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Abstract

Aims. Double white dwarf (DWD) binaries are one of the channels through which type Ia supernovae explosions occur. With the release of more and more sky survey data, the search for additional DWDs has become a possibility. We utilized the spectroscopic data from SDSS DR14 to search for DWD binaries based on variations in radial velocities (RVs).

Methods. We obtained a sample of 4089 DA white dwarfs (WDs) with two or more spectra from SDSS DR14, and their RVs were derived using the cross-correlation function. Using the chi-squared (χ2) distribution of RVs as a base, we calculated the corresponding logarithmic probabilities (log p) for different degrees of freedom.

Results. We selected the targets with log p < −3.0 and obtained 65 highly credible DWD candidates, of which 56 were newly discovered. We compared the distributions of the Teff, log g, and mass of the DWD candidates and found that the mass distribution of DWDs has two peaks. The primary peak, located at 0.45 M⊙, is lower than the peak of the total WD sample, while the secondary peak, located at 0.60 M⊙, is similar to the peak of the total sample. Finally, we crossmatched our sample with Zwicky Transient Facility (ZTF) photometry data and identified two targets with clear periodic variability. Based on the shape of their light curve, we think both could be white dwarf main-sequence binary stars
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1 Introduction
White dwarfs (WDs) are the final evolutionary outcome of main-sequence (MS) stars with masses ranging from 0.07 M⊙ to 10 M⊙ (Doherty et al. 2014). It is estimated that approximately 97% of stars will eventually evolve into WDs (Fontaine et al. 2001; Heger et al. 2003; Woosley & Heger 2015; Lauffer et al. 2018). So, WDs play a crucial role in the overall stellar population of the Galaxy and serve as precise indicators of the formation and evolution of the Milky Way (Winget et al. 1987; Torres et al. 2005; Tremblay et al. 2014). From spectro-scopic, photometric, or asteroseismic analyses, the fundamental properties of WDs, including mass, cooling age, atmospheric composition, and internal composition, can be determined (Bergeron et al. 1992, 2001, 2011; Koester et al. 2009; Tremblay et al. 2013; Romero et al. 2017; Giammichele et al. 2018). Based on their spectral characteristics, WDs are mainly classified into two types: DA and DB. Because of the relatively short timescales of gravitational settling, the atmospheric composition of WDs tends to be simple. In the case of DA WDs, sinking timescales can be as short as a few days, whereas for non-DA WDs, sinking timescales typically range from 0.01 to 1 million years (Koester & Wilken 2006; Koester 2009; Wyatt et al. 2014). Approximately 80% of WDs exhibit only hydrogen lines in their spectra, which corresponds to the spectral class DA. When the atmospheric temperature of WDs is high enough to excite helium atoms, the spectra of most of the remaining WDs are dominated by helium lines, which corresponds to the spectral class DB. A very detailed classification of WD types was proposed by McCook & Sion (2016).
As has been widely recognized, the multiplicity frequency (MF) of MS stars exhibits a pronounced and consistent correlation with their stellar mass. For Sun-like stars, the MF is approximately 50%. More massive stars exhibit significantly higher MFs (greater than 60% or even higher), while M dwarfs and very low-mass stars (VLMs) have a lower MF (approximately 30%; Duchêne & Kraus 2013; Moe & Di Stefano 2017). According to the Roche lobe, binary stars can be classified into three types. Detached binary stars: in this type of binary stars, the stars are relatively far apart from each other and do not significantly affect each other’s shape or evolution. Each star is within its own Roche lobe, the region around the star where material is gravitationally bound, and there is no material flowing in or out. Semi-detached binary stars: in this type of binary stars, one of the star fills up the equipotential surface of its Roche lobe and through the first Lagrangian point (L1) transfers mass to the second component. Contact binary stars: in this type of binary stars, both stars’ Roche lobes have material flowing out, causing their surfaces to come into contact with each other, forming a binary system with a shared envelope of material. Contact binary stars often exhibit complex phenomena of mass transfer and stellar evolution as material is continuously exchanged between the two stars.
