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Abstract

Galactic short-period close white dwarf binaries (CWDBs) are important objects for space-borne gravitational-
wave (GW) detectors in the millihertz frequency bands. Due to the intrinsically low luminosity, only about 25
identified CWDBs are detectable by the Laser Interferometer Space Antenna (LISA), which are also known as
verification binaries (VBs). The Gaia Early Data Release 3 (EDR3) provids a catalog containing a large number of
CWDB candidates, which also includes parallax and photometry measurements. We crossmatch the Gaia
EDR3 and Zwicky Transient Facility public data release 8, and apply period-finding algorithms to obtain a sample
of periodic variables. The phase-folded light curves are inspected, and finally we obtain a binary sample containing
429 CWDB candidates. We further classify the samples into eclipsing binaries (including 58 HW Vir-type binaries,
65 EA-type binaries, 56 EB-type binaries, and 41 EW-type binaries) and ellipsoidal variations (209 ELL-type
binaries). We discovered four ultrashort period binary candidates with unique light-curve shapes. We estimate the
GW amplitude of all of our binary candidates, and calculate the corresponding signal-to-noise ratio (S/N) for
TianQin and LISA. We find two (six) potential GW candidates with S/Ns greater than 5 in the nominal mission
time of TianQin (LISA), which increases the total number of candidate VBs for TianQin (LISA) to 18 (31).
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1. Introduction

Close white dwarf binaries (CWDBs) are an important
branch of the evolution channel of main-sequence (MS) star
binaries (Gokhale et al. 2007). The formation of such binaries
involves a stage of the common envelope (CE), a complicated
stage where complicated physical processes such as mass
transfer, angular momentum loss, and even gravitational-wave
(GW) radiation. The theoretical simulation of the CWDBs
evolution is challenging, with major issues still under debate.
For example, it is not clear whether a second CE stage is
involved in the formation of a CWDB. Since there are many
subclasses of CWDBs, there could be a variety of evolution
channels. The searching and identification of new CWDBs
have the potential to provide observational evidence for the
binary evolution models and are important for the research of
stellar physics, millihertz GW astronomy, and Galactic
evolution (Parsons et al. 2016; Rebassa-Mansergas et al.
2017; Lagos et al. 2020; Ren et al. 2020; Hernandez et al.
2021, 2022; Lagos et al. 2022).

Depending on the component type and mass transfer,
CWDBs can be divided into several subpopulations (Ren
et al. 2020; Inight et al. 2021; Kruckow et al. 2021): post-
common envelope binaries (PCEBs), binary systems that
contain a white dwarf (WD) and an MS star; cataclysmic
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variables (CVs), interactive white dwarf binaries; and double
white dwarfs (DWDs).

Short-period CWDBs have orbital periods less than 60
minutes, emitting GWs in the millihertz frequency band,
becoming ideal sources for the space-borne GW observatories
like the Laser Interferometer Space Antenna (LISA; Amaro-
Seoane et al. 2017) and TianQin (Luo et al. 2016; Gong et al.
2021); therefore, they are also known as verification binaries
(VBs; Kupfer et al. 2018; Huang et al. 2020). The known
classical VBs catalog includes 11 AM CVn-type binaries, 13
detached DWDs, and 1 hot subdwarf binary (Kupfer et al.
2018). Up until now, a total of ~87 candidate VBs have all
been found in the electromagnetic band (Burdge et al.
2019a, 2020a, 2020b; Huang et al. 2020; Chandra et al.
2021; Kilic et al. 2021; Brown et al. 2022). In addition, there
are other potential GW sources such as helium-star binaries,
short-period CVs, exoplanets, brown dwarfs, and substellar
companies (Amaro-Seoane et al. 2022). From the perspective
of the formation pathways, these VBs and other potential GW
sources experienced mass exchange phases via Roche lobe
overflow and mass loss via the ejection of a CE in evolution
(Gotberg et al. 2020; Amaro-Seoane et al. 2022). For example,
there may be two different channels for the formation of
DWDs: if the mass transfer stage is stable, it will be directly
generated from CVs after a CE phase. If the mass transfer is
unstable, the second CE stage takes place after the CVs, and
then it will evolve into a WD+helium-star, and finally form a
DWD (Amaro-Seoane et al. 2022). It is noteworthy that El-
Badry et al. (2021b) recently found evidence that the
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progenitors of extremely low-mass white dwarfs (ELM WDs),
AM CVn systems, and detached ultracompact binaries may be
evolved CVs (El-Badry et al. 2021b, 2021c). The Galactic
foreground is mainly composed of DWDs, but other Galactic
binaries also contribute to the Galactic foreground (Boileau
et al. 2021), for example, CVs, stripped star binaries (Gotberg
et al. 2020), and WD+M dwarfs.

In addition to searches from individual observations, one can
perform a CWDB search with a larger scale. Several surveys
can be used to pick potential CWDB candidates, like the
Catalina Real-time Transient Survey (CRTS; Breedt et al.
2014), the Global Astrometric Interferometer for Astrophysics
(Gaia; Geier et al. 2017; El-Badry et al. 2021a; Gentile Fusillo
et al. 2021; Rebassa-Mansergas et al. 2021; Torres et al. 2022),
the Optical Gravitational Lensing Experiment (Wevers et al.
2016), the Palomar Transient Factory (van Roestel et al.
2017, 2018; Burdge et al. 2019b), the All Sky Automated
Survey for SuperNovae (Rivera Sandoval et al. 2022), the
Transit Exoplanet Survey Satellite (Wang et al. 2020; Pichardo
Marcano et al. 2021; Hernandez et al. 2022), the Large Sky
Area Multi-Object Fiber Spectroscopic Telescope (LAMOST;
Wang et al. 2022b), and most recently the Zwicky Transient
Facility (ZTF; Burdge et al. 2020a, 2020b; Coughlin et al.
2020; Ofek et al. 2020; Szkody et al. 2020; Kupfer et al. 2021;
Szkody et al. 2021; Keller et al. 2022; McWhirter &
Lam 2022). Repeated observations of the same sources can
reveal optical variability, and some of these surveys can be
used, and have been used, to determine the periodicity.

In this paper, we present a search for CWDBs from a
combination of survey data. We first select potential variable
sources from the Gaia EDR3 catalog, then apply periodic
analysis from time-domain photometric data from ZTF data to
determine the properties of the binaries.

The structure of this article is organized as follows. In
Section 2, we elaborate on the classification and the
characteristics of the different subclasses of CWDBs and the
status quo of potential GW sources for these subtypes. In
Section 3, we describe how to select our initial samples based
on the Gaia H-R diagram, and further select the variable sample
by the Gaia Variability Metric. In Section 4, we describe how
we use three period-finding algorithms to search for periodic
samples from ZTF light curves. In Section 5, we analyze five
different variability types of binaries in our binary sample and
compare our sample with the CWDBs catalog of other surveys.
In Section 6, we discuss four interesting binaries. The overall
parameter distribution and GW properties of the final sample
are also discussed. Finally, we summarize in Section 7.

2. Close White Dwarf Binaries and Potential Gravitational-
wave Sources

There are two evolutionary pathways for primordial binaries:
(1) The so-called wide binary; about 75% of wide binaries have
relatively large orbital separations, and there is no interaction in
the Hubble timescale, which is similar to the evolution of a
single star (Ren et al. 2020). (2) The remaining 25% are close
binaries, which have to undergo a phase of mass transfer (Ren
et al. 2020). After the ejection of the CE phase, at least one star
in the close binary evolved into a white dwarf, and due to
complex physical processes such as angular momentum loss or
GW radiation, which will be generated subclasses such as
PCEBs, CVs, and DWDs. In this paper, we will focus on the
Galactic ultracompact white dwarf binary candidates that can
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generate GW radiation, potential GW sources, and the
progenitors of GW sources. These targets are formed by the
evolutionary pathway of the primordial binaries after the CE
stage (Kruckow et al. 2021). We will focus on the classification
and the characteristics of each subtype of CWDB: PCEBs,
CVs, and DWDs, respectively.

2.1. Post-common Envelope Binaries

PCEBs are detached or semidetached binary systems in
which a white dwarf and MS star are rapidly engulfed in a CE,
and the orbital periods range from hours to a day. The
companion stars in the PCEBs system are low-mass MS stars,
such as several brown dwarfs, M dwarfs, and hot subdwarfs.
Brown dwarf companion stars are difficult to search from
optical band data alone, while M dwarf and hot subdwarf
companions are in the majority. Hot subdwarfs are under-
luminous for their high temperature (Heber 2016; Lei et al.
2020; Culpan et al. 2022). They are divided into two main
spectroscopies: B-type subdwarfs (sdBs; a core helium-burning
star and thin hydrogen envelope), and O-type subdwarfs
(sdOs). Hot subdwarf binaries with white dwarf companions
that exit the CE phase at orbital periods of less than 2 hr will
overflow their Roche lobes while the sdB is still burning
helium (Kramer et al. 2020; Li et al. 2022).

Stripped star binaries are one of the populations of GW
sources that can be detected by LISA (Gotberg et al. 2020).
Among them, the short-period hot subdwarf binaries are
potential VBs for generating GW radiation. Until recently, only
six known ultracompact sdB+WD-type binaries were known
VB sources with orbital periods less than 100 minutes, namely
CD-30°11223 (Geier et al. 2013; Kupfer et al. 2018), HD
265435 (TIC 68495594; Pelisoli et al. 2021), ZTF J1946
43203, ZTF J0640+1738, and ZTF J2130+4-4420, ZTF 12055
44651 (Kupfer et al. 2020a; Burdge et al. 2020b; Kupfer et al.
2020b).

2.2. Cataclysmic Variables

CVs are short-period (P, < 6 hr) semidetached binary star
systems in which a low-mass companion star transfers mass to
a WD primary via stable Roche lobe overflow (Knigge et al.
2011; Hillman et al. 2020; Schreiber et al. 2021, 2022). The
two stars are close enough that the companion completely fills
its Roche lobe, and the outer layer of its envelope is gradually
stripped from its surface and forms an accretion disk around the
white dwarf. The CVs can be further divided into several
subtypes, such as: classical novae, dwarf novae, polar (AM
Her-type star; Kolbin & Borisov 2020; Kolbin et al. 2022),
intermediate polar (DQ Her star; Norton et al. 1999), and AM
Canum Venaticorum system (AM CVn; Nelemans et al. 2001a;
Postnov & Yungelson 2014; Ramsay et al. 2018; Wong &
Bildsten 2021).

For the polar (B~ 10-200 MG) and intermediate polar
(B ~ 1-10 MQG), the primary is a highly magnetized WD, and
the accretion disk can be entirely disrupted. There are
differences between polar and intermediate polars, the rotation
of the white dwarf is synchronized with the orbital period of the
companion in the polars, while the latter is not synchronized.

The AM CVn systems are short-period ultracompact binaries
in which a massive white dwarf accretes helium-rich matter
from a hydrogen-deficient donor star. For AM CVn systems,
the donors star are degenerate or semidegenerate, and the
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orbital periods are in the range of ~5-68 minutes (Kalomeni
et al. 2016; Green et al. 2018, 2020; van Roestel et al.
2021, 2022; Dufty et al. 2021).

2.3. Double White Dwarfs

DWDs are the remnants of the second CE event in the
evolution of close binaries. DWDs lose angular momentum
through GW radiation, which will decrease the separation
between the two white dwarfs and may eventually merge.
Several relics can be associated with the DWD merging event,
such as type la supernovae (Nelemans et al. 2001b; Toonen
et al. 2012; Liu et al. 2018; Shen et al. 2018; Rebassa-
Mansergas et al. 2019; Maselli et al. 2020), neutron stars
(accretion-induced collapse events; Yu et al. 2019; Liu &
Wang 2020; Wang et al. 2022a; Ablimit 2022) and high-mass
WDs (Cheng et al. 2020). The exact outcome depends on the
type of core of the two white dwarfs.

Extremely low-mass WDs are double-degenerate helium-
core WDs with masses M < 0.3M.. ELM-WD systems are
formed after severe mass loss, which limits that these systems
most likely formed through binary interactions (Li et al. 2019),
because it is difficult to evolve into an ELM WD from an
isolated star in the Hubble timescale. The ELM survey is
systematic search research for ELM-WD binaries. This survey
selects candidates by using Sloan Digital Sky Survey (SDSS)
color-cutting, then carrying out the targeted spectroscopic
follow-up of ELM-WD candidates. The ELM survey success-
fully discovered 124 detached DWDs (Brown et al. 2010; Kilic
et al. 2011; Brown et al. 2012; Kilic et al. 2012; Brown et al.
2013; Gianninas et al. 2015; Brown et al. 2016, 2020b;
Kosakowski et al. 2020; Brown et al. 2022), including 11
systems that are strong candidate LISA-detectable GW sources
(Brown et al. 2011; Kilic et al. 2014; Brown et al.
2020a, 2022).

3. Target Selection from Gaia EDR3
3.1. Gaia Color-Magnitude Diagram Selection

Gaia Early Data Release 3 (Gaia EDR3; Lindegren et al.
2021) contains more than 1.8 billion sources (the magnitude
range from G =3-21) with astrometric and photometric data
based on the first 34 months of observations by the Gaia
satellite. The astrometric data in the Gaia EDR3 provides
positions, proper motions, and parallaxes (w) for 1.468 billion
sources, and the photometric data includes 1.544 billion
sources, which have magnitudes of photometric three-pass-
bands: G (phot_g_mean_mag), Ggp, and Ggrp (the BP and RP
are defined by the blue and red photometers, respectively).

Thanks to the excellent astrometry measurement ability of
Gaia, it can provide an accurate estimate of stars’ parallax.
Compared with the Gaia DR2, the accuracy of parallax
measurements of the Gaia EDR3 is improved by 20%-30%
on average. Meanwhile, the photometric observation ability
enables the Gaia EDR3 to also provide color Ggp — Grp, and
the G-band apparent magnitude of stars. Therefore, we can use
the color—magnitude diagram to select our sample of object
sources. Based on the distribution characteristics of known
CWDB systems in the H-R diagram (Pelisoli & Vos 2019;
Inight et al. 2021), we find that the absolute magnitudes of
these systems are dimmer than MS stars and brighter than
single white dwarfs. We decide to apply the first cut in the
color—magnitude diagram between the MS and white dwarf
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cooling sequence (WDCS). We further apply a selection
condition on color Ggp — Grp < 1.0 to favor bluer objects, as
white dwarfs are expected to have high temperatures. These
first selection conditions are illustrated in Figure 1(a) as red
solid lines. The corresponding equations are as follows:

Gpp — Grp < 1.0, (1
Gaps < 11.5 + 2.7(Ggp — Grp), (2)
Gaps > 2.2 + 3.7(Gpp — Grp), (3)

where Gy = G + 5 * log 10[(zw + 0.029) /1000] + 5 is the
absolute magnitude (Pelisoli & Vos 2019). Our cutting scheme
includes the selection range of extremely low-mass white dwarf
candidates (green dashed lines in Figure 1(a)), and includes hot
subdwarf stars (Geier et al. 2019; blue dashed lines in
Figure 1(a)).

To ensure that the red and blue photometry are not subject to
random noise, we follow Pelisoli et al. (2019) and Pelisoli &
Vos (2019) and filter on the errors of both Ggp and Ggp flux
measurements to be larger than 10 (phot_bp/rp_mean_
flux_over_error > 10). We also apply a signal-to-noise
ratio (S/N) threshold of 5 on the parallax measurements
(parallax_over_error > 5). The filter conditions for the
threshold of parallax_over_error > 5 are often adopted
for searches with Gaia data, for example, the search for ELM-
WD candidates (Pelisoli & Vos 2019), the search for pulsating
white dwarfs (Guidry et al. 2021), the search for evolved CVs
(El-Badry et al. 2021b), and the search for AR Scorpii-type
binary systems (Takata et al. 2022). Since the motivation of this
work is to obtain reliable candidate GW sources, we conclude
that precise measurement of parallaxes is very important so that
the estimation of GW S/N can be trustworthy. By applying this
filter, we exclude a large number of sources with positive and
negative spurious parallaxes, especially near the color BP-RP
~1 in the Gaia H-R diagram.

