffenroth et al. (2019) studied a sample
of HW Vir-type stars in OGLE and ATLAS. ZTF is a northern-
sky time-domain survey with limiting magnitudes of 20.8 mag in
g band and 20.6 mag in r band (Masci et al. 2019). By
monitoring the northern sky with several hundred detections for
each object over a 3 yr period, ZTF will discover a large number
of HW Vir-type stars. The presence of more short-period
(P<0.2 days) HW Vir-type stars will help constrain the
evolutionary timescale and ending of such systems.

In this paper, we analyze the physical and orbital parameters
of 29 sdB+dM eclipsing binaries using LCs from ZTF Data
Release 5 (DRY). By fixing an sdB’s mass and temperature, we
obtain the orbital inclination, mass ratio, radius of sdB and dM,
and the dM temperature. We also determine the mass—radius
relation of dM and investigate how an sdB+dM evolves with
the shortening of the orbital period. In Section 2, we describe
the selection of sdB+4-dM eclipsing binaries and their LCs. We
explain how to use PHOEBE to obtain orbital parameter
solutions from LCs, and the reliability of our determined
parameters in Section 3. In Section 4, we present our results
and make a comparison with previous works. We also discuss
the physical properties and the evolutionary stage of our sdB
+dM eclipsing binaries in this section. Finally, we conclude
this work in Section 5.

2. Sample and Data Selection

We cross-matched the HW Vir-type stars in the VSX database
with the ZTF catalog of periodic variable stars and obtained a

4 https: //www.aavso.org/vsx /index.php
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Figure 1. Gaia-band absolute magnitude vs. intrinsic color diagram. The red
dots represent 33 HW Vir-type stars, and the error bars of four brighter HW
Vir-type stars are added. The gray dots signify the locations of ZTF short-
period variables with P < 0.2 days and distance uncertainty less than 50%.

N

sample of 31 HW Vir-type stars. Two other HW Vir-type stars
not included in the VSX were identified by eye and added to the
sample. About two-thirds of this sample have periods smaller
than 0.2 days. We compared them to ~900 other short-period
variables from the ZTF Catalog of Periodic Variable Stars
through the Gaia-band intrinsic color versus absolute magnitude
diagram (CMD). This helps determine the type of primary
component for HW Vir-type stars. In Figure 1, the red dots
represent the 33 HW Vir-type stars, and the gray dots are the ZTF
short-period variables with P < 0.2 days. We adopted the
extinction values of Green’s 3D extinction map (Green et al.
2019) and converted them to Ag and E(Gg, — Ggp) using the
updated extinction law (Wang & Chen 2019). The absolute
magnitude and intrinsic color are estimated by Mg =G —Ag—5
log(1/@) — 10 and (Ge, — Grplo = (Gry — Gry) — E(Gpp — Grp),
respectively. w is the corrected Gaia Early Data Release 3
(EDR3) parallax in mas (Lindegren et al. 2021). The corrected
EDR3 parallax was found to reduce the systematic bias to < 10
pas (Ren et al. 2021).

From Figure 1, we found that HW Vir-type stars concentrate
as a clump with an absolute magnitude around Ms; =15 mag.
The clump is bluer than the main sequence variables and
brighter than the cataclysmic variables. This means our HW
Vir-type stars are sdB+dM eclipsing binaries rather than WD
+dM eclipsing binaries. To further confirm that primary
components in our sample are all sdB stars, we adopt the
method in Gentile Fusillo et al. (2015), where the authors
calculated the reduced proper motion defined as H=G +
5 logp + 5. G and p are G band magnitude and proper motion
respectively. We found that H values of our sample are all less
than 14.5, which demonstrates that they are sdBs rather than
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Table 1
Preset MCMC Parameters in PHOEBE 2.3.

Fixed Parameters:

M, 0.47 M,
T, 30,000 K
ecc 0
X0 0.2
Xig" 0.25
X% 1.0
ngu 1.0
a* 1.0
g 0.32
A 1.0
AL 1.0

Fitting with MCMC Calculation Parameters:

i 60 — 90°
q( = M /M) unrestricted
R, unrestricted
R, unrestricted
T unrestricted
L, unrestricted
L, unrestricted
Notes.

 Linear limb darkening coefficients and gravity-darkening factors adopted
from Claret & Bloemen (2011).
b .

reflection factors.

WDs (Schaffenroth et al. 2019). The distribution of HW Vir-
type stars is consistent with constraints of — 1.0 <M< 7.0
and (Ggp — GRrp)y < 0.7 (Geier et al. 2019; Geier 2020), but
more concentrated in M. Four sdB+dMs are brighter than the
others, and these deviations are due to the large uncertainties
propagated from Gaia parallaxes. We display their error bars in
Figure 1. The lo uncertainties of the absolute magnitude for
other sdB+dMs are less than 0.35 mag. We also note that in the
CMD, there are dozens of gray dots distributed in the location
of our sdB+dM eclipsing binaries. By examining their LCs, we
found that they are non-eclipsing sdB+dM binaries, and their
brightness variations are due to reflection. Reflection occurs
when the hot component illuminates part of the spherical
surface of the cooler component when the temperature
difference between the two components is large. The size of
the illuminated surface varies with the projection angle, which
leads to an eventual sinusoidal-like LC without eclipse. This
suggests that many sdB binaries orbit at such a small
inclination that we cannot see the eclipse. The HW Vir-type
star is a subtype of detached eclipsing binaries (EA-type) that
have similar LC shapes. The specific distribution in the
intrinsic color versus absolute magnitude diagram helps to
separate HW Vir-type stars from other main sequence eclipsing
binaries. With these properties, we expect to find hundreds of
HW Vir-type stars in future ZTF-based variable star searches.
Moreover, the CMD is useful to separate sdB+-dM eclipsing
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Figure 2. MCMC results for ZTF J204046.56+340702.8. In the diagram, i, R,
R, and g present a Gaussian-like distribution.

binaries and WD+-dM eclipsing binaries when Gaia parallaxes
are accurate enough.

We downloaded the g, r band LCs of 33 sdB+dM eclipsing
binaries from the ZTF DRS5 database. To ensure the quality of
LCs, we selected only good photometric data with catflag < 10°.
ZTF DRS contains photometric data obtained during a two-
and-a-half year survey, with more than 200 detections per band
for most objects. Given that typical photometric uncertainties
are around 0.015 mag, we believe that a reliable analysis can be
performed on the ZTF LCs. LCs were folded with periods from
Chen et al. (2020), and the ephemeris of the primary minimum
Ty was estimated by the lc_geometry package in PHOEBE 2.3
(Conroy et al. 2020). We also performed a careful visual
inspection of all LCs to make sure that the period and T,, were
not significantly biased. We excluded photometric outliers (less
than 10) for each LC according to the fit line of the Gaussian
processes. Magnitude was converted into normalized flux by
assuming the maximum flux in g, r bands is equal to 1. The
primary eclipses of four sdB+dMs are fainter than the
detection limit of ZTF (r>20.5 mag). We excluded them
and performed LC analysis on the remaining 29 sdB+dMs.

3. Light Curve Analysis

sdB+dM eclipsing binaries are the best objects to study the
physical properties of sdBs and dMs. However, only the radial
velocity curve of the primary component is available, so the
mass ratio cannot be directly determined from radial velocity
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Figure 3. MCMC results for ZTF J224547.36+490824.7. In the diagram, i, R,
and R, present a Gaussian-like distribution, but ¢ does not obey a Gaussian
distribution.

curves. One way to solve this problem is to assume a typical
mass of sdB, e.g., M| =0.47 M., Based on this assumption,
parameters of two components can be constrained well by
analysis of the single-line radial velocity curve and LCs. The
shortcoming of this method is that M; cannot be studied. The
other way is to constrain the mass ratio g based on log g and fix
it in the subsequent analysis (Drechsel et al. 2001; Heber et al.
2004; Vuckovié et al. 2007; For et al 2010; Schaffenroth et al.
2014; Almeida et al. 2017; Barlow et al. 2013; Schaffenroth
et al. 2021). In this method, the accuracy of g depends on the
extent to which it is constrained by LCs. When ¢ does not
converge in the iterations, the uncertainty is relatively larger. In
this work, we used the PHOEBE 2.3 code to study the
probability distribution of parameters for 29 sdB+dMs and to
evaluate how well g is constrained by LCs.