Type Ia supernovae (SNe Ia) have played a pivotal role in the investigation of cosmic evolution, particularly as standardizable candles that have contributed to the discovery of the accelerated expansion of the Universe (Riess et al. 1998; Schmidt et al. 1998; Perlmutter et al. 1999). The origin of SNe Ia is commonly attributed to the thermonuclear explosions of WDs in binary systems (Hoyle & Fowler 1960). Nevertheless, there is currently a lack of consensus regarding the fundamental characteristics of SNe Ia and their explosion mechanisms, both in the theoretical and observational domains (e.g., Wang & Han 2012; Hillebrandt et al. 2013; Maoz et al. 2014; Maeda & Terada 2016; Livio & Mazzali 2018; Soker 2019; Ruiter 2020; Liu et al. 2023, for reviews). There are generally two scenarios for SNe Ia: one is the single-degenerate (SD) scenario, and the other is the double-degenerate (DD) Scenario.
In the SD scenario, a WD accretes material from a non-degenerate companion star until its mass approaches the Chan-drasekhar mass (about 1.4 M⊙), triggering a thermonuclear explosion (Schatzman 1963; Wheeler & Hansen 1971; Whelan & Iben 1973; Nomoto 1982b,a; Nomoto et al. 1984). In the original DD scenario, a binary system consists of two carbon-oxygen (CO) WDs that come into contact due to the emission of gravitational waves. They merge through tidal interaction to form a single entity, potentially causing a SN Ia explosion if their combined mass surpasses the Chandrasekhar-mass limit (Iben & Tutukov 1984; Webbink 1984).
Numerous simulations over recent decades have explored the merger of two WDs, offering insights into SN Ia mechanisms beyond the original DD scenario. Notably, these studies reveal alternative pathways for SN Ia explosions. For example, the “violent merger model.” During the intense merger phase of two CO WDs, a carbon detonation can be directly initiated as the debris from the secondary WD interacts with the primary WD, ultimately leading to the occurrence of a SN Ia explosion (Pakmor et al. 2010, 2012; Sato et al. 2015). If the secondary WD in a DD binary system is a pure He WD, it can initiate an initial He detonation by accumulating a He shell atop the primary CO WD through stable mass transfer, and thus eventually trigger a C-core detonation at the core, leading to a successful SN Ia explosion. This represents the sub-Chandrasekhar-mass double-detonation scenario (Fink et al. 2007, 2010; Moll & Woosley 2013; Gronow et al. 2020, 2021; Boos et al. 2021; Liu et al. 2023). Additionally, unstable mass transfer can introduce He into the surface layers of the primary CO WD, whether the secondary WD is a He WD or a hybrid HeCO WD, potentially resulting in a SN Ia during the coalescence itself through the double-detonation mechanism (Guillochon et al. 2010; Roy et al. 2022; Liu et al. 2023). Presently, the DD scenario and its variants are the more popular scenarios.
Currently, searching for WD binaries based on radial velocity (RV) variations is a relatively reliable method. The initial systematic attempts to search detached close double white dwarfs (DWDs) were conducted during the 1980s through the method of RV variation, yielding limited results (Robinson & Shafter 1987; Bragaglia et al. 1990; Foss et al. 1991). With the continuous release of data from surveys such as LAMOST (Zhao et al. 2012, 2006, 2013; Guo et al. 2022), SDSS (York et al. 2000; Kepler et al. 2019), and Gaia (e.g., Gentile Fusillo et al. 2021; Gaia Collaboration 2021), an increasing number of WDs are being discovered. This provides more favorable conditions for us to search for WD binaries and several groups have used these data to identify or characterize WD binaries.