Lindegren et al. (2018, 2021) proposed to apply the quality
filter parameters selection condition on Gaia DR2, and Pelisoli
(Pelisoli et al. 2019; Pelisoli & Vos 2019) used similar
conditions to the study of ELM-WD candidates. In this work,
we apply the flux excess factor phot_bp_rp_excess_
factor, E, as the quality filter parameters to the selection:

E < 145 + 0.06(Ggp — Ggrp)?, 4
E > 1.0+ 0.015(Ggp — GRP)Z, 4
u < 1.2max(1, exp(—0.2(G — 19.9))), (6)

where G is the G-band mean magnitude (phot_g_mean_
magq), and u is defined by the value of the chi-square statistic of
the astrometric solution, astrometric_chi2_al, and the
number of good observations, astrometric_n_good_
obs_al:

u= Jastrometric_chiZ_al / (astrometric_n_good_obs_al — 5).
(7

We plan to search for periodicity from the ZTF time-domain
photometric data. However, the geographical site of ZTF put a
limit on the archived data, so we apply a final cut in decl. of
6> —28° (Bellm et al. 2019; Graham et al. 2019; Masci et al.
2019; Dekany et al. 2020). For further details on the initial-cut
selection criteria, please see Appendix A.
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Figure 1. The location of the sample selection on the Gaia color—magnitude diagram. In all panels, scatter points and the overlaid two-dimensional histogram show the
stellar density of the Gaia 200 pc background sources. (a) The red solid lines show the color-cut range that we defined, using the lower edge of the MS as an upper
limit and the upper edge of the WD cooling sequence as a bottom limit, and using a color-cut Ggp — Grp < 1.0 as a right color limit. The blue dashed lines show a
color-cut and absolute magnitude selection scheme for searching hot subdwarfs using Gaia data proposed by Geier et al. (2019). The green dashed lines show the
color-magnitude diagram selection scheme for searching ELM-WD candidates based on Gaia DR2 data by Pelisoli & Vos (2019). (b) The red scatter points show all
samples under the initial query conditions. (c) The red scatter points show the variable samples after using the Gaia variability metric select condition. (d) The red

scatter points show the final binary samples after examining ZTF light-curve data.

3.2. Gaia Variability Metric

In the above section, in order to obtain clean initial samples,
we have used a series of selection conditions, such as the error
of parallax measurements, and the quality of (filtering
parameter. Now our samples are accompanied with precise
distance measurement and reliable photometric data. In this
step, we aim to identify the variable sources that are most likely
to be binaries. Therefore, we apply a further selection to the
candidates from another dimension: photometric variability.
The period search relies on the change of luminosity over time,
and we can discard candidates with stable magnitudes. We
apply a cut in the Gaia variability metric to select variable
sources in the initial sample, please see Appendix A. We adopt
the “variable amplitude” proposed by Deason et al. (2017)

based on the rms dispersion of flux. A number of studies have
adopted the Gaia variable metric and successfully identified
different types of variable sources, including large-amplitude
variables (Mowlavi et al. 2021), short-period cataclysmic
variables (Abrahams et al. 2020), pulsing white dwarfs (Guidry
et al. 2021), hot subdwarf stars (Barlow et al. 2022), and the
birth of extremely low-mass white dwarfs (El-Badry et al.
2021b, 2021c). Following Guidry et al. (2021) and El-Badry
et al. (2021b), we use the G-band photometries to further filter
candidates with Gaia variability metric (or the variability
amplitude proxy Aproxy.g: see Mowlavi et al. 2021), V:

Vo = %/—nb (8)
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Figure 2. Empirical Gaia variability metric as a function of G-band magnitude
for all initial samples, with the exponential fit proposed by Guidry et al. (2021)
for Gaia EDR3 delineated in green. The 1.5% most variable samples are
marked in red, and 15 ultracompact binaries reported by Burdge et al. (2020a)
are marked as blue stars.

where n,s is the number of observations contributing to the G
photometry (phot_g_n_obs), o is the error on G-band mean
flux (phot_g_mean_flux_error ), and (G) is the G-band
mean flux (phot_g_mean_flux). Figure 2 shows the Gaia
variability metric distribution of the 823,231 objects in the
initial sample.

One can notice from Figure 2 that the Gaia variability metric
is actually dependent on the G-band magnitude. This is because
for dimmer objects, the associated S/N will be smaller, leading
to a larger contribution from random fluctuation. In order to
select the most-probable variable sources from the initial
sample, we follow Guidry et al. (2021) and define the
VARINDEX to cut the top 1% most variable CWDBs for Gaia
EDR3:

VARINDEX = Vg — (Ae®C + BeC~170 1 (), )

where A=831x10"°, «a=0.794, B=0.0005, and C=
0.00962. In Figure 3, we show the distribution of the
VARINDEX over G-band magnitude. We obtained the variable
sample, which contains the 12,480 strongest candidate
variables with VARINDEX > 0.00, as shown in Figure 1(c). It
corresponds roughly to the 1.5% highest VARINDEX systems.
We conclude that this choice is reasonable, since if we list the
VARINDEX values of the 15 ultracompact binaries reported by
Burdge et al. (2020a), 13 of them are associated with
VARINDEX > 0.00, as shown in Figure 3. Even though two
sources are discarded in this stage, this selection retains most of
the interesting sources while greatly shrinking the sample size.

3.3. Variable Sample

We used the Gaia Variability flags to select 12,480
candidates (see Table 1), which are defined as a variable
sample of objects for period search. We imposed a photometric
color selection of Ggp — Grp < 1.0; this is different from the
color-cut scheme used by Pelisoli & Vos (2019) to search for
ELM candidates. Pelisoli & Vos (2019) used a color-cut
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criterion of G > 20.25(Ggp — Grp) — 7.15 to search for blue
targets to reduce contamination sources such as faint red stars
scattered from the MS. We are indeed interested in “blue”
objects for the Gaia source catalog because we expected short-
period CWDBs have higher temperatures due to tidal heating
(Burdge et al. 2020b), especially those candidates whose orbital
periods are less than 60 minutes may become strong GW
sources. However, we are also interested in other potential GW
source candidates, such as short-period CVs and substellar
companies (Amaro-Seoane et al. 2022). It is worth noting that
our variable sample includes some outbursting objects, such as
nonmagnetic CVs (dwarf nova), magnetic CVs (irregular
variability on a wide range of timescales), and QSOs
(redshifted emission lines; Pelisoli & Vos 2019), but these
sources are considered as contamination in this study.

4. Zwicky Transient Facility Photometry
4.1. ZTF Light Curves

The ZTF is a time-domain survey using the 48 inch (P48)
Schmidt telescope at Palomar Observatory.® Its camera has a
field of view of 47 degz, and it can scan the entire northern
visible sky (southern sky decl. > —28°.) at a rate of ~3750
deg? per hour (Bellm et al. 2019; Graham et al. 2019; Masci
et al. 2019; Dekany et al. 2020). ZTF can reach a 5o limiting
apparent magnitude of ~20.8 mag in the g band, ~20.6 mag in
the » band, and ~20.2 mag in the i band in a 30 s exposures.

For the selected variable sample, we crossmatch the
coordinate with the ZTF data, by downloading light-curve
data from the ZTF Public Data Release 8 (ZTF DR8).7’8

4.2. Period Finding

The 12,480 variable samples are not necessarily binary
systems. To verify the binary nature of the system, identifica-
tion of the light-curve period is necessary. To do so, we first
crossmatched the variable sample from Gaia data with the
public ZTF DRS8 and identified 10,938 sources that are
accompanied by ZTF light curves. Then, we performed a
period search procedure on the three time-series data: the ZTF
g-band data, the ZTF r-band data, and the combined g- and r-
band light curves.

Multiple algorithms can be used to the search of periodicity
from nonuniformly sampled data, including the Lomb-Scargle
(LS) periodogram® (Lomb 1976; Scargle 1982; Vander-
Plas 2018), the conditional entropy algorithm (Graham et al.
2013a, 2013b; Katz et al. 2021), and the box-least squares
(BLS) algorithm (Kovécs et al. 2002; Shahaf et al. 2022).

(1) The LS periodogram is based on the Fourier transform
and is used to detect and characterize the periodic component in
unevenly sampled time-series data and generate a signal power
spectrum (VanderPlas 2018). The LS normalized periodogram
at frequency f is defined as (Lomb 1976; Scargle 1982;

http:/ /www.ztf.caltech.edu

https: //www.ipac.caltech.edu

https: //www.ztf.caltech.edu /page /dr8

https: //docs.astropy.org/en/stable/timeseries /lombscargle.html
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Figure 3. The VARINDEX and G-band magnitude of the 12,480 candidates
after Gaia variability cut. The green dashed line shows that 1.5% of most
variable samples have VARINDEX > 0.00. The gray dashed line shows El-
Badry et al. (2021b) used VARIANDEX > 0.02 to cut the samples in search of
evolved CVs. The 1.5% most variable samples are marked in red, and 15
ultracompact binaries reported by Burdge et al. (2020a) are marked as blue
stars.

Leroy 2012)

1 [k = Heoswin — 1]
Py = 202 Spcos?w(ty — 7)

[ Gr = Msinw( — 1) ]

Sysin?w(t — 7)

, (10)

where w = 27f, o is the variance of the photometry, y is the
photometry at corresponding observation times fi(k=1, ...,
N), y is the mean of the photometry, and 7 is the time-offset,
which is defined by Equation (3) from Leroy (2012).

(1) The conditional entropy algorithm is a period-finding
method to find the period of an astronomical (irregularly
sampled) time-series data based on minimizing the conditional
Shannon entropy when the light curve has folded at the trial
period (Graham et al. 2013a). The expression of the conditional
entropy Hc(m,»|¢j) can be defined as (Graham et al. 2013a)

P(®) )

_ 11

Hc(mll(b]) = Zp(m;, ¢J)ln(
ij

where m is the normalized magnitude, ¢ is the phase (trial
period), p(m;, ¢;) is the density of points that fall within the bin
located at phase ¢; and magnitude m;, and p(¢,) is the density of
points that fall within the ¢ range. The conditional entropy
algorithm determines the period through folding the phase of
the light curve at each trial frequency, then estimating the
conditional entropy of the partitioned phase-folded light curve
corresponding to the trial frequency. In this paper, we used 10
mag bins and 20-phase bins in calculating the period of ZTF
sources using the conditional entropy algorithm.

(iii) The box-least squares algorithm is based on a simplified
box-shaped model of a strictly periodic transit, which is
characterized by using only five parameter estimators to find
the best model (Kovdcs et al. 2002). The parameters used are

Ren et al.

the period (P), the transit duration as a fraction of the period
(¢), the phase offset of the transit (¢y), the difference between
the out-of-transit brightness and the brightness during transit
(6), and the out-of-transit brightness (yg). The frequency
spectrum of BLS can be defined by the amount of signal
residue (SR) of the time-series at any given trial period (Kovécs
et al. 2002):

{ 2 172
SR = max{| —— , (12)
[r(] — r)] }

where the equations of s and r are shown in Kovécs et al.
(2002), which can be used to estimate the photometric
magnitude and the transit depth (Panahi & Zucker 2021).
The light curve of eclipsing binaries may generate the
secondary eclipse; however, the secondary eclipse is in some
cases too shallow to be detected. The BLS algorithm searches
for the periodic dips in brightness for extrasolar planets,
especially for the secondary eclipse.

The LS algorithm has the advantage of being very fast to
execute, but the CE and the BLS algorithms can report a more
accurate period and are more robust against noises. Therefore,
we apply an LS period search to all 10,938 sources, but only
apply CE and BLS analysis if the sources show reliable
periodic features. The search strategy of the period is separated
into two stages: the rough search and the fine search.

(1) In the first stage of the rough search for the period, the LS
algorithm can quickly calculate each source having good ZTF
light-curve data in the variable sample; however, LS has a
different sensitivity to objects with eclipsing binaries and
sinusoidal sources, and LS is more sensitive to the latter. This
results in eclipsing binaries having twice the real period, and
there exists a peak at half of the true frequency in the frequency
spectra, as shown in Figure 4.

(2) In the second stage of the fine search for the period, we
visually inspected the phase-folded light curves of 10,938
sources and determined that 826 of them are promising periodic
sources (see Table 1), which we define as the periodic sample.
In this search, we adopt the cuvarbase implementation of
the BLS and conditional entropy algorithms, please see
Appendix C.'"> A maximum frequency limit of 480 times per
day is adopted. For the minimum frequency, we adopt the limit
as twice the inverse of the baseline, where the baseline is
defined as the end time minus the start time of the time-series
data (for further details, please see Appendix B; Burdge et al.
2020b).

4.3. Periodic Sample

The classification criteria based on the Variable Stars Index
catalog'' can be divided into two main variability groups:
extrinsic variable stars and intrinsic variable stars. Extrinsic
variable stars can be divided into eclipsing, rotating (spots,
reflections, and ellipsoidal shapes), and microlensing events, of
which the first two groups have obvious orbital modulation
characteristics. The two main types of intrinsic variable stars
are pulsation and outburst, in which pulsation is mainly the
physical change inside the star. Based on the classification
criteria of variable stars, we studied the general characteristics

10 hips: //github.com/johnh202 /cuvarbase
! https: //www.aavso.org/vsx /index.php?view=about.vartypes
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Figure 4. Examples of the variability types of light-curve shapes caused by the binary eclipse effect in our binary sample. Panels (a)—(f) show the frequency spectra of
the LS periodogram corresponding to the variability types of the phase-folded ZTF light curve listed in Figure 5.

Table 1
Summary of the Numbers of Close White Dwarf Binary Candidates at Different Stages and Different Types
Sample Type Identified Sources Unidentified Sources Number
Selection on Gaia data
Initial sample 823,231
Variable sample 12,480
Selection on ZTF data
Periodic sample 826
HW Vir-type (Algol-type) binaries 6 52 58
EA-type (Detached Algol-type) binaries 14 51 65
Binary sample EB-type (8 Lyrae—type) binaries 3 59 56
EW-type (W Ursae Majoris—type) binaries 1 40 41
ELL-type (Ellipsoidal) binaries 20 183 209
Subtotal 44 385 429

Note. It is worth noting that we have statistics on the sources that have been confirmed by spectroscopic follow-up observations or spectral energy distribution

analysis, which is shown in the “Identified Sources” column.

of the light-curve shapes for binary systems and expected the
physical mechanism of the variations.

Through multiple stages of search and veto, we are now left
with a periodic sample of 826 candidates. More than 93.38% of
the variable sample is discarded, as they demonstrate irregular or
nonvariability and outburst characteristics, as shown in Figure 6.
The physical origin of outbursting stars could be similar to the
dwarf nova (CV) systems, especially the AM CVn-type systems
(Pichardo Marcano et al. 2021; van Roestel et al. 2021). However,
we have no reliable spectroscopic follow-up observations to
confirm the binary nature of the systems. Therefore, we have to
discard these sources for this study.

5. Analysis and Results
5.1. Binary Sample

According to the light-curve shapes, the 826 candidates from
the periodic sample can be further classified as eclipsing binary
systems, such as the HW Vir-type eclipsing binary, the EA-
type eclipsing binary (detached Algol-type binaries), the EB-
type eclipsing binary (5 Lyrae-type binaries) and EW-type
eclipsing binary (W Ursae Majoris—type binaries), ellipsoidal
binary system (ELL-type light-curve binaries), reflection
system (Figure 5(f) shows the typical light-curve shape of
reflection binary ZTF J183304.05+463705.42.), pulsation (the
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Figure 5. Examples of the variability types of light-curve shapes caused by the binary eclipse effect in our binary sample. (a) HW Vir-type binary, in which a low-
mass MS star (M dwarf) orbits a core helium-burning sdO/sdB primary nearly edge-on (El-Badry et al. 2021b). (b) EA-type eclipsing binary, the unique shape of light
curves is that between eclipses the light remains almost constant or varies insignificantly, and the light curves showing two minima per cycle or secondary minima
may be absent. (c) EB-type eclipsing binary, showing two minima per cycle, and secondary minimum depth usually being considerably smaller than that of the
primary minimum. (d) EW-type eclipsing binary, consisting of ellipsoidal components almost in contact, and the depths of the primary and secondary minima of the
light curves are almost equal or differ insignificantly. (e) ELL-type binary, the light-curve shape has the characteristics of quasi-sinusoidal variability produced by tidal
deformation and shows two different minima in one orbit. (f) Reflection binary, in which an M dwarf orbits a hot white dwarf and is heated on one side (El-Badry

et al. 2021b).

Table 2
Summary of the Differences in the Number of the Gold Sample

Object Type Total Pop < 100 minutes Candidate
PCEB Gold Sample 85 6
CV Gold Sample 224 7
ELM-WD Gold Sample 45 9
DWD Gold Sample 11 6

Note. The above four Gold samples are empirically based on the distribution of
candidates in the Gaia H-R diagram. There have crossover regions in the
segmentation criteria of the four Gold samples, which result in repeated
statistics for some sources; for further details, see Figure 7.

RR Lyrae-type pulsating star and the § Scuti-type pulsating
star), and rotation sinusoids. 12

The final selection is to pick up sources demonstrating the
obvious binary feature, like orbital modulation characteristics
by binary motion, or showing light curves consistent with
ellipsoidal or eclipsing models (see Table 1). Eventually, we
produce a binary sample with 429 sources in total, as shown in
Figure 1(d). Among these, 220 are eclipsing binaries, and
209 are ellipsoidal binaries.

