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Abstract: We obtained spectroscopy data for 761 Degenerate A (DA)white dwarfs (WDs) with
multiple LAMOST observations. The radial velocity (RV) of each spectrum was calculated using the
cross-correlation function method (CCF), and 60 DA WD binary candidates were selected based on
the variation of the RV. Then, the atmosphere parameter T,¢/, log g, and the mass of these DA WDs
were estimated by the Balmer line fitting method and interpolation in theoretical evolution tracks,
respectively. Our parameters are consistent with those from SDSS and Gaia for the common stars.
No evident difference in the mass distribution of binary candidates compared with total DA WDs
was found. We surmise these DA WD binary candidates are mainly composed of two WDs. With
the Zwicky Transient Facility (ZTF) data, we obtained the light curve periods of two targets with
significant light curve periods in the DA WD binary candidates. For the spectra with anomalous
CCEF curves or with large errors in their RV calculations, we re-certified their spectral types by visual
review. Based on their spectral features, we found 11 DA + M-type binaries and four cataclysmic
variables (CVs). The light curve period of one CV was obtained with ZTF data.

Keywords: white dwarfs; binary stars; radial velocity

1. Introduction

WDs are the product of the eventual evolution of stars with masses from 0.07 M, to 10
Mg [1], which play an important role in the study of stellar evolution. WDs are so named
because of their very low luminosity and high temperature. According to the literature of
Refs. [2,3], about 97% of the stars in our galaxy will eventually evolve into WDs. According
to the available observations, the mean mass for DA WDs is 0.608 M, [4]. The typical
values of WD radii are in the range of 0.008-0.02 R [5]. Their luminosity distribution is
low and is mainly distributed in the range of 1072~10"2 L. The effective temperature
is of the order of 10* K [2]. The evolution of WDs is a process of cooling temperature
and decreasing brightness. The interior of the WDs does not produce energy and radiates
energy outward by continuously consuming the thermal energy in the internal nucleus.
The atmospheric composition of different WDs varies greatly, and they can be classified
into different types according to the characteristics of their observed spectral lines. The
main types are DA, which has only the Balmer line system, and DB, which has the Hel line
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system and no H and metal spectral lines. The DA type accounts for 80% of WDs. A very
detailed classification of WD types was proposed by Ref. [6].

About 50% of the stars in the universe are in binary or multiple star systems [7]. Binary
stars are classified into three categories according to the extent to which the secondary stars
in the binary are filled with the Roche lobe: when both components are not filled with the
Roche lobe, the evolution of each secondary star is equivalent to the evolution of a single
star, which is called a detached binary; when one of the two secondary stars is filled with
the Roche lobe, the system is undergoing the Roche lobe overflow (RLOF) process and is
called a semi-detached binary; when both daughter stars are filled with the Roche lobe,
a common envelope evolution may occur at a later stage, and they are called a contact
binary. Ref. [8] studied a subsample of the ESO-VLT Supernova-la Progenitor Survey
(SPY) dataset and found the fraction of double WDs among WDs is 10 & 2%. A systematic
study of WD binaries can help us to further understand some important processes in
the evolution of binaries, including the material transfer of binaries, the structure and
stability of accretion disks, and cataclysmic variables (CVs). The composition of a WD
binary may be a WD plus a main sequence star (MS), or it may be two WDs. Detached
binaries containing a WD and a main sequence star (MS) companion are called white dwarf-
main sequence binaries (WDMS). The physical parameters and the period of some of the
WDMS stars in the LAMOST DR5 data were calculated by Ref. [9]. Ref. [10] combined
ultraviolet (UV) and CMD maps to identify unresolved WDMS binaries. In particular,
they combined high-precision astrometric and photometric data from Gaia-EDR3 with
UV data from GALEX GR6/7 to discover 77 WDMS candidates. Several relics can be
associated with the WD binary merging event, such as type Ia supernovae [11,12], neutron
stars [13] accretion-induced collapse events, and high-mass WDs [14]. With the release of
more survey data, the search for more WD binaries has become possible, which has an
important role in studying, among other things, stellar evolution. In this paper, we try to use
LAMOST low-resolution spectra to search for DA WD binary candidates according to the
variation of RVs.