For example, from the SDSS spectroscopic catalog, based on variations in RV, Badenes et al. (2009) found a single-lined spec-troscopic WD binary in a circular orbit; Mullally et al. (2009) discovered two of the shortest-period non-interacting binary WD stars; Badenes & Maoz (2012) employed the catalog to estimate the rate at which WD binaries merge within the Milky Way Galaxy; Breedt et al. (2017) used the large sample to preselect candidates and test the DD model for SNe Ia; and Chandra et al. (2021) discovered a double-lined WD binary. Over the last decade, the Extremely Low Mass (ELM) survey conducted by Brown et al. (2010), which was tailored to focus on He-core WDs with masses below 0.3 M⊙ using a color-based selection, has successfully detected up to 98 new DWDs, as was reported in the study by Brown et al. (2020). Utilizing LAMOST spectra and the Gaia DR2 data, Wang et al. (2022) found a total of 136 ELM WD candidates and 12 previously identified objects from the ELM Survey. Gianninas et al. (2015) searched for binary stars composed of a WD and a MS (WDMS) companion based on RV variations. Rebassa-Mansergas et al. (2021) also conducted a search for unresolved WDMS within a 100 pc range using data provided by Gaia EDR3. A total of 112 objects were selected based on their positions in the Hertzsprung-Russell diagram (HRD), of which 97 were newly identified.
The combination of photometric survey data can lead to a more effective search for DWDs. Steinfadt et al. (2010) discovered a DWD using photometric survey data in 2010, while the Kepler K2 (Howell et al. 2014) mission discovered a new WD binary among the 1 000 WDs (Hallakoun et al. 2016; van Sluijs & Van Eylen 2018). The Zwicky Transient Facility (ZTF; Bellm et al. 2019; Graham et al. 2019; Masci et al. 2019), which commenced operations in 2018, has already identified approximately ten newly discovered ultra-compact DWDs (Burdge et al. 2019, 2020; Coughlin et al. 2020; Keller et al. 2022; van Roestel et al. 2021). Ren et al. (2023) has compiled a catalog of candidate close double white dwarf (CWDB) systems with short periods, using data from the Gaia EDR3 catalog and ZTF photometry data. In the foreseeable future, extensive all-sky surveys like Gaia (Gaia Collaboration 2016, 2018, 2021) and the Vera Rubin Observatory (LSST Science Collaboration 2009) hold the potential to reveal hundreds and even thousands of new DWD systems, respectively (Korol et al. 2017).
In this article, we have selected DWD candidates based on spectral data provided by SDSS DR14, using variation in the RV to identify binary candidates. The paper is organized as follows. In Sect. 2, we introduce the sample of DA WD data and the method of RV measurement, as well as binary candidate identification based on the variation of RVs. Section 3 compares the Teff, log g, and mass of the DA DWD binary candidates with the total sample. In Sect. 4, we crossmatch the ZTF data to obtain the period of optical variability for the DA WD binary candidates. The conclusions of the study are presented in Sect. 5.
2 Data and radial velocity measurement
2.1 Data
The SDSS spectroscopic data contains the spectra of numerous WDs. By analyzing the spectra of all stars in the SDSS DR14, (Kepler et al. 2019) report 20 088 spectrally confirmed WDs and classify them based on their spectral characteristics. Since the number of DA WDs with high-quality spectra and multiple observations in DR16 (Kepler et al. 2021) is almost same as that in DR14, in the current study we used the data sample provided in DR14. In the end, we obtained 4089 DA WDs with multiple spectroscopic observations (approximately 14 000 pieces of spectral data).
	[image: thumbnail]	Fig. 1 Spectrum normalization and CCF curve. 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 CCF curve, and the red dashed line shows the RV value.