5.1.1. HW Vir-type Binaries

HW Virginis (HW Vir) systems are PCEBs composed of
an sdO/sdB primary and a low-mass MS star secondary

2 hitps: //www.zooniverse.org/projects/ajnorton/superwasp-variable-stars /
classify

(M dwarf), e.g., sdB+dM systems for the prototype. HW Vir-
type binaries mostly show variations in their orbital periods
(<0.1 days), also called eclipse time variations (Sale et al.
2020). The light curve of HW Vir systems shows that two
distinct eclipses belong to the typical Algol-type eclipsing, but
its light curve also has an out-of-eclipse variation, which is
caused by the irradiation effect. Figure 5(a) shows the typical
light-curve shape of HW Vir-type binary ZTF J234504.03
+505754.82 (116.686 minutes). Among our eclipsing binary
candidates, there are 58 HW Vir systems, accounting for
13.52% of all binary samples, as shown in Figure 8. We present
the result of Gaia EDR3 data information of these candidates in
Table 4 of Appendix B.

5.1.2. EA-type Binaries

EA-type eclipsing binaries are also called detached Algol-
type binaries. Based on the definition of the Variable Stars
Index Catalog, the unique shape of the light curves is due to the
fact that, between eclipses, the light curve remains almost
constant or varies insignificantly. The explanation for this
characteristic is that binaries have spherical or slightly
ellipsoidal components, and the reflection effects or physical
variations are also important factors.

Detached white dwarf binaries, can have different effective
temperatures and can show eclipse variability in the photo-
metric data. If the binary has a high inclination angle, then the
phase-folded light curve will contain two eclipses: a deeper
primary one and a shallower secondary one. The primary
eclipse is generated when the brighter target is obscured by its
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Figure 6. The pie chart of the percentage of binaries for particular variability
classes in our variable sample.

companion, and the secondary eclipse is the converse scenario.
In some cases, however, the secondary eclipse is too shallow to
be detected, and there is only a primary eclipse in one orbit.
Out of 220 eclipsing binary candidates in the binary sample,
167 sources illustrate both primary and secondary eclipses, and
only primary eclipses are identified for the remaining 59
sources. Figure 5(b) shows the typical light-curve shape of EA-
type eclipsing binary: ZTF J200119.16+482301.88 (212.716
minutes). Among our eclipsing binary candidates, there are 68
EA-type eclipsing binaries, accounting for 15.15% of all binary
samples, as shown in Figure 8. We present the results of Gaia
EDR3 data information of these candidates in Table 5 in
Appendix B.

5.1.3. EB-type Binaries

EB-type (0 Lyrae—type) eclipsing binary systems have
ellipsoidal components and light curves for which it is
impossible to specify the exact times of onset and end of
eclipses because of a continuous change of the system’s
apparent combined brightness between eclipses. The secondary
minimum is observed in all cases, its depth usually being
considerably smaller than that of the primary minimum.
Figure 5(c) shows the typical light-curve shape of EB-type
eclipsing binary ZTF J204328.19+230649.25 (712.524 min-
utes). Among our eclipsing binary candidates, there are 56 EB-
type eclipsing binaries, accounting for 13.05% of all binary
samples, as shown in Figure 8. We present the results of Gaia
EDR3 data information of these candidates in Table 6 in
Appendix B.

5.1.4. EW-type Binaries

EW-type eclipsing binaries are also known as W Ursae
Majoris—type binaries, which are composed of ellipsoidal
components almost in contact, and eclipses in binary systems
with components filling their Roche lobes. The depths of the
primary and secondary minima of the light curves are almost
equal or differ insignificantly. The amplitude variations of light
are usually less than 0.8 mag, and the orbital periods are
usually shorter than 1 day. Figure 5(d) shows the typical light-
curve shape of EW-type eclipsing binary: ZTF J082516.60
+432931.35 (309.922 minutes). Among our EW-type eclipsing
binary candidates, there are 41 EW-type eclipsing binaries,
accounting for 9.56% of all binary samples, as shown in
Figure 8. We present the result of Gaia EDR3 data information
of these candidates in Table 7 in Appendix B.

Ren et al.

5.1.5. ELL-type Binaries

ELL-type binaries (ellipsoidal variables) are noneclipsing
reflection effect binaries consisting of a hot white dwarf and a
cooler companion (typically an M dwarf; El-Badry et al.
2021b). The variability amplitudes are usually less than
100 mmag. In the ellipsoidal modulation system, the shape of
the light curve has the characteristics of quasi-sinusoidal
variability and shows two different minima in one orbit. This
quasi-sinusoidal variation light curve is produced by tidal
deformation, in which case the two sides of the tidally
disturbed star have different temperatures, and the hotter side is
brighter than the colder side. There are two different minima in
the light curve, which is mainly caused by the gravity
darkening effect. Figure 5(e) show the typical light-curve
shape of ELL-type eclipsing binary ZTF J213329.86
+512721.88 (264.770 minutes). We identify 209 candidates
to be ellipsoidal variables, which account for 48.72% of the
binary sample, as shown in Figure 8. We present the results of
Gaia EDR3 data information of these candidates in Table 8 in
Appendix B.

5.2. Comparison to the Other Catalogs

Our screening scheme provides a candidate catalog covering
different types of CWDBs, which provides observational
evidence for the study of the evolutionary channels of white
dwarf binaries.

Several studies feature the search of CWDB systems. We
compare our samples and cross-check the identified binaries
with these works.

Burdge et al. (2020a, 2020b) used the Pan-STARRSI
catalog and ZTF photometric data to search for potential
sources for millihertz band GW detectors. They successfully
discovered 16 ultracompact binaries, including eight eclipsing
systems, two AM CVn systems, and six ellipsoidal variations
systems. Two of the sources, namely ZTF J213056.69
+442046.58 (orbital period 39.340 minutes) and ZTF
J205515.96+465106.45 (orbital period 56.348 minutes), are
also identified in our search. Both sources are mass-transferring
WD+-sdB systems, and their light curves have similar shapes,
which are typical ellipsoidal variables (see Kupfer et al.
2019, 2020a, 2020b, 2022 for further details). We analyzed the
reason why only two sources in our sample overlap with the 15
ultracompact binaries reported by Burdge et al. (2020a). We
checked the Gaia astrometric parameters of these 15 ultra-
compact binaries and found that only three sources are
measured with parallax_over_error > 5, which means
that most sources are filtered out by our initial selection criteria
for lack of reliable distance estimation; see Section 3.1 for
further details.

El-Badry et al. (2021b) selected sources in the Gaia color—
magnitude diagram and searched for large-amplitude ellipsoi-
dal variability using ZTF photometric data. Their motivation is
to find the progenitor of extremely low-mass white dwarfs and
AM CVn systems. In El-Badry et al. (2021b), the authors
reported 51 candidates, of which 21 sources obtained many-
epoch spectra, and all 21 sources were confirmed to be
completely or nearly Roche lobe filling binaries, 13 showing
evidence of ongoing mass transfer. Our 22 ellipsoidal variable
candidates reported by El-Badry et al. (2021b), and 11 sources
have been confirmed by spectra. The initial query conditions
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Figure 7. The location of the binary samples on the Gaia H-R diagram. The blue dashed lines show our selection scheme for searching CWDBs based on Gaia EDR3
data. The red dashed lines show the selection rule proposed by Geier et al. (2019) based on Gaia DR2 data to search the population of hot subdwarfs. The black dashed
lines show the selection scheme proposed by Pelisoli & Vos (2019) based on Gaia DR2 data to search ELM-WD candidates. The solid red line is the cooling model
offset by —0.75 mag for the 0.21M, and 0.69M ., white dwarf. We use the publicly available WD_models package provided by Cheng et al. (2020). The black scatter
points show the Gaia 200 pc background sources. The five differently colored scatter points show the different types of light-curve shapes in the final binary samples
searched using ZTF data, and the black circles show the binaries in the binary sample whose periods are less than 100 minutes, which are potential GW source
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Figure 8. The pie chart of the percentage of binaries with the different types of
light-curve shapes in our binary sample.

we used for sample selection in Gaia EDR3 are different from
El-Badry et al. (2021b).

Keller et al. (2022) used the published catalog compiled by
Gentile Fusillo et al. (2019) to identify eclipsing white dwarf
binaries. They used the BLS algorithm to search for sources
with periodic light-curve variability in the ZTF data, and their
search revealed 18 new binaries. The cross-check between our
binary sample and these 18 binaries reveals five binaries to be
overlapped. Keller et al. (2022) used samples from the Gaia
white dwarf catalog, which contains 486,641 sources. They
crossmatched the Gaia white dwarf catalog with ZTF DR3 data
and finally obtained 276,074 sources that have at least two ZTF

10

epochs. We used the variable sample, which was selected after
the Gaia variability metric cut, to crossmatch the ZTF DR8
data. This leads to the discardment of a large fraction of faint
sources and could explain the difference in reported samples.

Wang et al. (2021) systematically searched for periodic
variables in the hot subdwarf catalog from Gaia DR2 using
ZTF data. Their targets come from a catalog of 39,000 hot
subdwarf candidates provided by Geier et al. (2019). In their
search, they found 67 HW Vir binaries and 496 sources with
reflection effects or pulsation, plus a few eclipsing and
ellipsoidally modulating binaries. Our selection criteria in the
Gaia color—magnitude diagram include the hot subdwarf region
in Geier et al. (2019). Therefore, our candidates will inevitably
overlap with Wang et al. (2021). However, the catalog is not
publicly available; therefore, we can not check the extent of
overlap.

6. Discussion
6.1. Notes on Individual Objects

We selected four sources with special light-curve shapes
from the candidates, which are ZTF J2351+6305, ZTF J1611
46308, ZTF J1813+4251, and ZTF J0112+5827. The four
newly discovered CWDB candidates have distinct light-curve
variability. Three sources are accompanied by an orbital period
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Figure 9. The light curves of ZTF J235115.32+630528.23. The top panel shows the raw ZTF g (dark cyan), r (dark red), and i (black) light curves. The middle and
bottom panels show the ZTF g-band and r-band folded light curves, respectively. Archival ZTF g-band and r-band light curves of the system are folded at a period of

42.985 minutes.

of less than 60 minutes and that of the other source is about 81
minutes. To understand the composition of these candidates
and to explain the feature of the light curves, we will apply a
large aperture telescope for time-domain photometry and
spectral follow-up observations.

ZTF J235115.32+630528.23 (ZTF J2351+6305) is an
ultrashort period binary candidate. Its phase-folded light curve
shows ellipsoidal variation characteristics (as shown in
Figure 9), and the BLS period is 42.985 minutes. It has a
color of Ggp— Grp=0.59 mag and a magnitude of
Gaps = 6.24 mag. It may be a mass-transferring and recently
detached CV, which is a progenitor of ELM WDs or AM CVn
systems. El-Badry et al. (2021b) has systematically studied
such systems. Among their 51 candidates of evolved CVs and
bloated proto-ELM WDs, the shortest orbital period is 2 hr.
This candidate has a shorter orbital period than reported by El-
Badry et al. (2021b). The donor of evolved CVs has high
temperatures (4700 < Togr < 7000 K), which can be confirmed
by spectral follow-up observation.
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ZTF J161133.96+630831.67 (ZTF J1611+6308) has a
period of 49.708 minutes. The ZTF phase-folded light curve
shows a deeply eclipsing white dwarf binary characteristic and
the eclipse depth is greater than 2.5 mag, as shown in
Figure 10. ZTF J1611+6308 has a color of Ggp — Grp =0.19
mag and magmtude of G,ps=11.26 mag. The Catalina Sky
Survey (CSS) observed ZTF J1611+6308 between 2005 and
2013, and we obtained clean raw photometric data of CSS for
ZTF J16114-6308. Figure 10 shows the phased ZTF light
curves for the g band, » band, and i band, and the phased CSS
light curve. The light curve has a deep eclipse, but there is no
secondary eclipse, and the eclipse duration is about 2.5
minutes, as shown in the bottom panel of Figure 10. We used
twice the period to fold the light curve, and the primary and
secondary eclipses appeared at the same depth. The evolution
of the light curve is predicted to be dominated by a white
dwarf, while the companion star is a low-luminosity target,
such as a brown dwarf or an M dwarf (Kosakowski et al. 2022).

13 https://crts.iucaa.in/CRTS/
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Figure 10. The light curves of ZTF J161133.96+630831.67. The top panel shows the raw ZTF g-band (dark cyan), r-band (dark red), and i-band (black) light curves,
and raw CSS (dark orange) photometric data. The middle panels show the phased ZTF light curves for the g band, r band, and i band, and the phased CSS light curve,
respectively. The bottom panel shows the phase-folded light curves of ZTF J1611+6308 at phase ¢ ~ 0.975-1.025 in the eclipse duration. The blue dashed lines show
the duration of the conjunction of the eclipse, and the black dashed lines show the entire duration of the eclipse from ingress to egress. Archival ZTF (g, r, and i band)

and CSS light curves of the system are folded at a period of 49.708 minutes.

The classification of the system can be further confirmed by
spectrum and high-speed photometric observation.

ZTF JI181311.10+425150.51 (ZTF J181344251) is a CV
candidate with a period of 51.161 minutes. The light curve is a
fully eclipsing binary system characteristic that is similar to the
ZTF J1946+3203 (Burdge et al. 2020b), which exhibits strong
ellipsoidal variations owing to the tidal deformation and eclipse
effect as shown in Figure 11. ZTF J1946+3203 is a single-
lined spectroscopic eclipsing binary, which is composed of a
hot He WD or an sdB and a low-luminosity He WD companion
star. In the color—magnitude diagram, ZTF J1813+44251 is
located in the classical-CV region at Ggp — Grp = 0.79 mag,

and an absolute magnitude of G, =9.36 mag, which is
significantly different from the position of ZTF J1946+4-3203.
We obtained clean raw photometric data of CSS and ZTF for
ZTF J1813+4251, as shown in the upper panel of Figure 11.
Further observations of ZTF J1813+4251 are needed to
measure the radial velocity and to strongly constrain the
masses, radii, and temperatures using high-speed photometry.
Once confirmed, this may be the shortest orbital period CV
system ever observed. During the preparation of this manu-
script, Burdge et al. (2022) reported the observation of this
source. They found that ZTF J1813+4251 is a transitional CV,
and this binary consists of a star with a temperature comparable
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Figure 11. The light curves of ZTF J181311.10+425150.51. The top panel shows the raw ZTF g-band (dark cyan), r-band (dark red), and i-band (black) light curves,
and raw CSS (dark orange) light curves. The middle and the bottom panels show the phased ZTF (g band, r band, and i band), and phased CSS light curves for ZTF
J1813+4251, respectively. Archival ZTF (g, r, and i), and CSS light curves of the system are folded at a period of 51.161 minutes.

to that of the Sun but at a density 100 times greater owing to its
helium-rich composition, accreting onto a white dwarf. These
transitional CVs have been proposed as progenitors of helium
CVs (Burdge et al. 2022).

ZTF J011242.48+582757.60 (ZTF J0112+4-5827) is a CV
candidate, which has a color of Ggp — Ggp =0.9 mag and
magnitude of G,ps = 10.19 mag. The light curve of ZTF
JO112+5827 shows typical large-amplitude ellipsoidal varia-
tion in the g band, and the period computed by the BLS
algorithm is 80.9 minutes; however, its r-band light curve
shows an unusual two spikes in one period, as shown in
Figure 12. We propose a possible hypothesis to explain the

13

unusual light curve of ZTF J0112+4-5827: this is a polar (AM
Her-type star) or intermediate polar.'* The accreted mass
moves along the magnetic lines in the direction of the white
dwarf’s magnetic poles. The two spikes of the light curve in
one period are generated by the accretion point, which is
similar to a rare eclipsing polar BS Tri system (Kolbin et al.
2022). Future high-time resolution spectral observations will be
needed to verify the formation of the unusual light curve of the
binary system.

14 https://asd.gsfc.nasa.gov/Koji.Mukai/iphome /iphome.html
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Figure 12. The light curves of ZTF J011242.48+4-582757.60. The top panel shows the raw ZTF g-band (dark cyan) and r-band (dark red) light curves. The middle and
bottom panels show the phase-folded light curves for ZTF J0112+4-5827 in the g and r bands, which show a clear difference between the two bands. The r band
exhibits two obvious spikes in one phase; between two spikes there is a transit phase.

6.2. Parameter Distribution of CWDBs

In order to better understand the distribution characteristics
of photometric parameters and source parameters of different
types of candidates in our binary sample, we display their
statistical histograms and correlations in Figure 13.