With some exceptions, most sdB stars have a mass around
047 M., which is also known as the typical mass (Han et al.
2002, 2003; Sahoo et al. 2020b). Most sdB stars have a temperature
in the range of 27,000-31,000 K (Geier et al. 2012). Three of
29 sdB+dMs were studied previously with spectra and an sdB’s
temperature is in this range. The three sdB+dMs are ZTF
J162256.66+473051.1 with a temperature 7' o= 29,000 £ 600 K
(Schaffenroth et al. 2014), ZTF J153349.444375927.8 with a
temperature 7 o = 29,230 £125K (For et al. 2010) and ZTF
J223421.494-245657.1 with a temperature 7 ¢ = 28,500 £ 500 K
(Almeida et al. 2017) or Tj.;=28,370 £ 80K (Dstensen et al.
2007). The companion star of an sdB+dM is an M dwarf or a
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Figure 4. LC analysis of ZTF J204046.56+340702.8. The top and bottom
panels are the LC fitting diagram and residual diagram respectively. In the top
panel, the green and yellow lines are modeled LCs, and the blue and black dots
are photometric measurements in g and r bands, respectively. The error bars
represent the uncertainties of the photometry. In the bottom panel, the blue and
black dots are the residuals between the modeled and observed LCs
respectively. The green and yellow lines indicate the average of the residuals.

brown dwarf, and its temperature is around 3000 K (Menzies &
Marang 1986; Schaffenroth et al. 2014; Vuckovi¢ et al. 2014).
Our idea is to assume that the primary components of sdB
+dMs are all canonical sdB stars with a mass of 0.47 4 0.03 M,
a radius of 0.175 +0.025 R, and temperature about 30,000 K
(Van Grootel et al. 2021). We fixed the sdB mass M, to 0.47 M,
and the sdB temperature 7 to 30,000 K in our LC analysis. Small
deviations in 7} will directly affect the poorly constrained 7,
(typically with 30% uncertainty), but have little effect on R, and
other parameters. With these assumptions, we can still study the
properties of the companion star and the evolution stage of the
system in terms of statistics. We set the orbital eccentricity e to 0
since all of our sdB+dM eclipsing binaries have a very short
period (less than 0.5 days). We set the linear limb-darkening
coefficient of sdB to 0.25 and 0.2 in the g band and r band,
respectively, while that for the companion is 1.0 in both
the g band and r band (Claret & Bloemen 2011). We set the
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gravity-darkening factor to 1.0 and 0.32 for sdB and the
companion, respectively (Claret & Bloemen 2011). The reflection
factor of sdB and the companion was set to 1.0. The range of the
initial orbital inclination i is 60 — 90 degrees, and the other
parameters are unrestricted. All preset parameters are listed in
Table 1.

We used the Markov chain Monte Carlo (MCMC) sampler
based on EMCEE (Foreman-Mackey et al. 2013) to determine
parameters of 29 sdB+dM eclipsing binaries. For sampling, we
relied on 50 walkers and 2000 iterations, and each run cost 30
hours on a 4-core CPU. We also tested 5000 iterations for five
sdB+dMs and 20,000 iterations for one sdB+dM and found the
results were almost the same as those based on 2000 iterations. In
the first run, the mass ratios g; are not well constrained for most of
the objects, as it is difficult to obtain the true g from many local
optimal mass ratios. In contrast, the radii R; ;, R, ; and inclination i;
are constrained well in two-band LC analysis. From the R;; — ¢
and R, ; — q distributions, R; ; and R, ; only increase by 20% when
q increases from 0 to 1, so we decided to use R, to establish a
prior distribution of g. According to the mass—radius relationship
of dM, the ratio of mass to radius is slightly less than 1 in solar
units. Given that g and R, are usually overestimated in the first run
(q of the sdB+dM is usually less than 0.3), we assumed a prior
distribution of ¢ as [0, R,;/0.47]. We again performed MCMC
estimation and obtained reliable parameter distributions for most
of the sdB+dMs. Eleven sdB+dM eclipsing binaries that have
temperatures 75 > 3000 K are not consistent with their masses
and radii. For these objects, we added another prior 7, < 4000 K
and performed the MCMC estimation again to obtain the final
distributions of parameters.

Figure 2 displays the parameter distributions of ZTF
J204046.56+340702.8 as an example of one class. We can see
that i, g, R and R, obey Gaussian-like distributions and the
correlations between these parameters are small. Parameters of the
other three sdB+dM eclipsing binaries are similarly distributed
(see Figures A1-A3 in Appendix A). Figure 3 depicts the
parameter distributions of ZTF J224547.36+490824.7. 1t differs
from Figure 2 in that ¢ does not satisfy a Gaussian distribution.
For this class, g is uniformly distributed, or has a wide tail, or is
biased toward one side in the prior range (see Figures B1-B24 in
Appendix B). Considering that the prior range is narrow, i.e., g; is
roughly distributed between 0 and 0.2-0.5, the deviation between
the maximum likelihood and the true ¢ is not large. This deviation
is already included in the error of ¢ (mean uncertainty is 0.08). In
addition, the error in R, hardly increases with the error in ¢ due to
the weak correlation between R, and g. Based on multi-band LC
analysis, the determined masses and radii of the companions in
sdB+dM eclipsing binaries are reliable for studying their
statistical properties. Nevertheless, in most cases, uncertainty in
q or M, is larger.

In both Figures 2 and 3, 7, does not exhibit a Gaussian
distribution, which means that 75 is difficult to be constrained in the
LC analysis. The typical uncertainty of 1500 K also indicates that

Dai et al.

1.44

1.2

0.6

—04 -02 0.0 02 0.4

0.104

W

]
Q
(=3
W

0.00 4

flux residuals [-

—0.05

—-0.101

04 ~02 00 02 0.4
phase

Figure 5. Similar to Figure 4, but for ZTF J224547.36+490824.7.

T, is rather uncertain. The upper panels of Figures 4 and 5 feature a
comparison of the modeled and observed LCs of ZTF J204046.56
+340702.8 and ZTF J224547.36+490824.7, while the lower
panels show the residual diagrams. Diagrams for other sdB+dM
eclipsing binaries are supplemented in Appendix A and B.

4. Results and Discussions

In this section, we present a table including parameters of
29 sdB+dM eclipsing binaries and make a comparison with
previous works. We also discuss how to use our result to
constrain the evolutionary stage of sdB-+dM eclipsing binaries
and the physical properties of companion dM stars.