2.2 Radial velocity measurement
Due to the broadening of absorption lines in WDs, calculating the RV based on the line center shift may lead to significant errors. Here, we used the cross-correlation method (CCF; Tonry & Davis 1979) to measure the RV of WDs. The traditional advantage of the CCF is its ability to be accelerated using fast Fourier transformation (FFT), but the drawback is that the resulting CCF has sparse sampling. Zhang et al. (2020, 2021) have made improvements to address this issue, and in this paper we adopted the method for computing the CCF proposed by Zhang et al. (2020, 2021). The template spectra of DA WDs are the theoretical spectra generated by Koester (2010). First, both the template and observed spectra of the WDs underwent normalization using the toolkit developed by Chandra et al. (2020), which was specifically designed for processing WD spectra. Chandra et al. (2020) initially applied a composite model, which includes a Voigt profile combined with a linear function of wavelength, to a region encompassing each Balmer line from Hα to H8. Subsequently, they derived the continuum-normalized spectrum for each line by dividing the region around it by the linear component of the composite fit. Finally, the RVs were calculated using the CCF method.
The range of variation for the RVs was set from −500 km s−1 to 500 km s−1 with an interval of 1 km s−1. The velocity value corresponding to the peak of the CCF curve represents the RV of the respective spectrum. Figure 1 shows an example of RV estimation. We employed Monte Carlo (MC) simulations to assess the uncertainties associated with our RV measurements. The fundamental approach involved generating a set of simulated spectra, each based on an observed spectrum, and subsequently deriving their RV values from the CCF. The RV uncertainty was then adopted by the standard deviation in these RV values. To perform this analysis, we created 100 simulated spectra for each observed spectrum. In these simulated spectra, the flux at each wavelength point was drawn from a Gaussian distribution, with the mean and variance of the Gaussian distribution determined by the flux and flux error of the corresponding observed spectrum. Figure 2 displays the normalized spectra. The gray lines represent 100 simulated spectra, while the red line represents the observed spectrum. Figure A.1 displays the corresponding CCF curves for the 100 simulated spectra and one observed spectrum. The black line represents the CCF curve of 100 simulated spectra, while the red line represents the CCF curve of the observed spectrum. It is evident that the simulated spectra we generated are evenly distributed around the observed spectrum. However, due to the added error in the simulated spectra, their signal-to-noise ratio (S/N) is inferior to that of the observed spectrum, resulting in lower CCF curves for the simulated spectra compared to the observed spectrum.
2.3 Selection criteria
As is depicted in Fig. A.2, the relationship between the errors of RVs and the spectral S/N reveals a clear trend: as the S/N increases, the RV errors decrease. To assess the reliability of our error, we employed the same method as Maoz & Hallakoun (2017). Since the majority of the sample consists of single WDs, the distributions of observed RV differences between two epochs of observations of the same WDs should follow a Gaussian distribution, centered around zero and with a σ corresponding to the RV error estimate, except for the minority of DWDs with real RV changes between epochs. We have compared the mean RV error estimate from every pair of epochs for the same WD to the actual RV difference between those epochs, scaled down by [image: equation]. Figure 3 demonstrates an alignment with the anticipated expectation, depicting the distributions of observed RV epoch differences within specific ranges of the calculated RV errors.
We used the same method for the variability as was used by Maxted et al. (2000), Napiwotzki et al. (2020), Geier et al. (2022). We computed the weighted mean RV of each star by taking into account the inverse variance of all measured epochs. Assuming this mean velocity to be constant, we then calculated the χ2 statistic. By comparing this calculated value with the χ2-distribution for the appropriate degrees of freedom, we determined the probability (P) of obtaining the observed χ2 value or a higher value from random fluctuations around a constant velocity. A detection of RV variability is considered significant if the false detection P is less than 0.1% (log p < −3.0). Figure A.3 shows the histogram of the distribution of log p. From the spectral information of candidates, they exhibit single-line systems, but there is a possibility that some candidates have a dim M dwarf or brown dwarf as companions. Because some WDMS binary systems are predominantly dominated by the WD in the optical wavelength, they appear as a single WD in the spectrum. To mitigate these influences, we performed a crossmatch with the WDMS catalog provided by Rebassa-Mansergas et al. (2010, 2021) and removed one confirmed WDMS target. Additionally, based on the catalog provided by Girven et al. (2011), we also removed one target known to have a photometric infrared excess that potentially had a faint dwarf star as a companion. Next, we queried these candidates on SIMBAD (Wenger et al. 2000) and discovered that nine targets have been confirmed as WD binary systems (the corresponding markings were made in Table A.1). In the end, we obtained a total of 66 WD binary candidates, of which 57 were newly identified candidates.
Table 1 shows the RVs of all DA WDs (the top five WDs; the full table can be found in the supplementary material). Table A.1 shows the log p for the DA DWD binary candidates.
	[image: thumbnail]	Fig. 2 Normalized spectra of the generated 100 simulated spectra (gray line) and the normalized spectra of the observed spectra (red line).