Figure 13(a) shows the Gaia BP-RP color index distribution
for different types of binaries. HW Vir binaries are mainly
distributed at BP-RP < 0 mag, because hot subdwarfs have a
high surface temperature and they appear to be bluer. Other
variability types of binaries are mainly distributed at BP-
RP > 0 mag, where ELL-type binaries are generally distributed
between 0.2 mag < BP-RP < 1.0 mag. Figure 13(c) shows the
apparent magnitude distribution of Gaia/G-band of different
types of candidates, which scatters between 16 and 18 mag. In
Figure 13(f), we show the distance distribution of all binary
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candidates; HW Vir binary and EW-type binaries are mainly
between 1.0kpc and 2.5kpc, the EA-type binary at
0.5-2.0kpc, and the EB-type binary at 1.0-2.0kpc.
Figure 13(j) shows the orbital period distribution of these
binary candidates. We find that for most types of binaries, the
orbital periods are mostly less than 9 hr, while the EB-type
binary exhibits a peak at around 10 hr. We can explain the
period distribution by the fact that the viewing angle will be
decreasingly small for wider separated eclipsing binaries. The
ELL-type is not subjected to this selection bias as it does not
rely on eclipsing observation. The HW-type is also not affected
as the component size is usually larger, corresponding to a
larger viewing angle.

The other panels ((b), (d), (e), (g), (h), and (i)) in Figure 13
show two-dimensional distributions for different types of
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Figure 13. The corner plot for the main parameters of different types of light-curve shapes of binaries within our binary sample. In panels (a), (c), (f), and (j), we show
the one-dimensional histogram over Gaia BP-RP color, the Gaia G-band apparent magnitude, the distance, and the orbital period, respectively. The other panels ((b),
(d), (e), (g), (h), and (i)) show the correlation distribution between the two parameters for different types of binaries.

binary systems. For example, from Figures 13(d) and (e), we
find an apparent cut in the upper-right corner. This is most
likely due to the choice of the Gaia variability metric.

6.3. The Gold Sample of CWDBs

In the H-R diagram, the subtypes of CWDB are mostly
located in the region between MS and WDCS. We divided the
volume according to the types of close binary stars in the H-R
diagram and defined three gold samples, namely the PCEBs
gold sample, CVs gold sample, and DWDs gold sample. Inight
et al. (2021) established a volume-limited sample for all
subtypes of CWDB, which can be used to study the population
of WD binaries. The reference samples provide four types of
gold samples: WD + M (M-type MS star), WD + AFGK (A,
F, G, or K-type star), CV, and DWD. Our gold samples are not
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established by spectral type. We define the gold samples based
on Gaia selection source conditions proposed by Geier et al.
(2019) and Pelisoli & Vos (2019) and combined them with the
white dwarf cooling model. We show the distribution
characteristics of these binary candidates in the H-R diagram in
Figure 7, and their sky distribution in Figure 14.

Geier et al. (2019) applied a color-cut and absolute
magnitude selection to define a distribution range of hot
subdwarf candidates in Gaia DR2, as shown in Figure 7 (the
red dashed lines). We further define the sdB binaries (or
PCEBs) in this region as the gold sample. We have a total of 85
hot subdwarf binary candidates as gold samples (see Table 2),
of which six have orbital periods less than 100 minutes.

The CV gold sample established by Inight et al. (2021)
shows that it is widely distributed below the MS star and the
BP-RP color index Ggp — Ggp > 0 in the Gaia H-R diagram
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Figure 14. Sky distribution in equatorial coordinates of the variable sample (gray dots) and the binary sample (colored dots). The black circles show the potential GW
source candidates.
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Figure 15. Characteristic GW strain of the sources described in this work (shown as colored diamonds), compared with the samples of candidate VBs from Huang
et al. (2020; shown as gray squares) and Burdge et al. (2020a, 2020b), Kilic et al. (2021), and Chandra et al. (2021; shown as gray thin diamonds), overplotted with
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Table 3
Source Parameter, Amplitude A, and S/N for 24 Ultrashort Period (Pon, < 100 minutes) Potential GW Candidates

ZTF Name A 8 f d A S/N S/N

(deg) (deg) (mHz) (kpc) (x107%) (TianQin) (LISA)
ZTF J0526+5934 84.6989 36.2955 1.626 0.846 18.15 12.777 35.788
ZTF J1840-1742 279.7729 5.3797 1.006 1.345 8.66 3.297 5.439
ZTF J1707-1522 257.2883 7.4854 0.994 2.285 4.94 1.477 2.931
ZTF J2130+4420 [2] 348.1685 54.4443 0.847 1.309 7.81 0.850 2.076
ZTF J2351+46305 36.8445 55.5895 0.775 1.286 7.32 0.681 2.409
ZTF J1611+6308 183.9169 78.0916 0.671 0.257 33.07 2.282 8.147
ZTF J1813+4251 [5] 276.0031 66.2346 0.652 0.835 10.00 0.901 2415
ZTF J2055+4651 [2] 341.0544 59.9596 0.592 2.264 5.37 0.283 0.779
ZTF J1603+2150 232.8645 41.6031 0.425 0.309 20.11 0.667 2.489
ZTF J0451+0104 71.5240 —21.2702 0.414 0.294 20.96 0.924 2.568
ZTF JO112+5827 44.5245 458154 0.412 0.364 16.83 0.433 1.915
ZTF J2334+3921 12.6230 38.0721 0.411 0.076 80.71 2.374 9.624
ZTF J2007+1742 309.0298 36.9204 0.408 0.045 135.70 7.219 13.969
ZTF J1810-2138 272.3779 1.7778 0.404 1.683 3.97 0.217 0.513
ZTF J1705+3455 249.0813 57.3809 0.403 0.616 9.68 0.309 1.047
ZTF J1943-2657 293.0642 —5.5741 0.373 0.358 16.05 0.814 1.615
ZTF J1708-2548 258.3723 —2.8898 0.371 0.109 52.53 2.042 5.605
ZTF J1948+5250 327.3373 70.9334 0.370 0.699 8.17 0.208 0.721
ZTF J1944+5449 329.5948 72.8635 0.361 1.552 3.64 0.085 0.306
ZTF J1927+3411 302.7131 55.1734 0.356 1.482 3.78 0.121 0.320
ZTF J0609+3652 91.8999 13.4434 0.350 0.733 7.49 0.288 0.705
ZTF J1100+5210 142.3087 41.4823 0.346 0.636 8.57 0.259 0.655
ZTF J0050+2551 21.9928 18.7691 0.345 1.963 2.81 0.051 0.242
ZTF J1622+4730 224.3785 67.1495 0.332 1.814 2.98 0.050 0.212
ZTF J2243+5242 [1] 13.2423 53.9599 3.788 1.753 10.26 19.992 78.739
ZTF J0538+1953 [2] 84.8061 —3.4356 2.308 0.997 16.38 18.915 75.532
ZTF J1905+3134 [2] 293.7825 53.6335 1.938 0.696 24.78 26.305 79.343
ZTF J2029+1534 [2] 314.4631 33.4205 1.597 1.095 8.36 4.743 9.144
ZTF J0722-1839 [2] 115.8782 —40.2164 1.406 1.267 8.29 3451 6.666
ZTF J1749+0924 [2] 267.0209 32.8576 1.261 1.291 6.85 2.178 4.685
ZTF 1222844949 [2] 7.0683 53.2065 1.167 2.076 5.92 1.520 4416
ZTF J1946+3203 [2] 307.9775 52.0541 0.993 1.919 3.09 0.626 1.186
ZTF J0643+0318 [2] 101.5702 —19.6948 0.903 2.040 5.08 1.519 2.398
ZTF J0640+1738 [2] 99.6432 —5.4567 0.894 1.576 4.97 1.339 2.262
ZTF 1232043750 [2] 8.7171 38.0936 0.603 1.256 4.85 0.244 0.793
SDSS J0634+-3803 [3] 97.0832 14.8390 1.257 0.433 17.36 13.782 23919
SMSS J0338-8139 [3] 286.4357 —72.7068 1.089 0.536 12.11 2.199 6.226
SDSS J1337+3952 [4] 182.8931 45.5716 0.337 0.114 43.86 1.151 5.030

Note. The position (), 3) is the ecliptic coordinates, fis the GW frequency, .4 is the dimensionless amplitude, and d is the luminosity distance.
References. [1] Burdge et al. (2020a); [2] Burdge et al. (2020b); [3] Kilic et al. (2021); [4] Chandra et al. (2021); [5] Burdge et al. (2022).

(the detailed analysis is shown in Section 4.3 of Inight et al. that of a single white dwarf, but a DWD system is brighter than
2021). From the point of view of the time-domain photometry a single WD. One can expect that DWDs appear above single
observation, it can be found that the light curve of the CV can WDs (up to ~0.75 mag) in the H-R diagram. In Figure 7, we

be divided into three main types: ELL-type binary, EA-type use the cooling model contours (—0.75 mag) of 0.2 M, and
binary, and the outbursting class. Our short-period CWDB 0.69 M, single WDs to define the gold sample of DWDs. We

catalog only retains the EA-type or ELL-type binaries formed use the publicly available WD_models package provided by
by the transit process, excluding the flare sources of the Cheng et al. (2020). The WD_models package is available at
irregular class. Most CVs have orbital periods P, < 14 hr. We GitHub."> According to the definition of the DWD gold
have 224 candidates as CV gold samples in our catalog (see sample, we have 11 candidates, including six ultrashort periods
Table 2), of which seven have periods less than 100 minutes. (Pory < 100 minutes) DWDs.

Pelisoli & Vos (2019) proposed a method to select the ELM
candidates catalog from Gaia DR2 data, which is based on the . .
distribution of the known samples in the Gaia H-R diagram and 6.4. GW Signals of Binary Systems
the prediction of the theoretical model. We define the CWDB Galactic ultracompact binaries are the most numerous GW
candidates in Pelisoli’s color-cutting criterion as the gold sources expected to be detected by future space-based GW
samples of ELM binaries. In our CWDB catalog, 45 candidates detectors such as TianQin and LISA (Kupfer et al. 2018; Huang
belong to the gold sample of ELM binaries (see Table 2), of et al. 2020; Amaro-Seoane et al. 2022). The loudest signals can
which nine have orbital periods less than 100 minutes. A binary
system consisting of two white dwarfs has a color similar to '3 https:/ /github.com/SihaoCheng /WD_models
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be detected individually, while a large number of the
unresolved GW signals will superpose to form the DWDs
foreground for the space-based GW detectors (Huang et al.
2020; Liang et al. 2022; Lu et al. 2022). Once the short-period
DWDs candidates in our final catalog are confirmed, it can help
to expand the population of VBs.

The GW radiation from DWDs can be considered as quasi-
monochromatic signal sources, which can be described by
seven parameters: frequency fow = 2/Pow, the dimensionless
amplitude A, ecliptic coordinates (A, ), orbital inclination ¢,
polarization angle Wy, and initial orbital phase ¢, (Huang et al.
2020). The primary and secondary masses (m; and my),
luminosity distance (d), and orbital period (P,y,) of DWDs can
be derived from electromagnetic observations, and can be used
to estimate the amplitude of the GW signal (Huang et al. 2020):

_ 2(GM)3

ctd
where M = (mym»)3/>(m; + m,)~'/3, G, and ¢ are the chirp
mass, the gravitational constant, and the speed of light,
respectively.

The characteristic strain can be defined by the dimensionless
GW amplitude .4 and the frequency of GW radiation fgw:

he = \/Ncycle A: (14)

where Neycie = fowTobs 1S the number of binary orbital cycles
observed during the mission, and T is the integration time (or
observation time) of the detectors.

To estimate the S/N (p) of GW signals from DWDs, we use
the expression defined as (Korol et al. 2017; and Huang et al.
2020)

A (nf >, 13)

2

and the average amplitude defined by
(A%) = A[(1 + cos®(1))? (FI) + 4cos’(1)(F)],  (16)

where (FZ(\, 3, ¥)) and (F2(\, 3, )) are the orbit averaged
detector responses (Cornish & Larson 2003; Huang et al.
2020). S,( f,) is the sensitivity curve of the detector in a
Michelson channel. The sensitivity curve of TianQin can be
expressed analytically as in Equation (13) of Huang et al.
(2020), and the sensitivity curve of the detector of LISA from
Robson et al. (2019).

In order to estimate the S/N of binaries under the actual
observation conditions of the detectors, we consider the
effective observation time of the GW detectors. For TianQin,
the 5 yr mission adopts the observation mode of a 3 month
observation plus a 3 month shutdown protection, which
effectively corresponds to 2.5 yr of observation time (Luo
et al. 2016; Huang et al. 2020). For LISA, based on the
performance of LISA Pathfinder, LISA Science Group expects
that LISA will have a duty cycle of about 0.75, which means
that in its 4 yr mission, its effective observation time is 3 yr
(Amaro-Seoane et al. 2022). In Equation (15), the observation
time T,ps Of TianQin is set as 2.5 yr, and that of LISA is set as
3 yr.

In this work, we discovered 429 CWDB candidates. In order
to calculate the S/N of these sources, we need to obtain the
source parameters. The sky location (A, §) of sources can be set
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as the ecliptic longitude (ecl_lon) and ecliptic latitude
(ecl_lat) from Gaia EDR3 data. Using BLS and CE to
analyze the ZTF light curve, we can calculate the trustworthy
orbital period of binary candidates. We compared the period
values obtained by the two algorithms after independently
calculating three groups of ZTF photometry data, and finally
estimated the average orbital period and retained it to three
decimal places. The luminosity distance can be determined
using trigonometric parallaxes from Gaia EDR3 (Kupfer et al.
2018; Lindegren et al. 2021). See Table 3 for further details of
potential GW candidates. We assume that the primary mass m,
obeys a uniform distribution U(0.5, 0.7) M, and the secondary
mass m; obeys a uniform distribution U(0.2, 0.4) M, according
to Burdge et al. (2020b), and we fix ¢ =7/3, Ug=/2 for all
new candidates, since there are currently no measurements of
these parameters.

We report the estimated TianQin/LISA S/N for the sources
in the sample in Table 3. The first part of Table 3 shows the
first 24 candidates with periods less than 100 minutes in our
binary sample, which are defined as potential GW candidates
(for further details on their light curves, please see
Appendix D). The second part of Table 3 shows the recently
discovered GW sources by other surveys that are not
summarized in Huang et al. (2020). Figure 15 shows the
characteristic strain of gravitational radiation of our newly
discovered binary samples and other classic VBs and the
sensitivity of TianQin and LISA. As illustrated in Figure 15,
most sources of our sample fall below the sensitivity curves of
TianQin and LISA, about 10 candidates fall above the LISA
sensitivity curve, and about 16 candidates fall above the LISA
sensitivity curve after 4 yr of observations. In estimating the
GW signals of candidates, we fixed some source parameters as
constants, and the mass was uniformly distributed (we remark
that for some binary systems this assumption might be
unphysical), the current uncertainty in the S/N and GW
amplitude of all sources originates from the uncertainty of
distance measurement (mainly due to the standard error of
parallax, parallax_error). In our binary sample, the light-
curve shapes of potential GW candidates located above or near
the sensitivity curve are mainly EA-type and ELL-type
binaries. We adopt a low S/N threshold of 5 as the minimum
standard for GW signals detected by TianQin and LISA. For
TianQin, we found two new candidate VBs, namely ZTF J0526
+5934 (S/N ~12) and ZTF J2007+1742 (S/N ~7), plus
other newly discovered GW sources in the later part of Table 3,
bringing the total number of VBs to 18 for TianQin. For LISA,
we found six new VB candidates, bringing the total number of
VBs to 31 for LISA.

7. Conclusion

In this work, we have presented a catalog of short-period
CWDB candidates based on the Gaia EDR3 catalog and the
ZTF photometry data. We defined a color-cutting criterion for
selecting initial samples in the Gaia H-R diagram. In the Gaia
EDR3 data, we searched 823,231 high-S/N sources after using
quality filtering parameters (Geier et al. 2019; Pelisoli &
Vos 2019). We applied the Gaia variability metric (Guidry
et al. 2021) to select the 12,480 most variable objects with high
confidence from high-S/N samples.

We crossmatched the high-confidence variable source
catalog with time-domain photometry data of the ZTF Public
DRS and analyzed the light curves of all variable sources. After
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analyzing the ZTF light curves, a total of 826 candidates were
identified to have distinguishable periodic variability. Taking
the shape of the light curve produced by the eclipse process of
the binary system as the selection criterion, we found 429
binary candidates. The final catalog includes 58 HW Vir-type
binaries, 65 EA-type binaries, 56 EB-type binaries, 41 EW-
type binaries, and 209 ELL-type binaries.