The paper is organized as follows. In Section 2, we introduce the sample of DA WD
spectroscopic data and the method of RV measurement and binary candidate identification
based on the variation of RVs. Section 3 illustrates the estimation of the T, ffs log g, and
mass of the DA WD binary candidates. In Section 4, we cross the ZTF data to obtain the
optical variability period of the DA WD binary candidates. A separate analysis is also
performed for the particular DA WD in the sample. The conclusions of the study are given
in Section 5.

2. Data and Radial Velocity Measurement
2.1. White Dwarf Data

Ref. [15] presented 6190 WDs by cross-matching spectroscopic data from LAMOST
DR7 with WD candidates from Gaia EDR3 and provided their classification. WDs of the DA
type that have multiple observations were selected as the initial sample. The contamination
of hot subdwarfs was based on the cross-match with those of Ref. [16]. We finally removed
172 hot subdwarfs (sdB) and obtained 761 DA WDs with multiple observations.

2.2. Radial Velocity Measurement

Spectral lines are shifted by the Doppler effect. With the value of the spectral line
shift, we can calculate the RVs of the star. At present, there are two methods to measure
the RVs. One method is spectral line measurement, which calculates the RVs based on
the shift of the line center of the absorption line, and the other method is cross-correlation
function (CCF) [17], which calculates the RVs by cross-correlating the template spectrum
with the observed spectrum. Since the Balmer line of the WD spectrum are broader, we
adopt the algorithm of CCF improved by Refs. [18,19] to calculate the RVs of the selected
WDs. Since there may be cataclysmic variable stars or WDMS binaries among the sample
stars, we did not limit the signal-to-noise ratio (SNR) when calculating the CCF curves
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but performed a visual review of the CCF curves afterward. First, we selected the WDs
among which the CCF curves have a good profile, and then, we performed a separate
analysis for the targets with abnormal CCF curves. The template spectra of DA WDs are the
theoretical spectra generated by Ref. [20]. First, the template and observed spectra of the
WDs need to be normalized using the toolkit developed by [21] for processing WD spectra,
and then we can calculate the RVs using the CCF program of [19]. The variation range of
the RVs was set from —500 km/s to —500 km /s with an interval of 1 km/s. Finally, we
performed a polynomial fit to the CCF curve and estimated the RVs corresponding to the
maximum value of the fitted curve. Figure 1 presents an example of RV estimation. The top
panel shows the normalization of the spectra. The red solid line indicates the normalized
template spectrum, and the black solid line indicates one of the observed spectrum lines
of J022755.52 + 002338.8. The bottom panel shows the CCF curve. The red solid line is
the generated CCF curve, the black dashed line is the result of polynomial fitting to the
generated CCF curve, and the red dashed line is the adopted velocity taken corresponding
to the CCF maximum.
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Figure 1. (Top): The red solid line indicates the normalized template spectrum, and the black solid
line is the normalized observed spectrum. (Bottom): The red solid line shows the original CCF curve,
the black dashed line shows the fitted CCF curve, and the red dashed line shows the maximum value
corresponding to the fitted CCF curve.

To obtain the error in the RV estimation, the Monte Carlo method was adopted. For
each observed spectrum, many simulated spectra were generated based on the error of the
flux at each pixel, and the CCF curves of these simulated spectra were calculated to obtain
the RVs of each simulated spectrum. The standard deviation of the RVs of these simulated
spectra was taken as the error of the RVs. For each observed spectrum, we generated
100 simulated flux values at each pixel by adding the error that followed the Gaussian dis-
tribution. This allowed us to generated 100 simulated spectra for each observed spectrum.
Figures 2 and 3 show the normalized spectra and corresponding CCF curves for the
100 simulated and 1 observed spectra, respectively. It is clear that the simulated spectra we
generated are uniformly distributed around the observed spectra. The CCF curves of the
observed spectra are higher than those of the simulated spectra due to the added error in
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the simulated spectra, which causes the SNR ratio to be inferior to that of the originally
observed spectra.
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Figure 2. The normalized spectra of the generated 100 simulated spectra (gray line) and the normal-
ized spectra of the observed spectra (red line).
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Figure 3. CCF curves of 100 simulated spectra (black line) and CCF curves of observed spectra (red line).