	[image: thumbnail]	Fig. 3 Distributions of RV differences between two epochs of the same WDs, scaled down by [image: equation], along with Gaussian fits to the distributions (dashed red lines), for pairs of measurements having pair-averaged calculated RV fitting errors of 5–20 km s−1 (left), 20–35 km s−1 (centre), and 35– 50 km s−1 (right). The distributions appear Gaussian with a σ close to the expected value. This alignment indicates the reliability of the calculated RV errors.



Table 1 
RVs of all DA WDs.

	[image: thumbnail]	Fig. 4 Histograms of Teff, log g, and mass (solid black line representing all the WDs; dashed red line representing the WD binary candidates) and the distribution of log Teff and log g (red dots representing WD binary candidates; 2D histogram representing all the WDs).



	[image: thumbnail]	Fig. 5 Distribution of the WD binary candidates and the sample of general WDs on HRD (BP-RP vs. absolute G). WD binary candidates less than 0.45 M⊙ are represented by red dots, WD binary candidates greater than 0.45 M⊙ by blue dots, and the total sample of DA WDs by black dots. DWD J151343.50+443436.40 is represented by a green triangle and WDMS J003221.88+073934 by a black pentagon. The solid black line shows a color-cut and absolute magnitude selection scheme for searching for WDs using Gaia data proposed by Gentile Fusillo et al. (2019). The dashed red lines show the selection scheme for searching for WDMS candidates based on Gaia EDR3 data by Rebassa-Mansergas et al. (2021).



3 Parameters of the DA WD binary candidates
3.1 Teff, log g, and masses of WD binary candidates and single WDs
Kepler et al. (2019) calculated the Teff, log g, and masses of WD samples based on the spectrum. We compared these three physical parameters between DWD binary candidates and single WDs. Figure 4 displays the distributions of Teff, log g, and mass. In the histogram, the solid black line represents all WDs, while the dashed red line represents the 66 DWD binary candidates. In the scatter plot, black dots represent the distributions of Teff and log g for all the WDs, while red dots represent the distributions of Teff and log g for the DWD binary candidates.
The WD binary candidates exhibit bimodal distributions in both Teff and log g. This leads to the presence of two peaks in the mass distribution, one at 0.45 M⊙ (lower than the peak of the overall sample) and one at 0.58 M⊙ (similar to the peak of the overall sample). The occurrence of such a mass distribution is within the expected range. Due to the inability of single stars to evolve into such low-mass WDs within the Hubble time, there is a higher proportion of low-mass WDs in binary systems (Brown et al. 2016; Rebassa-Mansergas et al. 2011; Breedt et al. 2017; Napiwotzki et al. 2020). We divided the overall sample into low-mass WDs and high-mass WDs using a mass threshold of 0.45. Then, we plotted their cumulative distribution functions (CDFs) of log P. As is shown in Fig. A.4, the red line represents the CDF of low-mass WDs, while the dashed black line represents the CDF of high-mass WDs. Our selection criterion is log p < −3.0. As is clearly shown in Fig. A.4, it is evident that the proportion of low-mass WDs (6%) is higher than that of high-mass (1%) WDs. The different mass distribution of our DWD binary candidates may be due to different evolution.
	[image: thumbnail]	Fig. 6 Power spectrum light curve and phase folding diagram of J151343.50+443436.40. The middle and bottom panels show the ZTF r-band and g-band folded light curves, respectively. The gray dots represent the folded light curves of all data. The red dots show the averaged light curve with data points averaged every 0.05 phase bins.