4.1. Results of 29 sdB+dM Eclipsing Binaries

The results of our sample, containing 29 sdB+4-dMs, were
included in Table 2. It contains the ZTF ID, position (J2000 R.A.
and decl.), period, physical parameters and the corresponding
uncertainties. The physical parameters include 7, ¢, Ry, R>, 15, L;
and L,. The bolometric luminosities of the sdB and companion are
calculated using the PHOEBE code, converted from the passband
luminosities. The uncertainty of luminosity is simply estimated
based on the propagation uncertainties of the radius and



Table 2
Physical Parameters of 29 sdB+dMs.
D R.A. (J2000) Decl. (J2000) Period i q R, R, T, L L,
(deg) (deg) (days) ©) Ro) Ro) X L) L)

ZTF J011339.094-225739.0 18.41288 22.96086 0.093373 79.6%93 0.29799¢ 0.17873%% 0.16015:992 320071899 184} 0.00215:9%
ZTF J014600.904-581420.4 26.50378 58.23902 0.0937295 88.2+12 0.28%04¢ 0.159753%8 0.16759%4 26007199 1513 0.001%35%3
ZTF J050114.39+424741.3 75.30996 4279481 0.1385308 78.7153 0243083 0.2035090 0.22070:004 260011400 2473 0.001753%3
ZTF J054744.02+304732.2 86.93345 30.79228 0.0946493 79.8+09 0.357549 0.19053:0% 0.189+0:0%7 230041350 2173 0.001793%3
ZTF 1072905.44-183703.4 112.27271 —18.61767 0.0937585 654197 0.4175:94 0.20470:99%8 022379952 250071399 2412 0.00275:9%%
ZTF 1153349.44+375927.8 233.45600 37.99114 0.1617705 86.7101 0.3713:02 0.177733%} 0.165793%} 27007895, 18793 0.001+3:003
ZTF J162256.664+473051.1 245.73609 47.51422 0.0697888 69.4+03 0.1349:%4 0.1820:004 0.098+0:002 27007195 17.0419 0.000350:00%7
ZTF 1183431.88+061056.7 278.63286 6.18243 0.0612955 80.4+0¢ 0.173%4 0.14879%4 0.101+3:5%3 23007129 137! 0.0002+3:9906
ZTF J183522.73-+064247.1 278.84475 6.71306 0.1544056 83.9104 0.4170% 0.16070:0%¢ 0.198799% 29004155 1573 0.0025-998
ZTF 1184042.41+070321.9 280.17675 7.056056 0.1911135 77.1t8f§ 0.16°3% 0.19475:9%7 0.24610:004 36005% 2212 0.005799%
ZTF J184847.05+115720.3 282.19608 11.95565 0.1068316 87.819¢ 0.35%007 0.19473:9%3 0.20175:9%2 230071359 22,0119 0.00175:9%2
ZTF 1185207.60+144547.1 283.03171 14.76314 0.190421 83.7+01 0.53+09% 0.187753% 0.19415:9%2 36007359 207} 0.00479:3%2
ZTF 1190705.22+323216.9 286.77179 32.53803 0.1380584 80.7+03 0267902 02040097 0.112759%% 230071300 2472 0.00033%%
ZTF J192055.46-+041619.5 290.23113 4.27208 0.1117401 76.010% 0.5+ 0.183+0004 0.27350949 280011550 1913 0.004+3919
ZTF 1192240.884-262415.5 290.67034 26.40433 0.1519447 87.9t}_3 0.17933 0.200* 5912 0.178=33%4 280071459 2373 0.001+3.904
ZTF 1192513.664-253025.6 291.30696 25.50711 0.1720741 83.8107 0.317313 0.17979913 0.201+3:008 22007129 1813 0.001+3:992
ZTF 1193555.33+123754.8 293.98056 12.63191 0.2458299 80.0193 0.127°9% 0.18113:0%8 0.272799%2 250071200 1972 0.00215:9%
ZTF J193604.87+371017.2 294.02038 37.1715 0.2383538 82.103 0274343 0.20950019 0.189:+0:00¢ 30001350 2573 0.002+3:90¢
ZTF 1193737.06+092638.7 294.40442 9.44408 0.1741799 83.5104 0.291932¢ 0.180*5:9% 0.24979:9%2 22007139 1943 0.001+3:3%3
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ZTF J223421.49+245657.1 338.58950 24.94928 0.1105878 78.6404 02559 0.204+:004 0.10810:003 34001315 207} 0.001753%3
ZTF J224547.36-+490824.7 341.44742 49.14019 0.1207436 757492 0267098 0.185+3:9%7 0.173+3:99 360013900 202 0.004 3919
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minimum error.

temperature through the equation L = 47oR2T.4;. The mean
radius and luminosity of sdB are R; =0.188 £0.018 M., and
Ly =2144 L, respectively, which are consistent with the typical
radius and luminosity of sdB (Heber 2016).
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Figure 8. Similar to Figure 7, but fixed ¢ is set to maximum error.

4.2. External Errors of Orbital Parameters

Among the obtained orbital parameters, the mass ratio ¢ has the
largest error. To check whether the accuracy of the other
parameters is affected by g, we fix ¢ to the maximum and
minimum values (g, = ¢ + 0y» gpin = g — 0, see Section 4.1
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Table 3
ZTF J184847.05+115720.3 as an Example to Test the Effect of Different
Initial Values

Initial Values Default Unreasonable
i® 87.840¢ 87.7401

q 0.35+397 0.3279%2
i(R.) 0.194500 019273008
ra(R:) 020123503 02005503
T»(K) 230071399 230051499

Note. ¢ obeys a uniform distribution while the others obey Gaussian
distributions.

and Table 2) and performed the PHOEBE analysis again,
respectively. Figures 7 and 8 display the MCMC results when ¢
is fixed to the minimum and maximum values using
ZTFJ011338.79+431154.9 as an example. The residuals of i, r
and r, were estimated by the difference between the new values and
the mean values in Table 2. In Figure 6, the top panel shows the
relationship between the mean g and the residual values of g, while
the left-bottom, middle-bottom and right-bottom panels are similar,
but for i, r; and r, respectively. The average percentage error of g is
32.8%, but only 3.1% and 1.4% for r; and r, respectively. These
imply that for the sdB+dM system, the radii are reliable even if g
has a large error. We also note that Z, 7 and r, all exhibit Gaussian-
like distributions for a fixed ¢ in Figures 7 and 8.

The selection of initial values in PHOEBE might lead to a bias
in the solution of the orbital parameters. Our default initial values
of g, r; and r, are 0.3, 0.175 and 0.15 respectively, where g obeys
a uniform distribution and r; and r, obey Gaussian distributions
with a standard deviation of 0.05. To investigate the effect of the
initial values on the final results, we also adopted unreasonable
initial values of ¢ =0.1, r; =0.05 and r, =0.05. From Table 3,
we can see that the choice of the initial value has little effect on
our results.

4.3. Comparison with Previous Work

Three of our sdB+dM eclipsing binaries were studied in
previous works, which used both the single-line radial velocity
curve and LCs to determine parameters. We compared our results
with theirs to validate our method. As shown in Table 4,
parameters of ZTF J162256.66+473051.1 (PG 16214+-476) and
ZTF J153349.444-375927.8 (FBS 1531+381) agree well with
Schaffenroth et al. (2014) and For et al (2010), respectively. For
et al (2010) yielded a relatively small mass for the sdB star, but it
does not conflict with the typical mass of an sdB if the error is
taken into account. We also confirmed that using a temperature of
30,000 K or temperatures from the literature hardly affect our
parameter determination.

As displayed in Table 5, the case of ZTF J223421.49
4245657.1 is more complicated. Gstensen et al. (2007) suggested
that the primary component is an sdB star with a mass of 0.47 M,

Dai et al.

or 0499 M., while Almeida et al. (2017) suggested that it is a
low-mass WD with a mass of 0.19 M, or 0.288 M.,.. Our g agrees
with these two works while R; and R, do not. It is worth noting
that the radii of @stensen et al. (2007) were given in units of
orbital separation not solar radius. Our radius ratio is consistent
with Almeida et al. (2017), which means that the reason for the
different parameters is due to the difference in the adoption of M.
We prefer the primary component to be a typical sdB when
considering its location on the CMD.

In summary, when the primary star is a typical sdB,
parameters i, g, Ry, R, and M, obtained from only LCs are
consistent with those obtained from both LCs and the single-
line radial velocity curve. With the single-line radial velocity
curve, g and M, can be determined with better precision,
especially when the error of the mass ratio based on LCs alone
is large. According to the discussion in Section 3 and this
section, the mass estimates of sdB stars based on the single-line
radial velocity curve have a large uncertainty if g is not
constrained well by LCs.