We analyzed four short-period CWDB candidates with
special light curves in the final catalog. ZTF J23514-6305 is an
ellipsoidal variable binary with a period of less than 60 minutes
(Porp = 42.985 minutes), which is similar to a mass-transferring
and recently detached CV (El-Badry et al. 2021b). ZTF J1611
46308 is a deeply eclipsing white dwarf binary with an orbital
period of 49.708 minutes. ZTF J1813+4251 is a short-period
(Pory = 51.161 minutes) binary candidate near the classical-CV
in the Gaia H-R diagram. ZTF J0112+4-5827 is a CV candidate
similar to an eclipsing polar BS tri system (Kolbin et al. 2022)
with a period of 80.912 minutes. We obtained the ZTF
photometric data of these special candidates and analyzed their
positions in the Gaia H-R diagram. Future follow-up observa-
tions of the spectra can be used to estimate physical parameters
such as masses, temperatures, and radial velocity semiampli-
tudes. The high-speed photometric observation can be used to
solve the orbital parameters of the binary system, such as
radius, inclination, semimajor axis, and orbital period.

We define the distribution of the Gold samples of close-WD
binaries based on the subclasses of stars in the Gaia H-R
diagram. In the final catalog, a total of 429 close-WD binary
candidates were divided into 85 PCEB Gold samples, 224 CV
Gold samples, 45 ELM-WD Gold samples, and 11 DWD Gold
samples.

We estimated the GW amplitudes and S/Ns of all candidates
in our binary sample. We found that we have two potential GW
candidates with S/Ns greater than 5 in the 2.5 yr observation
time of TianQin, which increases the total number of candidate
VBs for TianQin to 18. For LISA, we have six new sources
with S/Ns of more than 5 in their 3 yr effective observation
time with a total of 4 yr mission lifetime. The total number of
LISA VBs has reached 31.

In future work, we aim to use a multiband spectral energy
distribution to analyze the compositions and obtain the
effective temperature and surface gravity of the binary systems
to study their evolution process. We also plan to use LAMOST
spectral and jointly fit the light curve to obtain the physical
parameters and orbital parameters for our binary candidates to
confirm their binary nature.
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Appendix A
Gaia Astrometric Query Cut

Below we show the initial-cut selection criteria applied to
Gaia EDR3'® data through the following Astronomical Data
Query Language (ADQL) query. Our ADQL query jobs are run
in the Gaia@AIP'” services or ARI’s Gaia'® services.

SELECT x*

FROM gaiaedr3.gaia_source

WHERE dec > —28.0

ANDbp_rp < 1.0

AND parallax_over_error > 5

AND phot_bp_mean_flux_over_error > 10

AND phot_rp_mean_flux_over_error > 10

AND 545 % 10gl0 ((parallax + 0.029)/1000) + phot_g_mean_-
mag > 3.7 xbp_rp + 2.2

AND 545 % 10gl0 ((parallax + 0.029)/1000) + phot_g_mean_-
mag < 2.7 xbp_rp + 11.5

AND phot_bp_rp_excess_factor < 1.45+0.06 * power
(phot_bp_mean_mag---phot_rp_mean_mag, 2)

AND phot_bp_rp_excess_factor > 1.0+0.015 * power
(phot_bp_mean_mag---phot_rp_mean_mag, 2)

AND (astrometric_chi2_al / (astro-
metric_n_good_obs_al---5) < 1.44

OR astrometric_chi2_al / (astrometric_n_good_obs_al---
5) <1.44 xexp(- 0.4 x (phot_g_mean_mag---19.5)));

Below we show the Gaia Variability cut selection criteria
using the following ADQL query:

SELECT x*

FROM gaiaedr3.gaia_source

WHERE dec > -28.0

ANDbp_rp < 1.0

AND parallax_over_error > 5

AND phot_bp_mean_flux_over_error > 10

AND phot_rp_mean_flux_over_error > 10

AND 5+5 % 10gl0 ((parallax + 0.029)/1000) + phot_g_mean_-
mag > 3.7 *x bp_rp + 2.2

AND 5+5 % 10gl0 ((parallax + 0.029)/1000) + phot_g_mean_-
mag < 2.7 xbp_rp + 11.5

AND phot_bp_rp_excess_factor < 1.45+0.06 * power
(phot_bp_mean_mag---phot_rp_mean_mag, 2)

'® https://gea.esac.esa.int /archive,/
17 https://gaia.aip.de/
18 https://gaia.ari.uni-heidelberg.de/tap.html
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(Continued)

AND phot_bp_rp_excess_factor > 1.0+0.015 * power
(phot_bp_mean_mag---phot_rp_mean_mag, 2)

AND (astrometric_chi2_al / (astro-
metric_n_good_obs_al---5) < 1.44

OR astrometric_chi2_al / (astrometric_n_good_obs_al---
5) <1.44 xexp(- 0.4 x (phot_g_mean mag---19.5)))

AND phot_g_mean_flux_error * power (phot_g_n_obs, 0.5) /
phot_g mean_flux - ((8.31e-9) * exp(0.794 % phot_g_-
mean_mag) + 0.0005 * exp (phot_g_mean_mag---17.0) +
0.019) >0.0;
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Appendix B
Short-period CWDB Catalogs

Below we show the Gaia photometric parameters and the
orbital period parameters for all 429 objects in our binary
sample. According to the types of light curve, we can divide
them into five tables: HW Vir-type binary candidates (see
Table 4), EA-type binary candidates (see Table 5), EB-type
binary candidates (see Table 6), EW-type binary candidates
(see Table 7), and ELL-type binary candidates (see Table 8).

Table 4
HW Vir-type Binary Candidates
ZTF Name Gaia EDR3 R.A. Decl. w G Ggp — Ggrp Gabs Py A
Source ID (deg) (deg) (mas) (mag) (mag) (mag) (min) (x 10’23)

ZTF J2040+4-3407 1864121982365984128 310.19402 34.11743 0.55 17.41 0.42 6.14 107.543 2.94
ZTF J2345+4-5057 1943858286426802304 356.26684 50.96520 0.43 16.43 —0.13 4.62 116.686 2.18
ZTF J2120+4014 1965596391525733120 320.17691 40.24297 0.62 17.02 0.25 5.99 117.598 3.02
ZTF J0718+4-0739 3154801672464733440 109.74027 7.65367 0.52 15.22 —-0.41 3.82 121.625 2.51
ZTF J0836-0802 5753841281270433536 129.05426 —8.03995 0.51 15.28 —-0.37 3.81 127.971 2.35
ZTF J2328+6415 2209063896962507520 352.22684 64.26275 0.53 17.37 0.91 5.99 128.107 247
ZTF J2046+5147 2182023160826160000 311.65906 51.79319 0.93 15.22 0.18 5.07 129.086 4.19
ZTF J0518-2308 2961366588952039552 79.52903 —23.14588 0.42 15.89 —0.35 3.97 131.287 1.91
ZTF J0827-2736 5646693014160460416 126.95875 —27.61052 0.38 16.86 —0.18 4.78 132.154 1.82
ZTF J0113+4-2257 [1] 2791084432881749760 18.41288 22.96084 0.42 16.61 —0.38 4.74 134.457 2.00
ZTF J0729-1837 3026543267432558336 112.27269 —18.61764 0.51 15.91 0.19 4.44 135.012 2.24
ZTF J0710+4-6655 1102107819544067456 107.67521 66.92872 0.79 14.62 —0.36 4.10 137.731 341
ZTF J0820+0008 [2, 3] 3077510098136276480 125.22307 0.14541 0.66 15.15 —0.35 4.25 138.586 2.84
ZTF J1338-0201 3637481302758519040 204.70058 —2.03039 1.68 13.36 —0.40 4.49 145.463 6.98
ZTF J0405+5044 250657727370153472 61.34537 50.73949 0.73 17.45 0.99 6.77 153.322 3.00
ZTF J0016+7855 564551735705888384 4.15468 78.92195 0.38 16.53 —0.17 4.46 153.782 1.62
ZTF J1848+1157 4504497623459700992 282.19609 11.95561 0.49 16.69 0.06 5.14 153.837 2.03
ZTF J2234+4-2456 [3] 1877320760449993216 338.58958 24.94919 1.08 14.16 —0.36 4.35 159.246 4.24
ZTF J2006+0416 4247741141287799680 301.71988 4.270338 0.49 16.22 —0.13 4.68 179.658 1.82
ZTF J2025-1200 6880002734442865920 306.40622 —12.00433 0.44 16.32 —0.36 4.56 180.145 1.73
ZTF J213144654 [4] 1978219536621659136 322.92266 46.90833 0.39 17.38 0.07 5.39 187.154 1.56
ZTF J2100-1411 6888269309535155456 315.07248 —14.19017 0.44 16.55 —0.31 4.76 208.848 1.54
ZTF J1922+2624 2025568909688842112 290.67035 26.40430 0.44 17.63 0.41 5.86 218.801 1.54
ZTF J2318+-8232 2287403962995179264 349.67784 82.53852 0.38 16.89 —0.09 4.79 226.186 1.26
ZTF J2315+45828 2010408220561381632 348.84423 58.48000 0.66 17.61 0.87 6.72 228.536 2.11
ZTF J1852-2147 [5] 4078817195637328256 283.07503 —21.79744 1.12 13.75 —0.16 3.99 231.945 3.41
ZTF J153343759 [6] 1375814952762454272 233.45602 37.99106 1.90 12.94 —0.38 4.34 232.949 5.78
ZTF J0724-2110 5619901038222784768 111.12425 —21.17284 0.40 17.53 0.24 5.56 235.387 1.36
ZTF J2118+4047 1968673301791825920 319.55255 40.79099 0.44 16.71 0.05 4.95 245.292 1.35
ZTF J1852+4-1445 4507223312777873280 283.03169 14.76307 0.85 14.99 0.24 4.65 274.199 2.32
ZTF J1840+0703 4286518927853983360 280.17673 7.05606 0.58 16.39 0.25 5.23 275.205 1.62
ZTF J2146+6616 2219505890166498048 326.73603 66.26855 0.68 16.21 0.37 5.37 278.565 1.84
ZTF J1849-1340 4102198997623267456 282.46445 —13.67621 1.62 14.36 0.42 541 285.042 4.31
ZTF J0626-0250 3117155669938231552 96.62394 —2.84625 0.54 16.01 0.04 4.65 286.257 1.45
ZTF J2035+3544 2056653885784893952 308.89592 35.73469 0.72 16.46 0.52 5.74 294.433 1.88
ZTF J2025+45851 2188514226495429632 306.31183 58.85225 0.38 17.53 0.13 5.46 295.608 1.12
ZTF J0753+7224 1110899853820753792 118.37031 72.40680 0.38 16.48 —0.21 4.35 299.884 1.05
ZTF J1838+4-0500 4283927443344408960 279.58508 5.00373 0.57 17.42 0.66 6.21 302.844 1.53
ZTF J2326+1230 2812551023024830720 351.71862 12.50606 1.39 14.33 -0.17 5.04 305.145 3.52
ZTF J1939+1110 4303030190905072640 294.76892 11.18227 0.81 14.86 —0.14 441 306.883 2.05
ZTF J0910+7810 1131845039229607680 137.58201 78.17318 0.40 16.14 -0.32 4.16 337.571 1.00
ZTF J2240+4-5437 2003241230122936064 340.21327 54.63084 0.70 14.98 0.01 4.21 339.664 1.66
ZTF J2111+43325 1866796475676061056 317.98098 33.43218 0.78 15.36 —-0.22 4.82 356.308 1.79
ZTF J1906-0051 4262586854711451904 286.55537 —0.85630 0.79 15.73 0.25 522 358.359 1.80
ZTF J2058+-3604 1869815700251723392 314.51502 36.08310 0.46 16.34 0.02 4.64 360.352 1.06
ZTF J2004+1411 1806486197003559040 301.04835 14.19727 0.48 16.86 —0.18 5.26 369.263 1.13
ZTF J1830+4331 2111853428244955264 277.71017 43.52205 0.38 16.16 —-0.37 4.05 389.899 0.85
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Table 4
(Continued)
ZTF Name Gaia EDR3 R.A. Decl. w G Ggp — Grp Gabs Py A
Source ID (deg) (deg) (mas) (mag) (mag) (mag) (min) (x107%)

ZTF J0519-1916 2969438206889996160 79.94864 —19.28166 1.08 13.59 —0.35 3.75 395.409 2.30
ZTF J2045+3200 1862846132257229312 311.35609 32.00379 0.69 17.26 0.91 6.46 400.113 1.49
ZTF J2025+4247 2068952271239193344 306.28696 42.79075 0.99 15.06 —0.05 5.05 421.206 2.03
ZTF J1859+0751 4307083884080817792 284.85281 7.85063 1.26 15.61 0.51 6.11 428.491 2.55
ZTF J1940+0421 4290201742045065344 295.02546 4.35965 0.54 16.31 —0.05 4.96 444.643 1.08
ZTF J1630+1801 4467130720760209152 247.68937 18.02232 0.63 15.37 —0.27 4.36 445.391 1.25
ZTF J2226+6159 2202073408192045056 336.63336 61.98438 0.68 17.05 0.96 6.22 447.947 1.35
ZTF J0441+1636 3310121300640873984 70.47707 16.61040 1.21 15.42 0.59 5.83 447.968 2.38
ZTF J2036+2350 1819387836386252672 309.11556 23.83959 0.41 16.96 —0.07 5.04 518.007 0.79
ZTF J0808+3202 901929564359845888 122.11083 32.04179 1.21 13.78 —0.32 4.18 532.411 2.11
ZTF J1831+2656 4585381817643702528 277.82745 26.93670 0.40 14.96 —0.23 2.99 679.287 0.61

Note. The coordinates and basic photometric characteristics of the 58§ HW Vir-type binary candidates

Gaia and are in J2000.0. The IAU name is provided in the catalog.

References. [1] Kao et al. (2016); [2] Geier et al. (2011); [3] Almeida et al. (2012); [4] Keller et al.

discovered so far using ZTF data. Coordinates are taken from

(2022); [5] Geier et al. (2017); [6] For et al (2010).

Table 5
EA-type Binary Candidates
ZTF Name Gaia EDR3 R.A. Decl. w G Ggp — Grp Gaps Pow A
Source ID (deg) (deg) (mas) (mag) (mag) (mag) (min) (x1072%)

ZTF J1611+6308 1629388752470472704 242.89152 63.14213 3.89 18.28 0.19 11.24 49.708 33.07
ZTF J1603+42150 1206052590817661696 240.89972 21.84231 3.23 19.11 0.19 11.66 78.394 20.11
ZTF J1810-2138 4093796151752232192 272.55704 —21.64038 0.62 17.54 0.72 6.51 82.426 3.97
ZTF J1708-2548 4111991385628196224 257.07942 —25.80907 9.21 15.36 0.62 10.19 89.896 52.53
ZTF J1948+5250 2137193078157620480 297.08732 52.84653 1.43 18.50 0.53 9.28 90.134 8.17
ZTF 1194445449 2138663782338254464 296.17858 54.82857 0.64 15.75 —0.23 4.79 92.393 3.64
ZTF J1927+3411 2046661975094606208 291.90956 34.19492 0.67 15.26 —0.31 441 93.522 3.78
ZTF J0609+3652 [1] 3453995450857025664 92.30994 36.86744 1.36 18.79 —0.03 9.47 95.105 7.49
ZTF J1100+5210 [1, 2] 836510989033113472 165.18813 52.17878 1.57 18.52 —0.24 9.51 96.310 8.57
ZTF J1622+4730 [3] 1410860511508492288 245.73608 47.51419 0.55 16.21 —0.40 4.93 100.496 2.98
ZTF J1844+4857 [1] 2119978952315202176 281.14332 48.96011 1.26 19.29 0.25 9.79 104.644 6.52
ZTF J2037+2616 1855919930550745856 309.39423 26.28245 1.39 18.58 0.65 9.31 111.585 6.91
ZTF J0612-1911 2941800362921100928 93.14276 —19.18675 1.56 18.05 -0.29 9.03 133.506 6.85
ZTF J1502+4-4754 1588999361055110656 225.54484 47.91520 1.91 19.29 0.42 10.69 137.685