3.2 Gaia Hertzsprung-Russell diagram
We divided the WD binary candidates into two parts with mass equal to 0.45 M⊙ and drew them on the HRD, as is shown in Fig. 5, which displays the distribution of the BP-RP color index with respect to the G magnitude on the HRD. The black dots on the diagram represent the distribution of all samples of WDs, while the red dots represent the distribution of DWD binary candidates with masses below 0.45 M⊙. The blue dots represent the DWD binary candidates with masses above 0.45 M⊙. The solid black line represents the boundary for selecting WDs based on the HRD (Gentile Fusillo et al. 2019), while the dashed red line represents the range of boundaries for selecting WD+MS binary systems, as is suggested by Rebassa-Mansergas et al. (2021) based on the stellar evolution model. However, we examined the WD binary candidates in the dashed red line region, and their spectra do not exhibit the spectral features of MS stars. This was expected, since this region serves only as an initial selection of WD+MS candidates and could also include double WDs.
4 Zwicky Transient Facility photometry
The ZTF is a 48-in. (P48) Schmidt telescope used at the Palomar Observatory for time-domain surveys. With a field of view of 47 deg2, it can scan the entire visible northern sky (with a declination greater than −28°) at a rate of approximately 3750 square degrees per hour (Dekany et al. 2020; Graham et al. 2019; Masci et al. 2019). ZTF can achieve a 5σ S/N limit of about 20.8 mag in the g band, 20.6 mag in the r band, and 20.2 mag in the i band with 30-s exposures.
We crossmatched the obtained binary star candidates with ZTF DR161 and used a Lomb–Scargle (LS) periodogram analysis to calculate the periods of the corresponding light curves. In the end, we identified two targets with clear periodic variability: J151343.50+443436.40 and J003221.88+073934.30. J003221.88+073934.30 was certified by Rebassa-Mansergas et al. (2010) as being a WD+MS binary system. Table 2 shows the information for these two targets. Based on the light curves, we believe that these two stars may both be WD+MS binary systems and that the variability may be caused by a reflection effect rather than ellipsoidal distortion. Faigler & Mazeh (2011) conducted research to estimate the modulation amplitude expected from ellipsoidal effects and reflection. The observed modulation amplitude is more consistent with a reflection effect, and larger than expected from ellipsoidal effects alone.
The variability may be caused by the ellipsoidal distortion of the other MS sub-star. Since WDs are relatively small and dense, they are not easily distorted. The amplitude of the distortion depends on the degree of ellipsoidal distortion, with larger amplitudes corresponding to greater distortion. Additionally, the magnetic field of the WD also has some influence. In Fig. 5, the green triangle and the black pentagon, respectively, indicate their locations on the HRD. Figures 6 and 7 show the power spectra and light curves of two binary candidates with apparent periods. Figure A.5 shows the spectra of these two systems.
	[image: thumbnail]	Fig. 7 Power spectrum and phase folding diagram of WDJ003221.88+073934.30. This is consistent with Fig. 6.



Table 2 
Parameters of the two systems with the measured orbital period.

5 Conclusions
In this work, we aimed to find DWD binary candidates based on RV variations. We used DA WD data from SDSS DR14 provided by Kepler et al. (2019) to filter out about 4000 targets with multiple spectroscopic observations. Their RVs were calculated by the CCF method, and the targets with log P < −3.0 were selected as DWD binary candidates according to the screening criteria of Maxted et al. (2000), Napiwotzki et al. (2020), Geier et al. (2022). Finally, 65 highly plausible DWD binary candidates were obtained, and 56 were newly identified candidates.
We compared the physical parameters of the DWD binary candidates and the total sample of WDs, and found that DWD binary candidates have two peaks in the mass distribution: one is 0.45 M⊙, which is lower than the peak mass of the total sample of WDs, and the other is 0.58 M⊙, which is consistent with the total sample of WDs. We further divided the DWD sample into two parts using 0.45 M⊙ as the limit and found a higher proportion of low-mass DWD binary candidates, in agreement with the findings of the ESO VLT data of Napiwotzki et al. (2020). The proportion of low-mass DWD binary candidates among the DA WDs is 6.0%, while the proportion of high-mass DWD candidates is 1.0%. We plotted the two parts of the DWD sample divided according to the mass on the HRD.
Finally, we crossed the candidate data with ZTF data and used LS to find the light curve period. We looked for two discovered targets with significant periods and calculated their periods. Based on the light curves, we believe that they are both more likely to be WD+MS binary systems.
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Appendix A  Additional material
	[image: thumbnail]	Fig. A.1 CCF curves of 100 simulated spectra (black line) and CCF curves of observed spectra (red line).



	[image: thumbnail]	Fig. A.2 S/N of spectra vs. RV uncertainties of the WDs.



	[image: thumbnail]	Fig. A.3 Histogram displaying the number of targets at different log p values, with the bar chart in the top left corner showing the distribution of targets within the log p < −3.0 range.