4.4. Evolutionary Stage of sdB+dM

Figure 9 depicts the evolutionary diagram of our sdB+dM
eclipsing binaries. In the top panel of Figure 9, the mass ratios are
randomly distributed in ¢ = 0.1 — 0.6 when the orbital periods are
longer than 0.1 days. However, we only found low mass-ratio
(g ~0.2) sdB+dM eclipsing binaries when P < 0.08 days. In the
bottom panel of Figure 6, the decrease of R, with the orbital period
is more significant than the decrease of ¢, given the much smaller
uncertainty of R,. According to Figure 6, we ascertained that in
sdB+-dM, the companion stars are found to be less massive as the
orbital period shortens. This implies that sdB+dM with more
massive companions merge earlier in the orbital decay process.
When P < 0.075 days, the companions of all three sdB+dMs in
this work are brown dwarfs. Geier (2015) suggested that the orbital
period P <~ 0.2 d and the minimum mass of companion stars
M, <~0.06 M is a critical region where no companion stars
would survive in the common envelope phase. Instead they may
merge with the sdB or be evaporated (Soker 1998). In the top panel
of Figure 9, the blue dashed lines are the period and mass limits of
the companion stars, and the absence of stars in this region suggests
that our results support Geier’s arguments. More sdB+dM
eclipsing binaries with periods shorter than 1 hour will be detected
in future data releases of ZTF, and we will gain more knowledge
about the evolutionary end of sdB+dMs.

4.5. Physical Properties of Companion Stars

Figure 10 shows the mass-radius relation of the companion
stars. The blue, yellow and green solid lines are the theoretical
mass—radius relation for brown dwarfs with ages of 1 Gyr, 5 Gyr
and 10 Gyr (Baraffe et al. 2003). The black solid line is mass—
radius relation for M dwarfs in CVs from Knigge et al. (2011),
and the black dot—dashed line represents the theoretical mass—
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Table 4
Physical Parameters of ZTF J162256.66+473051.1 and ZTF J153349.44+4-375927.8 Compared to Previous Works.

ZTF J162256.66+473051.1 (PG 1621+476)

ZTF J153349.444-375927.8 (FBS 1531+381)

i®) 69.4703 7233 + 1.11 86.7101 86.6 +0.2
q 0.1319:0¢ 0.1325[fixed] 0.377092 0.301
Ri(R) 0.182:+.504 0.168 + 0.007 0.177+3:501 0.166 =+ 0.007
R>(R.) 0.098=93%3 0.085 + 0.004 0.16573%} 0.152 + 0.005
Ty(K) 29,000[fixed] 29,000[fixed] 29,230[fixed] 29,230[fixed]
T»(K) 27001999 2500 + 900 2700789, 3100 + 600
M (M) 0.47[fixed] 0.48 +0.03 0.47[fixed] 0.376 = 0.055
Mo(M.) 0.06170919 0.064 £ 0.04 017479999 0.113 £ 0.017
Li(Ly) 17+ 18.0493 18.14 + 1.84
Ly(L.) 0.00030567” 0.0015503

this work Schaffenroth et al. (2014) this work For et al (2010)

Note. Parameters marked with [fixed] were fixed in MCMC estimations.

Table 5
Physical Parameters of ZTF J223421.49+245657.1 Compared to Previous Works

ZTF J223421.49+4-245657.1 (HS 2231+-2441)

i®) 78.6154 79.6 79.1 79.4 £0.2 79.6 & 0.1
q 0219093 0.159 0.145 0.190[fixed] 0.160[fixed]
Ri(Rw) 0.20450:00¢ 0.250[s] 0.250[s] 0.144 + 0.004 0.165 + 0.005
Ry(R.) 0.10849:503 0.127[s] 0.129[s] 0.074 + 0.004 0.086 + 0.004
T\(K) 28,500 fixed] 28,370 + 80[fixed] 28,370 + 80[fixed] 28,500[fixed] 28,500 fixed]
T>(K) 34007219 3010 =+ 460 3410 =+ 500
M(M.) 0.47[fixed] 0.470 0.499 0.190 + 0.006 0.288 + 0.005
M(M_,) 0.0940:018 0.075 0.072 0.036 + 0.004 0.046 + 0.004
Ly(L.) 200750
Ly(Le) 0.001+3:0%3
this work @stensen et al. (2007) Dstensen et al. (2007) Almeida et al. (2017) Almeida et al. (2017)

Note. Note: Parameters marked with [fixed] were fixed in MCMC estimations. Parameters marked with [s] are in the unit of orbital separation rather than solar radius.

radius relation for single M-type stars from Baraffe et al. (1998).
Most companion stars in our sample agree with the mass—radius
relations. The three exceptions are due to underestimation of the
mass ratio error or not being a genuine sdB+dM that hosts a
047 M., sdB. A gap was found between R, =0.12 R. and
R, =0.15 R, and this gap is likely the boundary of low-mass stars
and brown dwarfs. Our comparison reveals that the dM mass
distribution in our sample is similar to that of Kupfer et al. (2015).
Besides, the absolute magnitude and intrinsic color of five
companion stars with R, < ~ 0.12 R, are uncharacteristic. These
suggest that the gap is not the result of a selection effect. In the
future, based on hundreds of sdB+dM eclipsing binaries, it will be
possible to update the mass—radius relation for low-mass stars and
brown dwarfs. This will help to study the minimum mass of low-
mass stars, and the maximum mass of brown dwarfs.

5. Conclusion

In this work, we have selected a sample of 33 HW Vir-type
stars in ZTF DRS5. Based on Gaia EDR3 parallax and extinction

correction, we found that these HW Vir-type stars are
concentrated in a clump in the intrinsic CMD. Their locations
in the CMD imply that they are sdB+dM eclipsing binaries. By
fixing the mass and temperature of sdB to M; =0.47 M, and
T, = 30,000 K respectively and setting the prior of ¢ and 75, we
analyzed LCs using the PHOEBE 2.3 code to obtain the
probability distributions of parameters ¢, Ry, R,, i and T,. We
obtained LC solutions for 29 sdB+dM eclipsing binaries with
full primary eclipse detection. Ry, R and i obey Gaussian-like
distributions and have little correlation with other parameters,
which means that they are well constrained by the LC analysis.
g does not show a Gaussian distribution in most cases, and the
mean uncertainty is 0.08.

Our parameters for three sdB-+dMs are comparable with
previous works that used both LCs and the single-line radial
velocity curve if the mass of sdB is M; =0.47 M. This means
that parameters of sdB+-dMs determined from LCs are suitable for
statistical analysis. Based on 29 sdB+dMs, we found that both ¢
and R, decrease with the decrease of the orbital period. sdB+dMs
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Figure 9. Evolutionary diagram of 29 sdB+dMs. The distribution of mass ratio
with period is in the top panel, while the distribution of the companion’s radius
R, with period in the bottom panel. Our sdB+dMs are shown as red dots. The
blue dashed lines signify the period and mass limits of companion stars.

with larger mass companions are likely to merge early during the
shortening of the orbit. It is worth mentioning that companions of
all three sdB+-dMs are brown dwarfs when the orbital period is
less than 0.075 days. The masses and radii of the companion stars
are consistent with the mass—radius relation for low-mass stars and
brown dwarfs. We found a gap between R=0.12 R, and
R=0.15 R, which can be explained as the boundary between
low-mass stars and brown dwarfs.

sdB+dM eclipsing binaries are important objects to study
the nature of sdBs and dMs, and their evolutionary endings are
very interesting. With deeper photometry and more detections,
the ZTF project will detect and classify hundreds of short-
period sdB+dM eclipsing binaries. Before the availability of
large-scale and deep spectroscopic surveys, the statistical
properties of sdBs and dMs can be obtained from the LC
analysis of large samples.
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Appendix B.
Figures for sdB+dMs with Non-Gaussian Distributed
mass Ratio

79.911323 79.79105%

,r"lJ kHL 02569153

03524219

s

02,3122 R

019011380, Ro

0218:05% Ro

0.1893*300%% Ro

2200.0413%06

=

2300021300 K
7

} | Ih
T :I 5. T T T T T I:
h\“ Q""\\ Q'\'\ Q'::’ § \e’) "?@ ':\Q
Ri (Rg) T: (K)
10 09
09 0.8
08 01
0.6
zle 7 ;Eﬁ
w % 05
2 06 2
04
05
03
04
02
03
0.1
—04 ~02 00 02 04 —04 —02 00 02 04
phase phase
0.15
0.100
0.075 0.10
0.050
— —_ 005
s g5 2k
:3 e T'é 0.00
Z g
= =
£ -002s g -005
=0.050
=0.10
=0.075
~0.100 =03
-04 =02 0.0 02 0.4 -04 -0.2 0.0 02 04
phase phase
Figure B1. Diagram of MCMC results and LC fitting for ZTF J050114.39 Figure B2. Diagram of MCMC results and LC fitting for ZTF J054744.02
+424741.3. +304732.2.