Universe 2023, 9, 177

50f15

Figure 4 shows the relation between the errors of RVs and the SNR. As the spectral
SNR increases, the error of RVs becomes smaller. It should be noted that there are some
WDs with zero RV error at a very small SNR. After our subsequent examination of the
CCF images, we find that these are a sample of WDs with anomalous CCF images, and we
discuss these WDs separately below.
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o :
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n Y
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Figure 4. The SNR of spectra vs. the RV uncertainties of the WDs.

2.3. DA White Dwarf Binary Candidates

To obtain WD binary candidates with high confidence, we first constrained the error of
the RV to be within 30 km/s, which helped to select more accurate WD binary candidates.
For a WD target with only two observations, if the RV difference was larger than twice the
sum of errors of RV, we regarded it as a binary candidate. A target with more than two
observations was considered a binary candidate if the difference between any two RVs was
greater than the sum of the errors. The selection criteria were as follows:

(1) oRV <30kms~!;

(2) For targets with only two observations:
|RV] — RV,| > 2 x (|cRV;| + |0RV;|) RV1, RV2 are the radial velocity from the two
observation spectra.

For the targets with more than two observations, (RV;, RV, are the radial velocity
values of any two spectra): |[RV; — RV,| > |0RV;| + |0RV;|

Finally, we obtained 60 DA WD binary candidates according to the above criteria.
Table 1 shows the RVs of all DA WD binary candidates (top five objects; the full table can
be found in the Supplementary Material).
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Table 1. Information on the top five objects.

RV_Mean RV_err

(km/s) (km/s) obj

1635 9.61 J000103.38 + 483843.9

5146 2178 J000103.38 + 483843.9
65.67 7.07 J001518.26 + 362352.4
73.56 36.81 J001518.26 + 362352.4

1671 821 J001518.26 + 362352.4
6437 11.04 J001518.26 + 362352.4
43.92 17.13 J001518.26 + 362352.4
5178 2401 J004036.79 + 413138.7
3173 2156 J004036.79 + 413138.7
0.87 2225 J004036.79 + 413138.7
063 236 J005340.52 + 360116.6

—99.47 256 J005340.52 + 360116.6
10,52 177 J010441.30 + 094942 4
31.97 522 J010441.30 + 094942 4

3. Parameters of the DA WD Binary Candidates
3.1. T, and log g for WDs Binary Candidates and Single WDs

The BP-RP of the WD sample were obtained from the Gaia EDR3 [22], and we calcu-
lated the effective temperature (T, sf) and surface gravity (logg) of the WDs according to
the method described in Ref. [23]. Figure 5 shows the distribution of T,¢r and log g. The
black solid line indicates the distribution of our selected DA WDs, and the red solid line
indicates the distribution of WD binary candidates. There is no significant difference in
the distribution of T, and log ¢ between the WD binaries and the total sample of WDs.
The peaks of T,¢s and log g distribution located at 20,000 K and 8.0 dex for both binary
candidates and the single WD sample.
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0.25 A [ Binary_WD
c
O 0.201
)
-
O 0.15
o
O o0.101
o
0.05 A —|
0.00 . — — : —
0 20,000 40,000 60,000 80,000 100,000
Teff(K)
1 AIlLWD
041 [ Binary_WD
e
_9 0.3
)
-
(@)
O 02
(@)
jud
Q 0.1
—I::‘_'_|_‘
0.0 I — T T T T T T

6.0 6.5 7.0 7.5 8.5 9.0 9.5

8.0
log g
Figure 5. Histograms of T, and log g; the vertical coordinate indicates the percentage. Black: WD
single stars. Red: WD binary candidates.
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Ref. [4] certified the WD sample and calculated their parameter information based on
the data published by SDSS DR14. Ref. [24] used Gaia astrometry and photometry fitted
with synthetic pure H, pure He, and mixed H-He atmospheric models from the Gaia EDR3
data to estimate the parameter information for selected WDs. In order to verify the accuracy
of our calculations and to identify the differences of the T ¢r and log ¢ from different survey
data, we cross-matched the selected WD binary candidates with Refs. [4,24], respectively,
and plotted the comparison of T, ¢ and log ¢ of common stars given by different data, as
shown in Figure 6.