	[image: thumbnail]	Fig. A.4 Cumulative distribution functions of log P. The solid red line represents low-mass WDs; the black dashed line represents high-mass WDs.



	[image: thumbnail]	Fig. A.5 Spectra of the two systems with period: J151343.50+443436.40 and J003221.88+073934.30.



Table A.1 
log p for the DA DWD binary candidates
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In the text



	[image: thumbnail]	Fig. 4 Histograms of Teff, log g, and mass (solid black line representing all the WDs; dashed red line representing the WD binary candidates) and the distribution of log Teff and log g (red dots representing WD binary candidates; 2D histogram representing all the WDs).
In the text



	[image: thumbnail]	Fig. 5 Distribution of the WD binary candidates and the sample of general WDs on HRD (BP-RP vs. absolute G). WD binary candidates less than 0.45 M⊙ are represented by red dots, WD binary candidates greater than 0.45 M⊙ by blue dots, and the total sample of DA WDs by black dots. DWD J151343.50+443436.40 is represented by a green triangle and WDMS J003221.88+073934 by a black pentagon. The solid black line shows a color-cut and absolute magnitude selection scheme for searching for WDs using Gaia data proposed by Gentile Fusillo et al. (2019). The dashed red lines show the selection scheme for searching for WDMS candidates based on Gaia EDR3 data by Rebassa-Mansergas et al. (2021).
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In the text



	[image: thumbnail]	Fig. A.1 CCF curves of 100 simulated spectra (black line) and CCF curves of observed spectra (red line).
In the text



	[image: thumbnail]	Fig. A.2 S/N of spectra vs. RV uncertainties of the WDs.
In the text



	[image: thumbnail]	Fig. A.3 Histogram displaying the number of targets at different log p values, with the bar chart in the top left corner showing the distribution of targets within the log p < −3.0 range.
In the text



	[image: thumbnail]	Fig. A.4 Cumulative distribution functions of log P. The solid red line represents low-mass WDs; the black dashed line represents high-mass WDs.
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      Fig. 1 
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        Spectrum normalization and CCF curve. 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 CCF curve, and the red dashed line shows the RV value.

      

    

  
    
      Fig. 2 
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        Normalized spectra of the generated 100 simulated spectra (gray line) and the normalized spectra of the observed spectra (red line).

      

    

  
    
      Fig. 3 
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        Distributions of RV differences between two epochs of the same WDs, scaled down by [image: equation], along with Gaussian fits to the distributions (dashed red lines), for pairs of measurements having pair-averaged calculated RV fitting errors of 5–20 km s−1 (left), 20–35 km s−1 (centre), and 35– 50 km s−1 (right). The distributions appear Gaussian with a σ close to the expected value. This alignment indicates the reliability of the calculated RV errors.

      

    

  
    
      Table 1 

      RVs of all DA WDs.

      
        


	SDSS16
	RA
	Dec
	rv
	rv_err
	Plate
	MJD
	Fiberid





	SDSS J000357.63-004939.2
	0.99
	−0.828
	94
	34
	686
	52519
	297



	SDSS J000357.63-004939.2
	0.99
	−0.828
	67
	33
	387
	51791
	5



	SDSS J001038.80-003241.7
	2.662
	−0.545
	−18
	60
	388
	51793
	74



	SDSS J001038.80-003241.7
	2.662
	−0.545
	−71
	26
	7862
	56984
	49



	SDSS J001339.10+001924.9
	3.413
	0.324
	4
	6
	686
	52519
	630



	SDSS J001339.10+001924.9
	3.413
	0.324
	31
	21
	687
	52518
	435



	SDSS J001339.10+001924.9
	3.413
	0.324
	5
	2
	389
	51794
	431



	SDSS J001556.07-000515.3
	3.984
	−0.088
	−64
	30
	389
	51794
	493



	SDSS J001556.07-000515.3
	3.984
	−0.088
	−64
	32
	7864
	56979
	391



	SDSS J002040.09+001105.9
	5.167
	0.185
	63
	44
	390
	51816
	423





      

    

  
    
      Fig. 4 
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        Histograms of Teff, log g, and mass (solid black line representing all the WDs; dashed red line representing the WD binary candidates) and the distribution of log Teff and log g (red dots representing WD binary candidates; 2D histogram representing all the WDs).