13



Research in Astronomy and Astrophysics, 22:035022 (25pp), 2022 March Dai et al.

86.7267 008"

e

i

0371555

2
v

017715563 Ro

)
L

01649081 Ry
nis =

2660021367 K

=

flux residuals (X ]

Figure B3. Diagram of MCMC results and LC fitting for ZTF J153349.44

+375927.8.

T
DD E L ER L L 5

& TSk O

1
5
©

~04 -02 00 02 04
phase

0.06

0.04

0.02

0.00

0,02

—0.04

-0.06

-0.08

~0.4 -0.2 00 02 04
phase

14

69.42%030"

=

i
0.128*40%

q
% % Yy Yy
A

0.1816*0%03 Ro,

2
% "%

Ri(Ro)
2

00982141817 Ro

266001450 K

0.04

0.02

w
w

0.00

flux residuals [

-0.02

-04 =0.2 0.0 02 04
phase

Figure B4. Diagram of MCMC results and LC fitting for ZTF J162256.66
+473051.1.



Research in Astronomy and Astrophysics, 22:035022 (25pp), 2022 March Dai et al.

79.62103% 8041403

0.287+098% LLL\ 017158
| AL

-’

100039
0.1782%5 %0es Ro

0.1476 511 Ro

D
0-l59912,1:.{{2 Ro 0.1008*5%03% Ro

23000°1388 K

& @
o o
R (Ro)

05
04 i
-04 -0.2 00 02 04
phase ~04 -02 p(’:::c 02 04
0.06
| 0.10
oo ’ | ‘
’sTIe 0.02 ‘ ’ &= 0.05
E | H
1 om ‘ il \ -
£ I L | 7 ow
= —002 ’ H
2
—0.04 ‘ ‘ ‘ —0.05
~0.06
-0.10
~04 -02 00 02 04
phase ~04 -02 00 02 04

phase
Figure BS. Diagram of MCMC results and LC fitting for ZTF J011339.09

£225739.0 Figure B6. Diagram of MCMC results and LC fitting for ZTF J183431.88

+061056.7.

15



Research in Astronomy and Astrophysics, 22:035022 (25pp), 2022 March

83.91103%

I

04074395

0.1604155586 Ro

/|

019848 R
:

2000.0¢ 1589 K

08

04

0.10

w
w

0.05

0.00

flux residuals [

-0.05

=0.10

Figure B7. Diagram of MCMC results and LC fitting for ZTF J183522.73

+064247.1.

Ri (Ro)

0.0
phase

0.0
phase

16

87.77:0%%

3

0351588

L nind

01939363 Ro

4

020115553 Ro
.

Dai et al.

2300.071300 K

0.08

0.06

0.04

w
w

0.02

0.00

flux residuals [

-0.02

=0.04

-0.06

-04 -0.2

0.0
phase

02 04

Figure B8. Diagram of MCMC results and LC fitting for ZTF J184847.05
+115720.3.



Research in Astronomy and Astrophysics, 22:035022 (25pp), 2022 March Dai et al.

83681013 882114
HIH rrl,.J'L1
‘IJ 0.527235% /'IH 0.279*348¢

0.1866000% Ro
T

i

H

015874000 Ro
.

0.1941*000% R 0.1667*00% Ro

ﬁl

3650.073199 K 2600.0% 100 K

R St

T
SHFP eSS
FSFFESSE &

ISR \\-’*\\”" R o S \[§ o &
i) q S Ve S ° ARy K
1.0
08
0.6
2l
5 04
=
02
0.0
-02
—04 -0.2 00 02 04 —04 -0.2 00 02 04
phase phase
0.10 ||| 02
0.05 o1
g 0.00 g -
g g
Z 005 -
= = —oi
-0.10 | |
|| -0.2
=0.15
=04 =02 0.0 02 04 =04 =02 0.0 02 04
phase phase
Figure B9. Diagram of MCMC results and LC fitting for ZTF J185207.60 Figure B10. Diagram of MCMC results and LC fitting for ZTF J014600.90
+144547.1. +581420.4.

17



Research in Astronomy and Astrophysics, 22:035022 (25pp), 2022 March Dai et al.

80.721047 87.8540 3"

Hﬁ\_
llk 0262008 017343

0084

+0.0073
0.2045 50gs Ro

M

40012
0.235513 Re

0.1123:% Ro

/Jj LH‘; 2300.041390 K

01778008 Ro

280001400 K

1]

T T
ISR \\,\@ .\’“7 0\“ %, RS \\& ~}‘° S s‘r‘e
q Ri (Ro) Ri (Rg 72 (K)
13
1.0
12 L
11 0.8
10 o |
zle zle
E’ 09 ’;’ 0.6
= =
08
04
0.7
06 02
05
-04 -02 00 02 04 04 -02 00 02 04
phase phase
0.075 0.10
0.050
= { | . 005
£ 0025 | " zle
| i 3
:."3 0.000 i 5 0.00
: 0.025 | g
X —0.02 %
£ E
~0.050 ' e
-0.075
=0.10
=0.100
-04 -0.2 0.0 02 04 -04 -0.2 0.0 02 04
phase phase
Figure B11. Diagram of MCMC results and LC fitting for ZTF J190705.22 Figure B12. Diagram of MCMC results and LC fitting for ZTF J192240.88
+323216.9. +262415.5.

18



Research in Astronomy and Astrophysics, 22:035022 (25pp), 2022 March Dai et al.

83.82:0%,° 8001103

=

031481

0.1204:45%

0.179°99!3 Ro ®

g R
A o
-’ =
] . 01:2 5 &
£ & S 2o v
=4 < &1
= = @
gl | o
Q o
&
W o

L 0181115551 Ro

020059155 Ro

220002300 K >

0272440003 Ro

£ ®h
frrf

2500.02 13010 K

| & , 1
z &
E'"'* i\ ! J\.r\-r-L,_J‘\—‘J—r
&718 )0 :
‘ S11
1 T 1 T T T T T T T T T T T T T T
PESPP SESF S SRS & PSP
R (Ro) R: (Rg) :(K) i) q :(K)
10
I | 10
08 | 09
08
2k g6 =1: 07
] £ o6
=
0s
04
04
03
02
-04 =02 0o 02 04
phase
04 -02 0.0 02 04
phase
015
0.15
0.10
0.10 sle
<" oos
— 005 ‘ 2 0.00
L) | ¥
é 0.00 ‘ I ! = 00
3 il f ‘ il " 1%
g ~0.10
Z -005 ;
= | -0.15
-0.10 ~04 -02 00 02 04
phase
~0.15 . . .
Figure B14. Diagram of MCMC results and LC fitting for ZTF J193555.33
-04 -02 0.0 02 04 +123754.8.
phase

Figure B13. Diagram of MCMC results and LC fitting for ZTF J192513.66
+253025.6.