ZTF J2204+5016 1976934104452780928 331.09721 50.27252 0.55 18.11 0.73 6.82 144.184 2.48
ZTF J0102-0553 2524831503167265664 15.51027 —5.89828 3.30 18.90 0.68 11.49 149.372 13.34
ZTF J2216+1059 2724510992389846784 33412713 10.99822 1.48 18.29 0.21 9.15 156.508 5.82
ZTF J0703+1018 3158071830502039424 105.82180 10.30901 1.21 14.64 0.18 5.05 165.584 4.60
ZTF J2053+4721 2166852992748641024 313.43919 47.35499 0.59 17.61 0.89 6.48 172.110 1.42
ZTF J2159+44954 1979538194664660608 329.76835 49.90843 0.44 17.63 0.51 5.85 186.423 1.68
ZTF J1905+3015 2040949943465818880 286.33086 30.25680 0.87 15.91 0.33 5.62 186.757 3.07
ZTF J1552+1254 1191504471436192512 238.23369 12.91208 1.94 16.53 —-0.21 7.97 187.316 6.82
ZTF J1810+1735 4526200711655400064 272.71578 17.59947 1.08 16.26 0.64 6.43 194.175 3.69
ZTF J1015-0308 3828660708104028032 153.78902 —3.14249 1.61 14.37 0.23 5.40 194.311 5.52
ZTF J0413+3116 [4] 166065705072038144 63.37181 31.27451 0.74 16.84 0.536 6.19 194.894 2.57
ZTF 1203843605 2062662892933692416 309.50297 36.09175 1.21 16.37 0.67 6.79 197.026 4.12
ZTF J0756+0858 3146975005100167296 119.22131 8.97549 0.89 16.88 0.37 6.65 197.243 3.06
ZTF J1913+1218 4313192495850348544 288.47720 12.30087 2.24 14.30 0.63 6.05 201.154 7.50
ZTF J0506+7306 [2] 502209190190665856 76.64026 73.11295 1.34 18.62 0.40 9.26 203.760 4.44
ZTF J1900+2921 2040790582998889344 285.14209 29.35925 0.98 16.36 0.54 6.32 211.979 3.17
ZTF J2001+4823 2086158112083513728 300.32986 48.38386 0.67 18.49 0.83 7.64 212.716 2.27
ZTF J1920+2722 [1] 2025873096433233664 290.05891 27.37168 5.22 15.56 0.31 9.15 215.089 16.67
ZTF J1934+4-0202 4288094214457507968 293.59654 2.04795 0.62 17.54 0.82 6.49 218.219 2.06
ZTF J1910+2917 2039098258506802560 287.60865 29.28664 0.57 18.01 0.56 6.78 218.251 1.93
ZTF J0417+2215 52564077511652992 64.35303 22.25617 2.27 19.13 0.76 10.91 221.733 7.00
ZTF J0822+5105 [5] 1028258463932870656 125.65013 51.09010 1.33 15.16 0.42 5.78 224.461 4.13
ZTF J1820-1227 4152844148118986752 275.16223 —12.46033 0.74 17.01 0.86 6.35 225.896 2.35
ZTF J2137+4346 1967765006407778688 324.48352 43.77767 0.74 17.74 0.88 7.09 227.310 2.33
ZTF J2054+3203 1865673904360821760 313.73837 32.06127 1.65 18.56 0.97 9.64 230.023 5.03
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Table 5
(Continued)
ZTF Name Gaia EDR3 R.A. Decl. w G Ggp — Grp Gabs Py A
Source ID (deg) (deg) (mas) (mag) (mag) (mag) (min) (x107%)

ZTF J1832+1016 4480616299611285888 278.11749 10.28174 0.92 15.92 0.54 5.74 235.698 2.77
ZTF J0638+0202 3126748732793713024 99.63705 2.03539 0.71 17.95 0.71 7.19 236.098 2.24
ZTF J2023+4631 2083145484587589632 305.87717 46.52484 0.86 16.54 0.83 6.22 237.223 2.59
ZTF J2011+2818 1837207896220382464 302.98296 28.30309 1.03 16.13 0.76 6.19 240.853 3.06
ZTF J1408+2950 [2] 1453111749770736256 212.19651 29.84578 1.85 18.64 0.08 9.98 276.182 4.99
ZTF J0107+4845 [6] 401879681868136704 16.92848 48.75519 1.31 15.06 0.47 5.65 278.779 3.53
ZTF J1336+5154 1559987685901122304 204.17034 51.91381 343 12.93 0.26 5.60 283.207 9.13
ZTF J0805-1430 5725000709020309120 121.42908 —14.51009 1.39 18.39 0.33 9.12 285.362 3.69
ZTF J0453+2246 3413226556129600640 73.25209 22.78167 0.85 17.72 0.95 7.37 285.901 2.30
ZTF J0033+-3855 [2] 380560941677424768 8.46929 38.92489 1.19 18.34 —0.18 8.71 291.877 3.11
ZTF 1223045108 2000300410171107072 337.51890 51.14879 0.64 17.10 0.72 6.15 305.884 1.65
ZTF J0900+4348 1009242620785138688 135.09604 43.80374 1.57 18.35 —0.14 9.34 313.462 3.90
ZTF J2256+5954 [7] 2014349389931360768 344.03533 59.90837 2.06 14.50 0.68 6.08 320.188 4.98
ZTF J2308+6125 [2] 2014898802148215424 347.11902 61.42704 1.53 19.41 0.85 10.34 336.029 3.60
ZTF J0630+4147 958364128959466624 97.60905 41.79843 1.60 18.11 0.07 9.13 357.030 3.64
ZTF J1937+3132 2033181618967776128 294.44152 31.54854 0.47 17.45 0.72 5.80 397.662 1.06
ZTF J0344+0930 12007117949000576 56.08404 9.50189 0.87 18.05 0.31 7.74 404.152 1.86
ZTF J0045+5034 414813439007636352 11.25983 50.56896 1.79 17.59 —-0.07 8.88 412.675 3.72
ZTF J0429+3447 [2] 173280902235344640 67.48047 34.79279 4.24 17.01 0.69 10.15 442.304 8.39
ZTF J2226+5604 2007483141676822400 336.67699 56.06759 2.06 18.98 0.96 10.55 504.257 3.71
ZTF J1841-1759 4098680938387190272 280.42020 —17.98867 0.82 16.68 091 6.26 522.377 1.47
ZTF J1712+3218 1334339278219282944 258.09192 32.31564 0.29 16.98 0.53 4.29 537.598 0.59
ZTF J1756-0341 4177449504661490432 269.12620 —3.69917 1.04 16.61 0.99 6.69 612.964 1.66
ZTF J0821+4559 930093722208184448 125.43870 45.98982 1.18 17.43 —0.06 7.79 733.110 1.67
ZTF J1746-0309 4176942419339829504 266.52469 —3.16626 1.21 15.98 0.60 6.41 825.804 1.58
ZTF J1831+4+0509 4284322756446267264 277.76258 5.16490 0.67 17.00 0.85 6.13 826.980 0.89

Note. The coordinates and basic photometric characteristics of the 65 EA-type binary candidates discovered so far using ZTF data. Coordinates are taken from Gaia
and are in J2000.0. The IAU name is provided in the catalog.
References. [1] Keller et al. (2022); [2] Kosakowski et al. (2022); [3] Barlow et al. (2013); [4] Jiang et al. (2013); [5] Guo et al. (2015); [6] Dimitrov & Kjurkchieva
(2012); [7] Kjurkchieva et al. (2015).
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Table 6
EB-type Binary Candidates
ZTF Name Gaia EDR3 R.A. Decl. w G Ggp — Ggrp Glabs Py A
Source ID (deg) (deg) (mas) (mag) (mag) (mag) (min) (x107%)

ZTF J2044+-2653 1856208999031665664 311.19562 26.88862 1.15 18.74 0.69 9.05 199.497 3.90
ZTF J1301+1631 3937384472308048256 195.44488 16.52939 0.77 14.52 0.47 3.95 369.066 1.72
ZTF J05154+0104 3233813338246568448 78.92258 1.07789 1.52 15.73 0.97 6.65 478.965 2.86
ZTF J1716+7325 1655226867702084352 259.09056 73.42544 0.25 16.39 0.32 3.39 479.665 0.54
ZTF J0101-1952 2356059083939929344 15.39862 —19.87515 0.40 15.49 0.36 3.49 494.834 0.75
ZTF J0734-0406 3057327664560134144 113.65574 —4.11209 0.89 16.89 0.91 6.64 511.579 1.62
ZTF J2241+4+4639 1983499150940152064 340.35358 46.65429 0.73 17.94 0.81 7.24 542.995 1.31
ZTF J0324-0715 5168804986809073280 51.16995 —7.26322 0.29 16.23 0.29 3.54 548.786 0.57
ZTF J12304-6630 1680749247001917184 187.74306 66.51525 0.29 15.54 0.24 2.87 554.534 0.52
ZTF J0247-0704 5177657605896269312 41.79151 —7.06765 0.34 16.33 0.51 3.97 556.498 0.65
ZTF J2123-2258 6827891999317461760 320.88565 —22.96811 0.48 16.02 0.62 4.43 562.538 0.84
ZTF J1754+0755 4475982678420172416 268.73763 7.92054 0.39 17.03 0.75 4.98 563.297 0.73
ZTF J071240801 3153629597367436032 108.07661 8.02424 0.33 16.47 0.53 4.09 573.109 0.62
ZTF J2337+4222 1925364058466959872 354.39167 42.38158 0.62 15.99 0.63 4.95 581.149 1.03
ZTF J0643+4-2016 3377801803311816832 100.83036 20.27626 0.53 16.78 0.89 5.39 593.545 0.89
ZTF J0344+-2444 69807413427563648 56.20413 24.74559 1.05 17.57 0.83 7.68 603.091 1.71
ZTF J2159+4841 1976417265265163264 329.91645 48.69451 0.44 17.85 0.97 6.05 603.543 0.78
ZTF J0217+4837 354932047187323136 34.44003 48.62936 0.52 16.61 0.78 5.19 665.930 0.53
ZTF J1854-1727 4086972543941116800 283.52717 —17.45326 0.67 17.21 0.97 6.35 679.363 1.05
ZTF J0201+4648 356034616834644352 30.27649 46.80116 0.88 16.42 0.58 6.16 703.371 1.30
ZTF J1055-0737 3763605388227660800 163.90577 —7.62389 0.69 14.23 0.35 3.44 711.975 1.00
ZTF J2043+-2306 1818322066019513600 310.86748 23.11365 0.60 16.47 0.74 5.36 712.524 0.89
ZTF J0520-1453 2984872498285670272 80.08871 —14.88989 0.53 17.07 0.57 5.69 732.686 0.81
ZTF J1304+0825 3731034005522686976 196.11280 8.42102 0.29 16.17 0.33 3.54 746.199 0.30
ZTF J0753-0012 3082695772931676288 118.25777 —0.20069 0.25 16.37 0.33 3.38 753.151 0.42
ZTF J1701-2247 4113892784798158336 255.32855 —22.79002 1.67 18.97 0.99 10.08 776.341 2.23
ZTF J0128+4804 399890218656241024 22.04907 48.07493 0.51 16.17 0.69 4.696 796.607 0.74
ZTF J0311+43734 139485973542872704 47.87895 37.57813 1.09 15.97 0.99 6.16 837.375 1.41
ZTF J2002+1802 1822026320711502336 300.61449 18.04746 0.78 16.97 0.84 6.44 868.189 1.02
ZTF J2008+2104 1829610133445224320 302.13996 21.07196 0.78 17.00 0.92 6.47 884.481 1.00
ZTF J1655-2724 6033448733189239424 253.76696 —27.40550 1.371 18.25 0.81 8.94 900.927 1.69
ZTF J2108+3342 1867030396774731264 317.08629 33.71471 0.28 16.96 0.60 4.24 919.922 0.41
ZTF J2343+4132 1922033809544560256 355.93942 41.53877 0.37 17.13 0.65 4.94 938.066 0.50
ZTF J2040+-2458 1843500087722545024 310.15486 24.96964 0.80 18.29 0.88 7.82 944.735 0.99
ZTF J0643-0813 3098824779580917504 100.88082 —8.22560 0.97 17.46 0.98 7.39 998.508 1.13
ZTF J0649+1735 3358509639149090816 102.27923 17.58631 0.74 14.39 0.37 3.75 1000.318 0.86
ZTF J0820-2631 5693621781036383232 125.00209 —26.52507 0.47 17.01 0.51 5.39 1012.718 0.57
ZTF J2016-0652 4217070367505811584 304.00437 —6.88272 1.04 17.86 0.64 7.94 1018.327 1.19
ZTF J0816-1910 5707573350935814016 124.13182 —19.18219 0.79 16.74 0.95 6.25 1033.149 0.91
ZTF J0755-2548 5602163239921936640 118.81374 —25.81455 0.96 16.15 0.79 6.06 1050.289 1.07
ZTF J1009-1813 5672508546441496064 152.31721 —18.22504 0.50 16.21 0.52 4.72 1125.002 0.58
ZTF J1851-1736 4098893380295745536 282.79944 —17.61324 0.74 17.30 0.69 6.66 1140.925 0.80
ZTF J0737+0408 3137928983639894656 114.42192 4.13755 0.63 17.41 0.50 6.39 1195.982 0.68
ZTF J1854-1104 4202152846578981376 283.59711 —11.07917 0.78 17.09 0.98 6.55 1206.936 0.82
ZTF J1832+3700 2096186074741452416 278.10394 37.01439 0.24 16.03 0.21 2.89 1212.353 0.27
ZTF J1106-1543 3562570682205430400 166.54727 —15.71694 0.35 16.37 0.53 4.09 1274.879 0.39
ZTF J0341+0110 3269977340835567616 55.40700 1.17434 0.57 17.16 0.87 5.93 1288.509 0.58
ZTF JO115+45733 413444654415313024 18.83419 57.55689 0.43 17.26 0.69 541 1351.007 0.44
ZTF J0735-0548 3056824401771669248 113.80979 —5.80214 0.50 16.42 0.72 4.92 1369.928 0.50
ZTF J172540723 4490107249605958528 261.39886 7.39795 0.79 16.39 0.72 5.87 1446.636 0.72
ZTF J1839+2126 4531853163501651840 279.83683 21.44776 1.23 17.72 0.72 8.17 1578.550 1.04
ZTF J0518+5352 266380159532195072 79.62807 53.87206 2.31 18.52 —0.06 10.34 1580.644 1.95
ZTF J1432+4911 1603405235417939584 218.23784 49.19526 0.29 15.67 0.27 3.05 1686.030 0.26
ZTF J2310-0705 2631464168053997056 347.58333 —7.09853 0.28 15.67 0.24 2.90 2150.021 0.21
ZTF J1919+3307 2049149959447866368 289.91089 33.13277 0.42 17.31 0.64 542 2220.154 0.31
ZTF J1252+7348 1691332832397541376 193.11743 73.80680 0.73 16.28 0.81 5.59 3750.267 0.35

Note. The coordinates and basic photometric characteristics of the 56 EB-type binary candidates discovered so far using ZTF data. Coordinates are taken from Gaia
and are in J2000.0. The IAU name is provided in the catalog.
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Table 7
EW-type Binary Candidates
ZTF Name Gaia EDR3 R.A. Decl. w G Ggp — Grp Gabs Py A
Source ID (deg) (deg) (mas) (mag) (mag) (mag) (min) (x 10723