Matching our WD binary candidates with SDSS yields 19 WD spectra for common
stars. Our T, s agrees well with that by Ref. [4] using SDSS data. For log g, the agreement
is good at around log ¢ = 8.0, and the value of log g calculated by [4] is larger compared to
ours for log ¢ < 7.5 and smaller compared to ours for log g > 8.5.

For these homologous WDs, we found that four of them also have multiple observed
spectra in the SDSS data, and we calculated their RVs based on these four multiple observed
spectral data and found that all of them have RV variations. Table 2 shows the RVs of
these WDs.

Cross-matching with the Gaia data from Ref. [24] yielded 44 homologous stars.
For the effective temperature, the two Teff values agree well at temperatures less than
50,000 K. When the temperature is higher, the discrepancy is more obvious. For log g, it
is more consistent overall but contains some targets with large deviations, which may be
caused by observational constraints and the influence of the SNR.
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Figure 6. Comparison of the Teff, log ¢ of white dwarfs provided by Gaia and SDSS with our
calculated T, s, log g of white dwarfs. The black solid lines are unit slope relationships. Top panel:
Comparison of the T,¢r and log ¢ we calculated with the T, ;¢ and log ¢ calculated with the SDSS.
Lower panel: Comparison of the T, s and log g we calculated with T, ¢ and log g calculated with Gaia.

3.2. Calculation and Comparison of Mass

After obtaining T,¢f and log g, we can estimate the mass of the WDs according to the
stellar evolution model. For DA WDs with effective temperatures above 3000 K, we use the
cooling model of Ref. [25], and for effective temperatures below 3000 K, we use the cooling
model of Ref. [2]. Figure 7 shows the histograms of the mass distribution of total sample
and binary candidates. From the mass distribution, we find that the masses of WDs are
mainly distributed around 0.6 M. The mass distribution of the DA WD binary candidates
is not significantly different from that of the single WDs.
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Table 2. RVs of these homologous WDs.

RV_mean RV_err RA DEC
km/s km/s deg deg
8.05 34.33 148.234 42.504
9.32 14.73 148.234 42.504
—6.22 11.26 148.234 42.504
—4.87 15.17 148.234 42 .504
79.09 5.08 144.285 33.567
—3.96 13.92 133.744 27.873
—7.71 10.19 159.227 37.477
10.18 10.08 159.227 37.477
—8.59 7.18 159.227 37.477
1.96 6.31 141.056 27.575
15.32 7.97 141.056 27.575
—9.94 5.82 145.361 29.750
—97.68 9.08 141.800 28.774
67.45 10.27 141.800 28.774
—101.05 7.46 141.800 28.774
12.41 6.28 222.058 28.419
—28.27 7.18 181.354 30.579
—11.03 5.43 191.069 23.236
—0.61 6.13 193.174 19.257
—12.09 5.93 115.342 15.655
0.30 A [ AlLWD
[ Binary_WD
0.25 A
[
o 0.20 A
o]
—
8_ 0.15 A
(@]
S
0.10 ~
0.05 1 f gy
0.00 +—— : . . ; ;
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Mass(M@E)

Figure 7. Comparison of the mass distribution of WD binary candidates and single WDs. Black: WD
single stars. Red: WD binary candidates.

Similarly, we compared the calculated masses of the WD binary candidates with those
obtained from Refs. [4,24]. Figure 8 demonstrates the mass comparisons. Most of them
are relatively consistent, and some of the member stars with large mass deviations are
compatible with the deviations of T, and log g.
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Figure 8. The mass we calculated compared to the mass calculated by Refs. [4,24]. The black solid
lines are unit slope relationships. The red dots indicate the corresponding sample stars” parameters.