19



Research in Astronomy and Astrophysics,

82.13133,

jﬂ

i

s
027401

e

e

0.209*001, Roy

0.1887:000 Ro

&

3000.0* 1100 K

Ry (Rg)
“ o 0. o
w %% % %
1 1 1 1

04

0.15

0.10

w
w

0.05

0.00

=005

flux residuals |

=0.10

=0.15

Figure B15. Diagram of MCMC results and LC fitting for ZTF J193604.87

+371017.2.

04

=02 00 02 04
phase

20

22:035022 (25pp), 2022 March

83.5210¢°

40288
0.292*05e6

0.1796*4045% Ro

0.249*0 00 Ro

@

Dai et al.

2200041300 K

&

&
K.

e
\\-‘9’ &

o
Ry (R

b S
o DV

R

&

R: (Ro)

T
o A
o o

& &
& & &
T:(K)

%

08

0.0

=02

0.0
phase

02

0.15

0.10

0.05

w
w

=005

flux residuals [

=0.10

=0.15

=020

-04

-0.2

0.0
phase

02

04

Figure B16. Diagram of MCMC results and LC fitting for ZTF J193737.06

+092638.7.



Research in Astronomy and Astrophysics, 22:035022 (25pp), 2022 March

81513

02314004

0052

7

020535003 R

&

0.1059°902% R,

&

370002100 K

0.15

010

-
m

0.05

0.00

flux residuals [.

=0.10

-0.15

Figure B17. Diagram of MCMC results and LC fitting for ZTF J195403.63

+355700.6.

T T T T T T T T T
SEPFL SIS
ST 5§
R (Ro) T: (K)

-04 =02

0.0
phase

-04 =02

00
phase

02 04

21

Dai et al.
ssargl
0.372:908%
021085005 Ro
0.2371:3%4: Ro
|
| 1540.02 300 K

=02

00
phase

02

04

02
-04

02

0.1
2l
a

:% 0.0
7
4
=
5
s

-0.1

-02

-04

=02

0.0
phase

02

04

Figure B18. Diagram of MCMC results and LC fitting for ZTF J195908.44
+365041.1.



Research in Astronomy and Astrophysics, 22:035022 (25pp), 2022 March

84.16%013

J

LLK 0.29431%

g

018151505 Ro

=

2200.0*13¥00 K

4

Figure B19. Diagram of MCMC results and LC fitting for ZTF J200411.60

+141150.2.

flux residuals [

0.15

0.10

0.05

0.00

=0.05

=0.10

00
phase

22

Dai et al.
87.15:928
\\? g @
.
K
>\\§b s 1
-
Q* >
e ¥ 0.2202+09033 Ry
o"> T 92
&
€ 4
<o
5
S
S
&
3000.0: 1400 K
| rr(f"
T T T
N
& &
T:(K)

=

+354405.0.

flux residuals |-

08

0.0

5

=02

0.0
phase

Figure B20. Diagram of MCMC results and LC fitting for ZTF J203535.01



Research in Astronomy and Astrophysics, 22:035022 (25pp), 2022 March

63.65'0 1"

o520
:

016320001} Ro

0.244765 50 Ro

A

2810.04 7%, K

)

/|

e e T
& b
FSFPFSLESE

Sl
& Ly
&
&
T T T T T T
S X S & &
o o Z
L > > Q7 7 @ \\\ d \\\W A5 "}‘ '@ »
i 4 R Ro) 72 (K)

09

1

4
w

flux residuals [

Figure B21.
+514735.5.

flux [.

07

0.6

0.08

0.06

0.04

0.02

0.00

-0.02

=004

=0.06

~0.08

Diagram of MCMC results and LC fitting for ZTF J204638.16

-04 =02 0.0 02 04
phase

-04 -0.2 0.0 02 04
phase

23

80.53743%

Dai et al.

"LH\ 03484563

0197443 Ro

™

02194904 R

2000.02 1306 K

flux residuals [%]

=04 =02 0.0 02 04
phase

0.075

0.050

0.025

0.000

=0.025

=0.050

=0.075

=0.100

0.4 =02 00 02 04
phase

Figure B22. Diagram of MCMC results and LC fitting for ZTF J210401.41

+343636.3.



Research in Astronomy and Astrophysics, 22:035022 (25pp), 2022 March

83.23%04°

i\

40287
0.117155

| N

0204381 Ro

0.182740%07 Ro

0.007

i

3300023000 K
S

S o
7 ¥
Ri (Ro)

&
N

P e S P
v Gl CJ AN
NS

v,

T T

R: (Ro)

78.61403%

N

0.198*0031

Dai et al.

0.203755

ss Ro

/|

0.1083153% Ro

)

34000310 K

ii 16
10
14
09
'sE‘e 08 s_r'zl'z
n %
= 07 &
10 '
06 !
05 08
04
~04 ~02 00 02 04 —04 —02 00 02 04
phase phase
0075 008
0,050 006 ‘ ‘ ‘
= -
. 005 T 00 Hl ‘ ’ ‘ ’
E Y
S 0000
i i o |
g 3
= -0025 =
& g ow
~0.050
-002
~0.075
-0.04
~0.100
~04 ~0.2 00 02 04 ~04 ~02 00 02 04
phase phase

Figure B23. Diagram of MCMC results and LC fitting for ZTF J221339.18

+445155.8. +245657.1.

24

Figure B24. Diagram of MCMC results and LC fitting for ZTF J223421.49



Research in Astronomy and Astrophysics, 22:035022 (25pp), 2022 March

ORCID iDs

Xiao-Dian Chen,, @ https: //orcid.org/0000-0001-7084-0484
Shu Wang, @ https: //orcid.org/0000-0003-4489-9794

References

Allard, F., Wesemael, F., Fontaine, G., Bergeron, P., & Lamontagne, R. 1994,
AJ, 107, 1565

Almeida, L. A., Damineli, A., Rodrigues, C. V., Pereira, M. G., & Jablonski, F.
2017, MNRAS, 472, 3093

Baraffe, 1., Chabrier, G., Allard, F., & Hauschildt, P. H. 1998, A&A, 337, 403

Baraffe, 1., Chabrier, G., Barman, T. S., Allard, F., & Hauschildt, P. H. 2003,
A&A, 402, 701

Baran, A. S., Sahoo, S. K., Sanjayan, S., & Ostrowski, J. 2021, MNRAS,
503, 3828

Barlow, B. N., Kilkenny, D., Drechsel, H., et al. 2013, MNRAS, 430, 22

Burdge, K. B., Coughlin, M. W., Fuller, J., et al. 2020, ApJL, 905, L7

Chabrier, G., Baraffe, 1., Allard, F., & Hauschildt, P. 2000, ApJ, 542, 464

Charpinet, S., Giammichele, N., Zong, W., et al. 2018, OAst, 27, 112

Chen, X., Han, Z., Deca, J., & Podsiadlowski, P. 2013, MNRAS, 434, 186

Chen, X., Wang, S., Deng, L., et al. 2020, ApJS, 249, 18

Claret, A., & Bloemen, S. 2011, A&A, 529, A75

Conroy, K. E., Kochoska, A., Hey, D., et al. 2020, ApJS, 250, 34

Dorman, B., Rood, R. T., & O’Connell, R. W. 1993, ApJ, 419, 596

Drechsel, H., Heber, U., Napiwotzki, R., et al. 2001, A&A, 379, 893

Fontaine, G., Brassard, P., Charpinet, S., et al. 2012, A&A, 539, Al12

For, B. Q., Green, E. M., Fontaine, G., et al. 2010, ApJ, 708, 253

Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman, J. 2013, PASP,
125, 306

Geier, S. 2015, Astron. Nachr., 336, 437

Geier, S. 2020, A&A, 635, A193

Geier, S., & Heber, U. 2012, A&A, 543, A149

Geier, S., Heber, U., Edelmann, H., et al. 2012, in ASP Conf. Ser., 452, 5th
Meeting on Hot Subdwarf Stars and Related Objects, ed. D. Kilkenny,
C. S. Jeffery, & C. Koen (San Francisco, CA: ASP), 57

Geier, S., Raddi, R., Gentile Fusillo, N. P., & Marsh, T. R. 2019, A&A,
621, A38

Gentile Fusillo, N. P., Ginsicke, B. T., & Greiss, S. 2015, MNRAS, 448, 2260

Green, G. M., Schlafly, E., Zucker, C., Speagle, J. S., & Finkbeiner, D. 2019,
AplJ, 887, 93

Han, Z., Podsiadlowski, P., Maxted, P. F. L., & Marsh, T. R. 2003, MNRAS,
341, 669

Han, Z., Podsiadlowski, P., Maxted, P. F. L., Marsh, T. R., & Ivanova, N.
2002, MNRAS, 336, 449

Heber, U. 1986, A&A, 155, 33

Heber, U. 2016, PASP, 128, 082001

Heber, U., Drechsel, H., @stensen, R., et al. 2004, A&A, 420, 251

Heinze, A. N., Tonry, J. L., Denneau, L., et al. 2018, AJ, 156, 241

25

Dai et al.