ZTF J0825+4329 916342443812848000 126.31920 43.49201 0.69 16.08 0.86 5.29 309.922 1.76
ZTF J1236+2834 4010630775855198848 189.08203 28.56893 0.52 16.77 0.68 5.37 314.220 1.37
ZTF J1141+45713 845729741196604544 175.40832 57.22566 0.41 17.71 0.97 5.77 322.677 1.12
ZTF J0331+0207 3268078209375996288 52.96629 2.11906 0.38 17.04 0.77 4.97 323.731 1.05
ZTF J0929+3410 797507570680645888 142.26295 34.16816 0.66 17.05 0.95 6.14 324.423 1.66
ZTF J1452-0117 3650361600441639040 223.12124 —1.28868 0.52 17.09 0.89 5.68 324.529 1.34
ZTF J1007-2331 5665664881129095040 151.79161 —23.52445 0.38 16.55 0.53 4.45 325.688 1.00
ZTF J2203+1624 1775594696266837888 330.90915 16.40823 0.39 16.82 0.72 4.78 333.263 1.03
ZTF J0939+5317 1020477327518306176 144.89409 53.29758 0.46 17.39 091 5.71 335.634 1.18
ZTF J2210-2231 6819297593664167680 332.63002 —22.53291 0.65 16.71 0.95 5.76 338.301 1.56
ZTF J1003-2021 5670630584877219456 150.81417 —20.35720 0.55 16.73 0.75 5.45 344.530 1.33
ZTF J1303-1416 3524873445010500992 195.75769 —14.27026 0.61 16.82 0.97 5.75 345.065 1.46
ZTF J1649+4-2307 4566397516733907200 252.48514 23.12869 0.48 17.07 0.89 5.49 356.632 1.15
ZTF J1057-2320 3549023324562306432 164.36934 —23.34196 0.53 17.46 0.99 6.10 356.771 1.32
ZTF 1162444949 1423341274153725952 246.22699 49.81761 0.49 17.96 0.96 6.45 367.421 1.20
ZTF J0640+2540 3384807444726636160 100.18558 25.68297 0.69 17.56 0.90 6.77 395.228 1.55
ZTF J2111+4809 [1] 2165295912482637312 317.90238 48.15052 0.64 18.41 0.99 7.45 402.080 1.42
ZTF J1230+1848 3947827118353402240 187.71592 18.80951 0.79 17.09 0.97 6.59 417.447 1.68
ZTF J201040305 4244000229068457856 302.54232 3.09899 0.46 17.57 0.96 591 451.879 1.00
ZTF J0320-0324 3260954610977806336 50.22329 —3.41262 0.46 16.88 0.84 5.23 453.059 0.97
ZTF J0638+2123 3378910454629037568 99.56431 21.38675 0.51 17.53 0.98 6.06 455.446 1.07
ZTF J0640+-2454 3383199752568605952 100.09368 24.90103 0.52 16.62 0.84 5.21 457912 1.06
ZTF J0739+40018 3086724967653202560 114.96263 0.31534 0.80 16.68 0.95 6.21 473.087 1.55
ZTF J0538+7214 498545097751921152 84.58393 72.24114 0.53 17.34 0.90 5.96 493.069 1.02
ZTF J2158+3158 1898170936890367616 329.60269 31.97109 0.33 17.00 0.53 4.58 496.130 0.69
ZTF J0733-0821 3053637845278278784 113.40514 —8.36357 0.53 17.12 0.81 5.75 496.827 1.05
ZTF J0715-0146 3108516566559813632 108.83458 —1.77755 0.55 17.45 0.85 6.13 498.562 1.07
ZTF J0418-1440 3175596637097075712 64.56100 —14.67263 0.83 16.27 0.72 5.85 504.672 1.52
ZTF J1723+1816 4553481274468702336 260.99901 18.28076 0.41 17.25 0.81 5.34 520.463 0.80
ZTF J20104+0546 4249500020591766528 302.67794 5.77809 0.51 17.33 0.88 5.86 521.044 0.97
ZTF J0722-0307 3061397408071399040 110.72124 —3.12246 0.89 17.16 0.88 6.92 521.141 1.62
ZTF J0114+5017 403350721049906304 18.60684 50.29803 0.49 17.35 0.99 5.82 522.492 0.95
ZTF J1924+3345 2046294738211796096 291.11519 33.75527 0.88 18.48 0.86 8.22 525.222 1.60
ZTF J0637+2203 3379169015959652992 99.462585 22.05899 0.85 16.89 0.88 6.54 528.558 1.53
ZTF J0833-1913 5706889042388905728 128.43482 —19.22976 0.47 17.35 0.85 5.74 533.380 0.90
ZTF J0756-1419 5725590979268953856 119.00227 —14.32253 0.56 17.27 0.92 6.03 535.619 1.05
ZTF J0238+4015 335187910731801728 39.66669 40.26253 0.41 16.60 0.68 4.64 536.007 0.79
ZTF J0949+7500 1127155038021926528 147.41551 75.00094 0.67 16.34 0.84 5.47 537.825 1.19
ZTF J0946-2533 5658480294197383936 146.66223 —25.56501 0.68 16.14 0.79 5.31 539.395 1.21
ZTF J0307+3750 142471800446012288 46.87062 37.83823 0.38 16.85 0.66 4.76 622.102 0.68
ZTF J1955+1739 1821285284242906752 298.75389 17.65478 0.65 16.58 0.95 5.64 815.276 0.87