3.3. Gaia Hertzsprung—Russell Diagram

Hertzsprung-Russell (H-R) diagrams are often used to distinguish between different
kinds of stars. To further investigate the relationship between DA WD binaries and normal
WDs on the H-R diagram, we plotted the distribution of (BP — RP)y with Gy mag in
Figure 9. We calculated the Gy mag and (BP — RP) extinction using the dust map pro-
vided by Ref. [26]. The green triangles indicate the double WD binary candidates we
selected, the blue hollow circles indicate WDMS (See Table 3), and the grey dots indicate
the total DA WD sample. The position of WD distribution on the H-R diagram, as con-
firmed by spectroscopic methods, is an important piece of information used to filter WDs.
Ref. [27] gave the boundary of the WD distribution on the H-R diagram based on this
distribution position. In Figure 9, we indicate the boundary given by Ref. [27] with a
black line. Based on the distribution characteristics of known WDMS systems in the H-R
diagram [28-30], the WDMS system has absolute magnitudes fainter than the main se-
quence stars and is brighter than single WDs. The red dashed line in Figure 9 is the
boundary where Ref. [28] chooses WDMS stars. The two stars in the gray box are found to
belong to the main-sequence stars by our examination of the spectra due to their magnitude
values close to the main-sequence stars.

It can be found on the H-R diagram that our WD binary candidates are mainly
distributed in the range (BP — RP)y < 1, Gy > 10. The fact that most binary candidates
are not within the range of WDMS given by Ref. [28] indicates that our white dwarf binary
candidates are mainly composed of two WDs.
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0.0
All WD
2.5 1 A Binary_WD
o WD+MS
~..'h.>
—_————
-1 0 1 3 4 5

2
(BP-RP)g

Figure 9. The distribution of the WD binary candidates and the sample of general WDs on H-R
diagram ((BP — RP)g vs. absolute Gp). Green triangles: WD binary candidates; blue hollow circles:
WD + MS stars obtained from spectroscopic examination; grey dots: total sample of DA WDs. The
solid black line shows a color-cut and absolute magnitude selection scheme for searching for WDs
using Gaia data proposed by Ref. [27]. The red dashed lines show the color-magnitude diagram
selection scheme for searching for WDMS candidates based on Gaia EDR3 data by Ref. [28]. The two
stars in the gray box are main-sequence stars that we found by examining their spectra.

Table 3. DA + M binaries and four CVs.

Designation Type Period (Days)

J023507.54 + 034356.8 DA +M

J102727.62 + 420916.8 DA +M

J000448.23 + 343627 .4 DA +M

J002633.24 + 390902.9 DA +M

J002641.22 + 433224.3 DA +M

J050639.27 - 030138.7 DA +M

J085426.25 + 374653.0 DA +M

J152008.32 + 001126.1 DA +M

J133601.79 + 482846.1 DA +M

J154054.09 + 525243.3 DA +M

J041642.32 + 321119.8 DA +M

J172406.14 + 562003.0 Ccv

J084303.98 + 275149.6 cv

J014841.06 + 363350.0 cv 0.12635
J133941.12 + 484727 .4 cv

4. ZTF Photometry and Examination of Abnormal Spectra

The photometric data provide us with a way to authenticate WD binaries. The Zwicky
Transient Facility (ZTF) is a new generation of operational time-domain photometric
telescopes located at Palomar Observatory. The g- and r-band surveys of the northern sky
were carried out at 3760 square degrees per hour, with median limiting magnitudes of 20.8
and 20.6 mag in the g- and r-bands, respectively [31,32].

For the DA WD binary candidates, we used the photometric data of ZTF DR14 with
the python package of lightkurve [33] for the period calculation and phase folding. Based
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on the ZTF data, we obtained two WD binary candidates with significant periods and
calculated their light variation periods. Figure 10 shows light curves of the two objects
(J182700.95 + 081030.3 RV error is 33 km/s). The information is given in Table 4.