Hirsch, H. A., Heber, U., & O’Toole, S. J. 2008, in ASP Conf. Ser., 392, Hot
Subdwarf Stars and Related Objects, ed. U. Heber, C. S. Jeffery, &
R. Napiwotzki (San Francisco, CA: ASP), 131

Kilkenny, D., Hilditch, R. W., & Penfold, J. E. 1978, MNRAS, 183, 523

Knigge, C., Baraffe, 1., & Patterson, J. 2011, ApJS, 194, 28

Koen, C. 2019, MNRAS, 490, 1283

Kramer, M., Schneider, F. R. N., Ohlmann, S. T., et al. 2020, A&A, 642,
A97

Kupfer, T., Bauer, E. B., Burdge, K. B., et al. 2020, ApJL, 898, L25

Kupfer, T., Geier, S., Heber, U., et al. 2015, A&A, 576, A44

Lindegren, L., Bastian, U., Biermann, M., et al. 2021, A&A, 649, A4

Luo, Y., Németh, P., Deng, L., & Han, Z. 2019, ApJ, 881, 7

Luo, Y., Németh, P., & Li, Q. 2020, ApJ, 898, 64

Masci, F. J., Laher, R. R., Rusholme, B., et al. 2019, PASP, 131, 018003

Maxted, P. F. L., Heber, U., Marsh, T. R., & North, R. C. 2001, MNRAS,
326, 1391

Meng, X.-C., Han, Z.-W., Podsiadlowski, P., & Li, J. 2020, ApJ, 903,
100

Meng, X.-C., & Luo, Y.-P. 2021, MNRAS, 507, 4603

Menzies, J. W., & Marang, F. 1986, in Instrumentation and Research
Programmes for Small Telescopes, ed. J. B. Hearnshaw & P. L. Cottrell
(Norwell, MA: Kluwer Academic Publishers), 305

@stensen, R., Oreiro, R., Drechsel, H., et al. 2007, in ASP Conf. Ser., 372, 15th
European Workshop on White Dwarfs, ed. R. Napiwotzki &
M. R. Burleigh (San Francisco, CA: ASP), 483

Pelisoli, I., Vos, J., Geier, S., Schaffenroth, V., & Baran, A. S. 2020, A&A,
642, A180

Ratzlofft, J. K., Barlow, B. N., Németh, P., et al. 2020, ApJ, 890, 126

Ratzloff, J. K., Law, N. M., Fors, O., et al. 2019a, PASP, 131, 075001

Ratzloff, J. K., Barlow, B. N., Kupfer, T., et al. 2019b, ApJ, 883, 51

Ren, F., Chen, X., Zhang, H., et al. 2021, ApJL, 911, L20

Sahoo, S. K., Baran, A. S., Sanjayan, S., & Ostrowski, J. 2020a, MNRAS,
499, 5508

Sahoo, S. K., Baran, A. S., Heber, U., et al. 2020b, MNRAS, 495, 2844

Schaffenroth, V., Barlow, B. N., Geier, S., et al. 2019, A&A, 630, A80

Schaffenroth, V., Casewell, S. L., Schneider, D., et al. 2021, MNRAS,
501, 3847

Schaffenroth, V., Geier, S., Heber, U., et al. 2014, A&A, 564, A98

Soker, N. 1998, AJ, 116, 1308

Stark, M. A., & Wade, R. A. 2003, AJ, 126, 1455

Udalski, A., Szymariski, M. K., & Szymarski, G. 2015, AcA, 65, 1

Van Grootel, V., Pozuelos, F. J., Thuillier, A., et al. 2021, A&A, 650, A205

Vos, J., Németh, P., Vuckovié, M., @stensen, R., & Parsons, S. 2018, MNRAS,
473, 693

Vuekovié, M., Aerts, C., Ostensen, R., et al. 2007, A&A, 471, 605

Vuckovié, M., Bloemen, S., & Ostensen, R. 2014, in ASP Conf. Ser., 481, 6th
Meeting on Hot Subdwarf Stars and Related Objects, ed. V. van Grootel
et al. (San Francisco, CA: ASP), 259