Note. The coordinates and basic photometric characteristics of the 41 EW-type binary candidates discovered so far using ZTF data. Coordinates are taken from Gaia
and are in J2000.0. The IAU name is provided in the catalog.
Reference. [1] The Open Cataclysmic Variable Catalog; https://depts.washington.edu/catvar/index.html.
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Table 8
ELL-type Binary Candidates
ZTF Name Gaia EDR3 R.A. Decl. w G Ggp — Grp Gabs Py, A
Source ID (deg) (deg) (mas) (mag) (mag) (mag) (min) (x 1073
ZTF J0526+5934 282679289838317184 81.54342 59.57926 1.18 17.56 0.19 7.93 20.506 18.15
ZTF J1840-1742 4099443479729561472 280.21873 —17.71363 0.74 18.13 0.26 7.49 33.145 8.66
ZTF J1707-1522 4139067134284899456 256.92227 —15.37861 0.44 15.42 0.25 3.63 33.539 4.94
ZTF J2130+4-4420 [1] 1970951356755394688 322.73629 44.34623 0.76 15.44 —0.04 4.85 39.340 7.81
ZTF J235146305 2016087511661985280 357.81413 63.09103 0.78 16.70 0.58 6.16 42.985 7.32
ZTF J1813+4251 2113285228603943168 273.29631 42.86401 1.19 18.92 0.79 9.31 51.161 10.00
ZTF J2055+4651 [1] 2163801981105229184 313.81657 46.85177 0.44 17.61 0.34 5.83 56.348 5.37
ZTF J0451+0104 3231653210215464832 72.82015 1.07395 341 15.34 0.52 8.01 80.522 20.96
ZTF J0112+45827 414071753997318272 18.17689 58.46590 2.75 17.97 0.90 10.17 80.912 16.83
ZTF J233443921 [2] 1920126431748251776 353.50571 39.36073 13.19 16.03 0.43 11.63 81.085 80.71
ZTF J2007+1742 [3] 1809844934461976832 301.90243 17.70398 22.10 15.18 0.17 11.90 81.631 135.70
ZTF J1705+3455 1338040230063036416 256.42389 34.92347 1.62 19.93 0.96 10.98 82.632 9.68
ZTF J1943-2657 6754680807129955456 295.94129 —26.96006 2.80 17.78 0.69 10.02 89.419 16.05
ZTF J0050+2551 2805178316523952896 12.66779 25.86461 0.51 15.21 0.38 3.74 96.709 2.81
ZTF J0541-2326 2963562244953392128 85.28289 —23.43815 0.27 16.13 0.32 3.28 103.562 -
ZTF J0007+4804 393168831058833536 1.92765 48.07065 0.67 15.06 —0.11 4.19 108.718 3.39
ZTF J1555+3328 1371427832648191488 238.95234 33.47758 0.49 15.36 0.34 3.83 109.694 2.51
ZTF J1742+4-2030 4552566210214102016 265.62362 20.51290 0.41 17.27 0.47 5.35 110.094 2.24
ZTF J17004+4101 1353847706872268416 255.24922 41.01979 0.27 16.88 0.31 4.04 111.071 1.56
ZTF J1749+4602 1350620124848920192 267.44603 46.04232 0.26 16.29 0.36 3.35 111.745 1.42
ZTF J1823+42715 4585599593963630208 275.93751 27.26209 0.28 16.71 0.43 3.98 111.938 1.60
ZTF J1239+8347 1726297924930902400 189.97983 83.78533 2.99 19.95 0.57 12.33 114.828 14.35
ZTF J120345910 1576091133200566912 180.80304 59.17201 0.23 16.55 0.31 3.36 116.653 1.34
ZTF J1757+1439 4499909082233105024 269.34035 14.65378 0.28 16.41 0.44 3.67 118.118 1.52
ZTF J171340617 [1] 4393660804037754752 258.29233 6.28876 1.49 16.71 0.51 7.59 119.971 7.08
ZTF J1008+-2456 738601952480376320 152.17554 24.93823 0.27 16.22 0.36 3.37 121.985 1.47
ZTF J0930+1924 634057088376781824 142.72135 19.40835 0.29 16.21 0.41 3.58 125.588 1.60
ZTF J1854-1816 [1] 4086789647048435968 283.54830 —18.27507 0.89 17.62 0.64 7.37 130.179 4.04
ZTF J0808+-2424 680743112302647680 122.22785 24.41358 0.28 16.27 0.41 3.51 130.613 1.44
ZTF J1622+-2827 1317473079086591872 245.50949 28.46491 0.27 16.46 0.43 3.61 132.491 1.35
ZTF J2138+3358 1947234616057684992 324.66319 33.98306 1.41 18.14 0.61 8.88 135.682 6.11
ZTF J0600+6816 1105457653518985600 90.09196 68.27119 0.78 18.01 0.75 7.48 142.143 2.12
ZTF J2105+2751 1845289031801139328 316.27227 27.85524 0.32 16.67 0.52 421 145.449 1.51
ZTF J1938+-2429 2021161620421893376 294.68726 24.49207 1.66 17.99 0.08 9.09 147.886 6.80
ZTF J0719+7906 1141749577413506176 109.93204 79.11219 0.26 16.73 0.43 3.81 154.958 1.20
ZTF J17144-2612 4573846879811201664 258.56529 26.20316 2.14 16.70 0.93 8.36 157.329 8.44
ZTF J1401-0817 [1] 3616216816596857984 210.32834 —8.28985 0.82 16.66 0.24 6.24 162.745 3.20
ZTF J0015+-2840 2859983434955681536 3.76936 28.67969 1.28 16.92 0.77 7.46 172.791 -
ZTF J0840+5321 [1] 1030236970683510784 130.01575 53.35969 0.98 17.55 0.82 7.51 182.055 3.53
ZTF J1857+5104 [1] 2133938077063469696 284.25247 51.07046 0.92 17.82 0.87 7.63 183.575 3.28
ZTF 1211243237 1854712701143883904 318.21441 32.63263 1.09 18.59 0.38 8.79 184.819 3.91
ZTF J0557+42746 3430892551190573952 89.42852 27.78085 0.37 15.31 0.14 3.17 185.533 1.37
ZTF J0649-0228 [1] 3106121585420422784 102.45631 —2.47526 1.45 17.49 0.97 8.30 188.650 5.06
ZTF J0148-0706 [1] 2467074539612904832 27.22241 —7.10168 1.56 16.87 0.82 7.83 200.171 5.22
ZTF J0124+4756 399911384254920448 21.24574 47.94472 1.88 16.88 0.21 8.26 201.789 6.28
ZTF J1833+4637 2118607522015143936 278.26693 46.61809 1.43 15.69 —0.31 6.48 203.631 4.76
ZTF J0609+2059 3375281653941423360 92.31737 20.98584 0.60 16.65 0.37 5.55 212.013 2.00
ZTF J2038+1906 [1] 1812627897159845632 309.67987 19.10276 0.69 17.56 0.55 6.77 222.357 2.24
ZTF J1421+47929 [1] 1715477184326927744 215.44848 79.49984 0.69 17.87 0.87 7.08 227.846 2.18
ZTF J0056+3926 [1] 373857386785825408 14.06547 39.44774 0.65 17.35 0.63 6.41 228.434 2.08
ZTF J1947+5104 2135442243331252608 296.76295 51.07908 1.19 16.92 —0.15 7.30 233.353 3.61
ZTF J1956+-3044 2030516677677153536 299.21377 30.74131 1.21 13.94 —0.12 4.36 241.055 3.59
ZTF J1635-0153 [1] 4358250649810243584 248.81596 —1.89751 1.49 15.88 0.61 6.76 243.338 4.41
ZTF J2258+4-4629 1936355360813027584 344.65918 46.48874 0.53 18.03 0.36 6.65 244.154 1.67
ZTF J0411+45910 470308436562947200 62.76123 59.17582 0.57 17.45 0.54 6.25 248.046 1.73
ZTF J0148+5101 406056486024031872 27.07107 51.02131 1.54 18.10 0.50 9.05 256.475 4.38
ZTF J1846+5538 [2] 2147082017019347968 281.74502 55.64139 1.98 17.53 0.93 9.01 257.431 5.62
ZTF 1193044420 [1] 2126361067562200320 292.55769 44.33799 0.92 16.99 0.86 6.81 261.709 2.59
ZTF J2133+45127 [1] 2171644870571247872 323.37444 51.45605 1.18 16.37 0.76 6.73 264.770 3.29
ZTF J0740-1745 [1] 5717210604722373248 115.24885 —17.75193 0.85 17.63 0.98 7.28 266.306 -
ZTF J1824+5119 2124210736349078656 276.214116 51.3325 1.47 16.61 0.89 7.45 267.363 4.07
ZTF 1161442720 [1] 1315840437462118400 243.73955 27.34184 0.47 17.79 0.50 6.15 267.902 1.40
ZTF J2219+0649 2708889818377067264 334.89114 6.82302 0.59 17.37 0.44 6.21 276.002 1.66
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ZTF J0811-2421 5697870946801360512 122.99416 —24.36459 0.39 16.86 —0.27 4.84 283.599 1.13
ZTF J0434+7646 551324267225064832 68.52663 76.77594 3.08 18.10 0.65 10.55 287.377 8.12
ZTF J1822+4-6629 2257242224444127744 275.67975 66.49469 0.48 17.54 0.97 5.95 292.225 1.34
ZTF J0935-1236 5690208278467135872 143.94729 —12.60051 1.87 19.26 0.97 10.62 308.245 4.61
ZTF J2053+44656 2166814784699694464 313.37309 46.94554 0.46 17.09 0.47 5.42 308.330 1.24
ZTF J16434-0010 [1] 4382957882974327040 250.96541 0.18113 0.99 16.86 0.83 6.85 310.135 2.49
ZTF J1135-2140 3541215761213012352 173.80041 —21.67513 0.78 16.79 0.67 6.27 312.843 1.97
ZTF J2148+-3344 1947393976522261248 327.17789 33.74126 0.69 16.92 0.67 6.15 315.313 1.75
ZTF J2240-0207 [1] 2652639593773429120 340.16988 —2.12574 0.69 17.14 0.46 6.35 316.307 1.76
ZTF J0524+4-6150 [1] 286337708620373632 81.09476 61.83372 1.68 15.41 0.878 6.53 325.167 4.08
ZTF J1314+1443 [1] 3743862209546227584 198.64842 14.72106 0.44 17.14 0.66 5.38 327.194 1.15
ZTF J0510+43006 156174219292762624 77.54246 30.11272 0.87 15.74 0.23 5.44 329.837 2.10
ZTF J2257+5032 1988952419378436736 344.45169 50.53348 0.38 16.91 —0.14 4.79 333.135 0.97
ZTF J1341+1240 [1] 3740297730288413056 205.43930 12.66776 0.49 17.27 0.62 5.74 335.756 1.27
ZTF J1026-2722 [3] 5468670738602933504 156.73529 —27.38255 1.02 14.44 —0.33 4.47 341.303 2.40
ZTF J19534-0300 [1] 4241883875351568128 298.44384 3.00121 0.51 17.66 0.48 6.20 341.542 1.29
ZTF J1156+2747 4007538227602681344 179.06492 27.79137 0.50 16.55 0.79 5.06 341.929 1.29
ZTF J1004+3818 802928506605833088 151.06181 38.30940 0.39 16.98 0.75 4.96 342.000 1.04
ZTF J2200+6609 2219317044745654912 330.19914 66.15373 1.49 18.52 0.26 9.40 343.073 3.50
ZTF J0522+4023 194047313927757568 80.72861 40.39787 0.67 16.24 0.76 5.39 343.319 1.60
ZTF J1635-0153 4358250649810243584 248.81596 —1.89751 1.49 15.88 0.61 6.76 243.338 4.41
ZTF J1421+1813 1238863009925960448 215.34853 18.21710 1.30 13.22 0.41 3.79 349.506 3.02
ZTF J1644+2435 1300190474285532544 251.07860 24.59854 0.41 17.14 0.81 5.20 360.644 0.99
ZTF 1230444927 [2] 1985702920142544896 346.15595 49.45662 0.72 14.44 0.15 3.73 360.675 1.64
ZTF J2023-0743 6906223784662568704 305.92696 —7.72522 0.56 17.84 0.97 6.59 361.367 1.37
ZTF J1359+4-3722 1483754490297987840 209.98441 37.37055 0.35 16.98 0.66 4.68 365.398 0.87
ZTF J2030-2433 6848618205821392768 307.70279 —24.55118 0.68 16.03 0.41 5.19 366.214 1.54
ZTF J1517+45419 1599707096777022208 229.30037 54.32715 0.34 17.22 0.76 4.87 366.687 0.85
ZTF J1355+0343 3665616293484780544 208.96142 3.72928 0.47 17.04 0.89 5.43 369.668 1.13
ZTF J2337+44254 1925588663778010368 354.40572 4291276 2.39 18.34 0.90 10.24 371.223 5.32
ZTF J2257+4939 1985860695759886592 344.33417 49.65926 0.44 17.52 —0.10 5.76 373.409 1.07
ZTF J0732+41734 3169361306657033856 113.21705 17.58155 0.48 16.94 0.85 5.33 377.014 1.13
ZTF J1850+5925 2156115265252034816 282.56685 59.41967 0.41 17.52 0.94 5.58 381.435 0.98
ZTF J1729+4-3632 1336398079382733312 262.48376 36.54554 0.45 17.12 0.85 5.40 384.613 1.03
ZTF J0540+6650 481336989163356800 85.12308 66.84432 0.50 17.67 0.79 6.17 384.959 1.17
ZTF J1611+47207 1654265855884750464 242.82089 72.12814 0.38 17.67 0.95 5.61 391.989 0.93
ZTF J1702+2216 4565171355111365120 255.57900 22.26953 0.49 17.99 0.90 6.46 394.608 1.15
ZTF J0542-2729 2907770447978941184 85.74313 —27.49065 0.47 17.46 0.94 5.84 397.793 1.07
ZTF J0830+7927 1138273776342530048 127.57271 79.46523 0.38 17.66 0.78 5.54 398.412 0.90
ZTF J2129+4-2041 1787726295250385408 322.38296 20.69170 0.59 17.26 0.99 6.10 399.162 1.29
ZTF J0541-1637 2971132726107555328 85.48101 —16.61823 0.94 16.04 0.96 5.90 402.520 1.99
ZTF J2028+4-0044 4230714555189023488 307.18583 0.73847 0.47 17.29 0.95 5.65 403.748 1.07
ZTF J0645+1525 3357553270192334976 101.39489 15.42406 0.91 15.93 0.85 5.72 409.028 1.90
ZTF J2104+3145 1865077423605587584 316.24395 31.76546 0.72 16.48 0.38 5.75 409.608 1.50
ZTF J2107-2151 6808005991500160128 316.97842 —21.85889 0.47 16.97 0.86 5.34 412.518 1.05
ZTF J1416-1128 6304520027794204800 214.09607 —11.46970 0.55 17.38 0.87 6.09 413.552 1.23
ZTF J0539+8039 553904339979902592 84.82212 80.65349 0.41 17.66 0.96 5.72 417.123 0.93
ZTF J1953+43915 2073383504960326400 298.48790 39.26044 0.48 17.51 0.31 5.92 419.146 1.04
ZTF J1716+42953 4599660183015045632 259.13319 29.89719 0.27 16.76 0.50 391 420.071 0.63
ZTF J1534+2058 1211336839404439936 233.59947 20.96908 0.42 15.07 0.29 3.16 421.225 0.86
ZTF J1301+6250 1675871641622534144 195.49826 62.84514 0.31 15.64 0.29 3.12 427.409 0.66
ZTF J0811+43706 907840676309099904 122.77268 37.11539 0.48 17.39 0.69 5.82 428.218 1.06
ZTF J0815-1037 5728441875474955008 123.84383 —10.63114 0.45 17.45 0.98 5.73 429919 1.00
ZTF J1642+2428 1300209406501264256 250.55979 24.48139 0.32 17.10 0.51 4.64 432.063 0.74
ZTF J2027+1842 1815414059623038080 306.78577 18.70745 1.15 18.88 0.89 9.18 433.773 2.32
ZTF J0829-2600 5694999713920493184 127.34171 —26.00725 0.95 16.70 0.99 6.58 434.837 1.91
ZTF J2318+-2834 2845910240171925632 349.53047 28.58290 1.08 15.46 0.34 5.63 435.223 2.17
ZTF J0457-0539 3212216181097860992 74.26709 —5.65022 0.41 16.96 0.76 5.04 440.756 0.89
ZTF JO717+1423 3167339682731401216 109.41283 14.39914 0.45 17.39 0.94 5.63 441.383 0.97
ZTF J1821+3857 2109392308905394304 275.42897 38.95526 0.36 17.69 0.89 5.47 443.198 0.80
ZTF J1818+4657 2121629147470776704 274.60151 46.95593 1.56 17.51 —0.12 8.47 448.106 3.06
ZTF J1822+4804 2121933098011896576 275.74609 48.07053 0.34 17.49 0.85 5.17 451.997 0.76
ZTF J0557+5823 269058844733716608 89.40231 58.38855 0.58 17.65 0.74 6.48 454.610 1.20
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ZTF J1706+4105 1354176941885113344 256.65576 41.09733 0.34 16.65 0.58 4.35 456.795 0.72
ZTF J2246+6845 2225623293688685056 341.55456 68.76039 0.46 17.56 0.83 5.86 457.129 0.95
ZTF J0458+3035 156955941997427456 74.57358 30.59301 0.95 15.70 0.31 5.59 458.301 1.84
ZTF J2054+1821 1813265137162313344 313.64717 18.35123 0.87 16.60 0.84 6.32 459.713 1.70
ZTF 1222143319 1902063448569328000 335.36824 33.32851 0.42 17.55 0.92 5.65 460.039 0.90
ZTF J2217+3109 1895771493281029248 334.44604 31.16059 0.46 16.80 0.78 5.11 462.580 0.92
ZTF J1008+7121 [1] 1077511538271752192 152.19724 71.35082 1.27 17.01 0.93 7.52 465.327 2.42
ZTF J1022-0514 3779184780798177152 155.71334 —5.24735 0.35 15.93 0.41 3.64 471.515 0.74
ZTF J1730+4304 1348397702611640576 262.52127 43.08058 0.26 16.36 0.31 348 473.376 0.56
ZTF J2043+3904 2063646298700704640 310.99932 39.07215 1.35 14.56 0.76 5.21 476.382 2.54
ZTF J1841+43859 2097817200244791936 280.39492 38.99887 0.27 15.86 0.24 3.02 476.649 0.55
ZTF J0249+4008 335657500978937216 42.26036 40.14147 0.53 17.32 0.99 5.93 478.201 1.07
ZTF J0812+1550 655663561311812352 123.19572 15.84769 0.39 16.93 0.73 4.89 478.249 0.82
ZTF J0744+2907 878465711345150336 116.20602 29.11924 0.29 16.17 0.24 3.51 479.745 0.62
ZTF J0756-1732 5717979678745107712 119.20473 —17.54020 0.82 17.67 0.87 7.23 481.057 1.55
ZTF J1356+5551 1657655345290663936 209.02851 55.85695 0.19 16.25 0.21 2.67 482.177 0.44
ZTF J0753+0728 3145213763569539968 118.32168 7.47750 1.08 17.92 0.81 8.09 483.074 2.04
ZTF J2036+1830 1812580794255589376 309.17511 18.51194 0.74 16.71 0.96 6.06 487.181 1.40
ZTF J2211+4135 1958261613870341376 332.86737 41.58632 0.45 17.67 0.97 5.95 493.458 0.91
ZTF J0812-1435 5724809359637870208 123.13033 —14.59373 0.38 17.15 0.72 5.06 493.656 0.79
ZTF J074142256 867059034121329280 115.49056 22.94589 0.67 17.34 0.61 6.47 497.149 1.29
ZTF J0741-0526 3056171772901507712 115.40530 —5.43459 0.50 16.74 0.81 5.24 498.313 0.97
ZTF J1957+1414 1807202670583536128 299.47199 14.24047 0.53 16.45 0.76 5.06 501.087 1.03
ZTF J2221+43957 1956985630635707520 335.29611 39.95768 0.70 17.48 0.89 6.72 505.423 1.32
ZTF J0830-2616 5694954737029903488 127.52664 —26.27646 0.54 16.44 0.80 5.11 507.148 1.02
ZTF J0737+40245 3135339427598013952 114.47889 2.75225 0.52 17.35 0.94 5.93 507.909 1.02
ZTF J0233+4514 341397918044514176 38.30769 45.23879 1.13 15.56 0.87 5.82 518.446 2.01
ZTF J2123+41430 1771414009461343872 320.92688 14.51397 0.66 17.19 0.85 6.30 527.698 1.21
ZTF J1739+4035 1344030197611942784 264.79078 40.59142 0.48 16.99 0.89 5.41 528.167 0.89
ZTF J1704+4-3640 1339367791569633280 256.03909 36.68214 0.20 16.39 0.25 2.90 533.012 0.42
ZTF J1754+7444 1652788253990178432 268.61217 74.74027 0.68 16.97 0.78 6.12 544.736 1.19
ZTF J212343114 1853366387810797824 320.76182 31.23519 1.47 18.95 0.76 9.78 549.945 2.50
ZTF J1826+3753 2108332242257120128 276.71986 37.88739 0.41 17.69 0.67 5.73 550.397 0.77
ZTF J0228+5003 450770119232770176 37.08502 50.06174 0.85 17.904 0.96 7.55 551.356 1.50
ZTF J2159+3704 1949670682847808768 329.75635 37.08174 0.67 17.63 0.75 6.78 562.430 1.18
ZTF J1548+4-6236 1639907647071426176 237.00548 62.60329 2.22 18.57 —0.39 10.31 568.457 3.71
ZTF J1857+2955 2041053538075099008 284.36974 29.91809 0.63 17.85 0.98 6.84 568.937 1.08
ZTF J2027-1228 6876923380330179456 306.77739 —12.47064 0.43 16.94 0.74 5.09 571.081 0.78
ZTF J2025+1959 1816672180104027776 306.49563 19.99002 0.87 16.61 0.97 6.31 572.198 1.46
ZTF J1846+4-2710 4538299222214470528 281.55441 27.17851 0.68 16.24 0.76 5.42 581.746 1.15
ZTF J2321+5121 1991522738264245632 350.29461 51.36069 0.46 17.25 0.90 5.59 587.454 0.83
ZTF J2241+7819 2282586482861251200 340.31090 78.33092 1.29 18.25 0.08 8.81 588.712 2.11
ZTF J2040+2219 1818172665580130176 310.00489 22.32799 0.56 16.86 0.86 5.59 593.949 0.96
ZTF 1232545237 1992494667892625152 351.30379 52.62168 0.84 18.18 0.90 7.81 615.686 1.38
ZTF J1514+-4440 1395296095487398400 228.54728 44.66669 0.40 15.36 0.35 3.38 617.626 0.65
ZTF J2238+5351 2003045070375592576 339.58378 53.86561 0.57 16.61 0.16 5.41 636.885 0.91
ZTF J0044+2022 2801363835809341568 11.06865 20.36859 0.26 16.22 0.32 3.29 638.446 0.47
ZTF 1232945928 2012000661295480832 352.31528 59.46763 1.13 15.35 0.52 5.61 659.868 1.71
ZTF J0556+4630 197771080635289344 89.14208 46.51340 2.83 17.89 0.75 10.15 666.485 4.25
ZTF J2119+4139 1968809331997065088 319.87050 41.66399 0.42 17.05 0.23 5.14 672.861 0.66
ZTF J0305+4651 435742269182754304 46.30791 46.85946 0.62 16.03 0.77 4.99 686.481 0.95
ZTF J0756-1847 5714459347447884800 119.05187 —18.78540 0.37 17.41 0.77 5.26 702.327 0.61
ZTF J0813-0448 3067710460235960704 123.31597 —4.80299 0.42 16.39 0.59 4.52 720.398 0.64
ZTF J0805-1310 5725991338938935680 121.49297 —13.17418 0.42 17.19 0.82 5.32 726.371 0.65
ZTF J1855+0818 4310084760549727616 283.98864 8.30069 0.93 16.41 0.91 6.24 733.705 1.31
ZTF J0029+-4456 388763264063344384 7.48379 44.93485 0.38 16.32 0.41 4.25 743.991 0.60
ZTF J2300+7134 2226934942338885760 345.06018 71.57366 0.76 18.51 0.95 7.91 753.344 1.10
ZTF J1644+2742 1307584861781093504 251.01541 27.71285 0.76 15.26 0.46 4.65 756.339 1.05
ZTF J2156+4102 1959593642149299968 329.07581 41.04577 7.15 14.887 0.89 9.15 771.085 9.76
ZTF JOO16+5113 394991241522199040 4.23055 51.23049 0.47 16.33 —0.19 4.68 780.395 0.65
ZTF J2331+48006 2283160604026278144 352.90517 80.10891 0.61 15.96 0.63 4.90 785.145 0.83
ZTF J014145045 406175469501486720 25.33367 50.75093 1.66 18.17 0.68 9.28 812.888 2.18
ZTF J2103+3621 1868379802479710848 315.88496 36.35214 0.51 17.09 0.91 5.62 839.275 0.70
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ZTF J20434-2906 1858877994789690880 310.96662 29.10444 1.24 17.58 0.73 8.04 840.719 1.60
ZTF J2223+45024 2000063916395714560 335.78090 50.41506 0.24 16.77 0.37 3.67 847.338 0.37
ZTF J0251+42538 114446245486002688 42.87062 25.63876 0.76 16.09 0.79 5.48 847.664 0.98
ZTF J2039+3825 2063564423741862016 309.78271 38.41996 0.86 15.56 0.44 5.22 856.076 1.09
ZTF J1634+43751 1331455186204267520 248.50364 37.85508 0.41 17.08 0.77 5.15 862.683 0.55
ZTF J1844+1415 4505844147236206464 281.21058 14.26097 0.34 16.22 —0.00 3.87 885.755 0.45
ZTF J0744-1811 5716956235277219840 116.07889 —18.18789 0.74 16.26 0.92 5.59 942.981 0.90
ZTF J2314+5010 1991038128514343680 348.57862 50.17148 0.52 16.71 0.78 5.31 951.983 0.64
ZTF J0750+2858 875788671113230208 117.50454 28.97204 0.417 17.09 0.71 5.14 984.527 0.52
ZTF J1938+1202 4315257722289830272 294.61505 12.04534 1.34 18.39 0.17 9.03 1041.179 1.49
ZTF J1149+1136 3913555370978652672 177.44678 11.61413 0.39 16.64 0.62 4.63 1051.592 0.49
ZTF J1922+4+0517 4293004087943707136 290.56721 5.29255 0.98 18.29 0.97 8.26 1182.442 1.02
ZTF J1855+1105 4312078553083792128 283.84683 11.09727 0.41 17.08 0.25 5.12 1243.147 0.44
ZTF J0533+5427 264955055023575808 83.29184 54.45098 1.15 17.91 —0.007 8.22 2074.375 0.82
ZTF J0501+3844 198921685194251776 75.42948 38.73441 0.81 18.14 0.65 7.67 2167.016 0.57
ZTF J0130+4830 399518446286783360 22.73626 48.50128 1.78 15.89 0.94 7.15 2384.552 1.15
ZTF J1139+6630 1057033477801391360 174.77333 66.50481 4.45 13.68 0.32 6.92 2407.495 2.84
ZTF J2001+3647 2060129991801692672 300.25006 36.79233 0.67 18.08 0.50 7.22 2859.962 0.40
ZTF J1806+4151 2113549764229781760 271.50455 41.85903 0.62 17.79 0.41 6.74 5000.575 0.25
ZTF J2052+2551 1843855509154985472 313.07948 25.86061 0.74 17.34 0.52 6.69 6947.129 0.24

Note. The coordinates and basic photometric characteristics of the 209 ELL-type binary candidates discovered so far using ZTF data. Coordinates are taken from Gaia
and are in J2000.0. The IAU name is provided in the catalog.
References. [1] El-Badry et al. (2021b); [2] The Open Cataclysmic Variable Catalog (https://depts.washington.edu/catvar/index.html); [3] Barlow et al. (2013).
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Appendix C
Frequency Spectrum

Comparison of the frequency spectrum (FS) of BLS and CE
with different types of light curves. For further details on the
FS, please see Figures 16-18.
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Figure 16. Examples of the variability types of light-curve shapes caused by the binary eclipse effect in our binary sample. All panels show the frequency spectra of
the BLS and CE corresponding to the above (Figure 5) variability types of the HW Vir binary and EA-type binary.
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Figure 17. Examples of the variability types of light-curve shapes caused by the binary eclipse effect in our binary sample. All panels show the frequency spectra of
the BLS and CE corresponding to the above (Figure 5) variability types of the EB-type binary and EW-type binary.
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Figure 18. Examples of the variability types of light-curve shapes caused by the binary eclipse effect in our binary sample. All panels show the frequency spectra of
the BLS and CE corresponding to the above (Figure 5) variability types of the ELL-type binary and reflection binary.
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Appendix D
Light-curve-selected Targets

The phase ZTF g-band and r-band light curves of potential
GW source candidates with an orbital period of less than
100 minutes in the binary sample. For further details on these
light curves, please see Figures 19 and 20.
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Figure 19. Phase-folded ZTF light curves of the potential GW candidates with an orbital period of less than 100 minutes, at GW amplitude and TianQin/LISA S/Ns
for these candidates as described in Section 6.4.
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Figure 20. Phase-folded ZTF light curves of the potential GW candidates with an orbital period of less than 100 minutes, at GW amplitude and TianQin/LISA S/Ns
for these candidates as described in Section 6.4.
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