Table 4. Phase folding diagram of two of the white dwarf binary candidates with obvious light curve

periods.
Designation RA (deg) DEC (deg) Period (Days)
J020321.98 + 460731.5 30.842 46.125 0.219210
J182700.95 + 081030.3 276.754 8.175 0.139392

For the targets with anomalous CCF curves or with large errors in the calculated
RVs, we examined their spectra by visual inspection. Twelve DA + M-type binaries
and three cataclysmic binaries(CVs) were found. We analyzed the ZTF data of these
DA + M-type binaries and three CV stars and obtained the period of one of the CVs.
Figure 11 shows their power spectra and light curves. Figure 12 shows the spectrum
of WD + MS (upper panel) and WD (lower panel). It is clear that the WD + MS binary
spectra have two components. The left part shows the DA WD features, while the right part
displays many molecular bands, the features of M-type stars. Table 3 lists the information of
these objects.

J020321.98+460731.5 period=0.21921(day)
16.4

16.6 - %“ . .. . '.'
. N . R it
g 16.8 1 %ﬁﬁ& . MWL

17.0 A

17.2 4

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Phase

J182700.95+081030.3 period=0.139392(day)

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Phase

Figure 10. Phase folding diagrams of J020321.98 + 460731.5 and J182700.95 + 081030.3.
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J014841.06+363350.0 period=0.12635(day)

O_Jl._L_J A

0.090 0.095 0.100 0.105 0.110 0.115 0.120 0.125 0.130

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Phase

Figure 11. Power spectrum light curve and phase folding diagram of J014841.06 + 363350.0.
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3000 A
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2000 -

1000 ~

flux(relative)

4000 5000 6000 7000 8000 9000
wavelength(4)

Figure 12. Spectra of DA + MS binary and single WD. The upper panel shows the spectrum of WD +
MS, while the lower panel shows the spectra of WD.

By cross-matching with the GCVS [34] catalog, we obtained three homologous star
J023507.54 + 034356.8 (DA + M), J133941.12 + 484727.4 (CV), J084303.98 + 275149.6 (CV).
By cross-matching with the VSX [35] variable star scale, we obtained homologous star
J014841.06 + 363350.0 (CV), J172406.14 + 562003.0 (CV).
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5. Conclusions

We obtained the spectra of 761 DA WDs with multiple observations from the LAMOST
DR7 data of Ref. [15]. Their RVs were calculated according to the CCF method, and 60 WD
binary candidates were selected through the RV variations combined with the CCF curves.
Most binary candidates are located outside the WD + MS region in HRD. Thus, we surmise
these binary candidates are composed of two WDs. The fraction of double WDs according
to this study is about 7.9%. Ref .[8] studied a subsample of the SPY dataset; they found
that the double WD fraction among WDs is 10 £ 2%. The catalogue of WD + WD binary
candidates in this paper is based on multiple observations of LAMOST spectra. Thus, the
completeness cannot be guaranteed. Possible biases might come from the following factors:

1. Only some of the WDs have multiple observations.
2. The criteria of identifying binary candidates.

To investigate the physical properties of WD binary candidates and normal DA WDs,
we calculated their mass, T,¢y and log g. These physical parameters of DA WD binary
candidates were analyzed and compared with the total sample of DA WDs. No clear
distinctions between WD binaries and single WDs were found in terms of mass, T, ffs logg,
and the CMD diagram. No distinction between Teff and log g for the full WD sample and
the sample of binary candidates was the expected result, indicating that the locations in
CMD are the same for the the full WD sample and binary candidates. We compared the
calculated T,sf, log g, and masses with those calculated by Refs. [4,24], respectively, and
there was found to be a good agreement.

With the ZTF photometric data, we obtained two targets with obvious light curve
periods from the screened DA WD binary candidates and the light-change period of one
CV. For the 58 WD binary candidates for which no period was found in ZTF, we could not
estimate the upper and lower limits of the period with no ZTF data. To calculate the periods
from radial velocities, at least 6 spectroscopic observations with a reasonable velocity phase
distribution are needed. There are not enough data points of RV to estimate the periods.
For the WDs with abnormal CCF curves, we found 11 DA + M-type binaries and 4 CVs
by visual inspection. By matching with both GCVS and VSX variable star catalogs, we
obtained a total of 5 homologous stars.
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