Wang, S., & Chen, X. 2019, ApJ, 877, 116

Watson, C. L., Henden, A. A., & Price, A. 2006, SASS, 25, 47


https://orcid.org/0000-0001-7084-0484
https://orcid.org/0000-0001-7084-0484
https://orcid.org/0000-0001-7084-0484
https://orcid.org/0000-0001-7084-0484
https://orcid.org/0000-0003-4489-9794
https://orcid.org/0000-0003-4489-9794
https://orcid.org/0000-0003-4489-9794
https://orcid.org/0000-0003-4489-9794
https://doi.org/10.1086/116968
https://ui.adsabs.harvard.edu/abs/1994AJ....107.1565A/abstract
https://doi.org/10.1093/mnras/stx2150
https://ui.adsabs.harvard.edu/abs/2017MNRAS.472.3093A/abstract
https://ui.adsabs.harvard.edu/abs/1998A&A...337..403B/abstract
https://doi.org/10.1051/0004-6361:20030252
https://ui.adsabs.harvard.edu/abs/2003A&A...402..701B/abstract
https://doi.org/10.1093/mnras/stab668
https://ui.adsabs.harvard.edu/abs/2021MNRAS.503.3828B/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.503.3828B/abstract
https://doi.org/10.1093/mnras/sts271
https://ui.adsabs.harvard.edu/abs/2013MNRAS.430...22B/abstract
https://doi.org/10.3847/2041-8213/abca91
https://ui.adsabs.harvard.edu/abs/2020ApJ...905L...7B/abstract
https://doi.org/10.1086/309513
https://ui.adsabs.harvard.edu/abs/2000ApJ...542..464C/abstract
https://doi.org/10.1515/astro-2018-0012
https://ui.adsabs.harvard.edu/abs/2018OAst...27..112C/abstract
https://doi.org/10.1093/mnras/stt992
https://ui.adsabs.harvard.edu/abs/2013MNRAS.434..186C/abstract
https://doi.org/10.3847/1538-4365/ab9cae
https://ui.adsabs.harvard.edu/abs/2020ApJS..249...18C/abstract
https://doi.org/10.1051/0004-6361/201116451
https://ui.adsabs.harvard.edu/abs/2011A&A...529A..75C/abstract
https://doi.org/10.3847/1538-4365/abb4e2
https://ui.adsabs.harvard.edu/abs/2020ApJS..250...34C/abstract
https://doi.org/10.1086/173511
https://ui.adsabs.harvard.edu/abs/1993ApJ...419..596D/abstract
https://doi.org/10.1051/0004-6361:20011376
https://ui.adsabs.harvard.edu/abs/2001A&A...379..893D/abstract
https://doi.org/10.1051/0004-6361/201118220
https://ui.adsabs.harvard.edu/abs/2012A&A...539A..12F/abstract
https://doi.org/10.1088/0004-637X/708/1/253
https://ui.adsabs.harvard.edu/abs/2010ApJ...708..253F/abstract
https://doi.org/10.1086/670067
https://ui.adsabs.harvard.edu/abs/2013PASP..125..306F/abstract
https://ui.adsabs.harvard.edu/abs/2013PASP..125..306F/abstract
https://doi.org/10.1002/asna.201512181
https://ui.adsabs.harvard.edu/abs/2015AN....336..437G/abstract
https://doi.org/10.1051/0004-6361/202037526
https://ui.adsabs.harvard.edu/abs/2020A&A...635A.193G/abstract
https://doi.org/10.1051/0004-6361/201219463
https://ui.adsabs.harvard.edu/abs/2012A&A...543A.149G/abstract
https://ui.adsabs.harvard.edu/abs/2012ASPC..452...57G/abstract
https://doi.org/10.1051/0004-6361/201834236
https://ui.adsabs.harvard.edu/abs/2019A&A...621A..38G/abstract
https://ui.adsabs.harvard.edu/abs/2019A&A...621A..38G/abstract
https://doi.org/10.1093/mnras/stv120
https://ui.adsabs.harvard.edu/abs/2015MNRAS.448.2260G/abstract
https://doi.org/10.3847/1538-4357/ab5362
https://ui.adsabs.harvard.edu/abs/2019ApJ...887...93G/abstract
https://doi.org/10.1046/j.1365-8711.2003.06451.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.341..669H/abstract
https://ui.adsabs.harvard.edu/abs/2003MNRAS.341..669H/abstract
https://doi.org/10.1046/j.1365-8711.2002.05752.x
https://ui.adsabs.harvard.edu/abs/2002MNRAS.336..449H/abstract
https://ui.adsabs.harvard.edu/abs/1986A&A...155...33H/abstract
https://doi.org/10.1088/1538-3873/128/966/082001
https://ui.adsabs.harvard.edu/abs/2016PASP..128h2001H/abstract
https://doi.org/10.1051/0004-6361:20041043
https://ui.adsabs.harvard.edu/abs/2004A&A...420..251H/abstract
https://doi.org/10.3847/1538-3881/aae47f
https://ui.adsabs.harvard.edu/abs/2018AJ....156..241H/abstract
https://ui.adsabs.harvard.edu/abs/2008ASPC..392..131H/abstract
https://doi.org/10.1093/mnras/183.3.523
https://ui.adsabs.harvard.edu/abs/1978MNRAS.183..523K/abstract
https://doi.org/10.1088/0067-0049/194/2/28
https://ui.adsabs.harvard.edu/abs/2011ApJS..194...28K/abstract
https://doi.org/10.1093/mnras/stz2597
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.1283K/abstract
https://doi.org/10.1051/0004-6361/202038702
https://ui.adsabs.harvard.edu/abs/2020A&A...642A..97K/abstract
https://ui.adsabs.harvard.edu/abs/2020A&A...642A..97K/abstract
https://doi.org/10.3847/2041-8213/aba3c2
https://ui.adsabs.harvard.edu/abs/2020ApJ...898L..25K/abstract
https://doi.org/10.1051/0004-6361/201425213
https://ui.adsabs.harvard.edu/abs/2015A&A...576A..44K/abstract
https://doi.org/10.1051/0004-6361/202039653
https://ui.adsabs.harvard.edu/abs/2021A&A...649A...4L/abstract
https://doi.org/10.3847/1538-4357/ab298d
https://ui.adsabs.harvard.edu/abs/2019ApJ...881....7L/abstract
https://doi.org/10.3847/1538-4357/ab98f3
https://ui.adsabs.harvard.edu/abs/2020ApJ...898...64L/abstract
https://doi.org/10.1088/1538-3873/aae8ac
https://ui.adsabs.harvard.edu/abs/2019PASP..131a8003M/abstract
https://doi.org/10.1111/j.1365-2966.2001.04714.x
https://ui.adsabs.harvard.edu/abs/2001MNRAS.326.1391M/abstract
https://ui.adsabs.harvard.edu/abs/2001MNRAS.326.1391M/abstract
https://doi.org/10.3847/1538-4357/abbb8e
https://ui.adsabs.harvard.edu/abs/2020ApJ...903..100M/abstract
https://ui.adsabs.harvard.edu/abs/2020ApJ...903..100M/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.507.4603M/abstract/abstract
https://ui.adsabs.harvard.edu/abs/1986IAUS..118..305M/abstract
https://ui.adsabs.harvard.edu/abs/2007ASPC..372..483O/abstract
https://doi.org/10.1051/0004-6361/202038473
https://ui.adsabs.harvard.edu/abs/2020A&A...642A.180P/abstract
https://ui.adsabs.harvard.edu/abs/2020A&A...642A.180P/abstract
https://doi.org/10.3847/1538-4357/ab64f3
https://ui.adsabs.harvard.edu/abs/2020ApJ...890..126R/abstract
https://doi.org/10.1088/1538-3873/ab19d0
https://ui.adsabs.harvard.edu/abs/2019PASP..131g5001R/abstract
https://doi.org/10.3847/1538-4357/ab3727
https://ui.adsabs.harvard.edu/abs/2019ApJ...883...51R/abstract
https://doi.org/10.3847/2041-8213/abf359
https://ui.adsabs.harvard.edu/abs/2021ApJ...911L..20R/abstract
https://doi.org/10.1093/mnras/staa2991
https://ui.adsabs.harvard.edu/abs/2020MNRAS.499.5508S/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.499.5508S/abstract
https://doi.org/10.1093/mnras/staa1337
https://ui.adsabs.harvard.edu/abs/2020MNRAS.495.2844S/abstract
https://doi.org/10.1051/0004-6361/201936019
https://ui.adsabs.harvard.edu/abs/2019A&A...630A..80S/abstract
https://doi.org/10.1093/mnras/staa3661
https://ui.adsabs.harvard.edu/abs/2021MNRAS.501.3847S/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.501.3847S/abstract
https://doi.org/10.1051/0004-6361/201423377
https://ui.adsabs.harvard.edu/abs/2014A&A...564A..98S/abstract
https://doi.org/10.1086/300503
https://ui.adsabs.harvard.edu/abs/1998AJ....116.1308S/abstract
https://doi.org/10.1086/377017
https://ui.adsabs.harvard.edu/abs/2003AJ....126.1455S/abstract
https://ui.adsabs.harvard.edu/abs/2015AcA....65....1U/abstract
https://doi.org/10.1051/0004-6361/202140381
https://ui.adsabs.harvard.edu/abs/2021A&A...650A.205V/abstract
https://doi.org/10.1093/mnras/stx2198
https://ui.adsabs.harvard.edu/abs/2018MNRAS.473..693V/abstract
https://ui.adsabs.harvard.edu/abs/2018MNRAS.473..693V/abstract
https://doi.org/10.1051/0004-6361:20077179
https://ui.adsabs.harvard.edu/abs/2007A&A...471..605V/abstract
https://ui.adsabs.harvard.edu/abs/2014ASPC..481..259V/abstract
https://doi.org/10.3847/1538-4357/ab1c61
https://ui.adsabs.harvard.edu/abs/2019ApJ...877..116W/abstract
https://ui.adsabs.harvard.edu/abs/2006SASS...25...47W/abstract

	1. Introduction
	2. Sample and Data Selection
	3. Light Curve Analysis
	4. Results and Discussions
	4.1. Results of 29 sdB+dM Eclipsing Binaries
	4.2. External Errors of Orbital Parameters
	4.3. Comparison with Previous Work
	4.4. Evolutionary Stage of sdB+dM
	4.5. Physical Properties of Companion Stars

	5. Conclusion
	Appendix A.Figures for sdB+dMs with Gaussian-like Distributed mass Ratio
	Appendix B.Figures for sdB+dMs with Non-Gaussian Distributed mass Ratio
	References