      

    

  
    
      Fig. 5 
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        Distribution of the WD binary candidates and the sample of general WDs on HRD (BP-RP vs. absolute G). WD binary candidates less than 0.45 M⊙ are represented by red dots, WD binary candidates greater than 0.45 M⊙ by blue dots, and the total sample of DA WDs by black dots. DWD J151343.50+443436.40 is represented by a green triangle and WDMS J003221.88+073934 by a black pentagon. The solid black line shows a color-cut and absolute magnitude selection scheme for searching for WDs using Gaia data proposed by Gentile Fusillo et al. (2019). The dashed red lines show the selection scheme for searching for WDMS candidates based on Gaia EDR3 data by Rebassa-Mansergas et al. (2021).

      

    

  
    
      Fig. 6 
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        Power spectrum light curve and phase folding diagram of J151343.50+443436.40. The middle and bottom panels show the ZTF r-band and g-band folded light curves, respectively. The gray dots represent the folded light curves of all data. The red dots show the averaged light curve with data points averaged every 0.05 phase bins.

      

    

  
    
      Fig. 7 
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        Power spectrum and phase folding diagram of WDJ003221.88+073934.30. This is consistent with Fig. 6.

      

    

  
    
      Table 2 

      Parameters of the two systems with the measured orbital period.

      
        


	RA
	Dec
	Mass
	e_Mass
	Δ mag
	Period (days)
	Plate-MJD-Fiberid
	RVs
	e_RVs





	J151343.50+443436.4



	
	
	
	
	
	
	6040-56101-0483
	−23
	20



	228.431
	44.577
	0.453
	0.011
	0.083
	0.111
	8519-58198-809
	−66
	10



	
	
	
	
	
	
	1677-53148-535
	52
	10


 
	




	J003221.88+073934.3



	
	
	
	
	
	
	2312-53709-392
	−25
	24



	8.091
	7.660
	0.452
	0.008
	0.080
	0.182
	4539-55865-0933
	−147
	10





      

    

  
    
      Fig. A.1 
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        CCF curves of 100 simulated spectra (black line) and CCF curves of observed spectra (red line).

      

    

  
    
      Fig. A.2 
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        S/N of spectra vs. RV uncertainties of the WDs.

      

    

  
    
      Fig. A.3 
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        Histogram displaying the number of targets at different log p values, with the bar chart in the top left corner showing the distribution of targets within the log p < −3.0 range.

      

    

  
    
      Fig. A.4 
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        Cumulative distribution functions of log P. The solid red line represents low-mass WDs; the black dashed line represents high-mass WDs.

      

    

  
    
      Fig. A.5 
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        Spectra of the two systems with period: J151343.50+443436.40 and J003221.88+073934.30.

      

    

  
    
      Table A.1 

      log p for the DA DWD binary candidates

      
        


	WDname
	ra
	dec
	num
	logp





	SDSS J080405.14+394436.0
	121.021
	39.743
	2
	−3.157



	SDSS J032727.52+001252.6
	51 865
	0.215
	3
	−3.750



	SDSS J082042.74+303025.0
	125.178
	30.507
	2
	−10.053



	SDSS J122143.98+590747.72
	185.433
	59.13
	3
	−3.145



	SDSS J150045.41+475245.6
	225.189
	47.879
	2
	−3.062



	SDSS J112319.63+445045.5
	170.832
	44.846
	2
	−3.316



	SDSS J153159.08+384513.9
	232.996
	38.754
	2
	−10.185



	SDSS J164925.65+310932.4
	252.357
	31.159
	2
	−15.654



	SDSS J004022.87-002130.15
	10.095
	−0.358
	2
	−4.819



	SDSS J011933.52+261610.6
	19.89
	26.27
	5
	−4.833



	SDSS J013441.75-095801.8
	23.674
	−9.967
	2
	−11.580



	SDSS J074024.13+202936.9
	115.101
	20.494
	2
	−3.268



	SDSS J100827.62+291231.9
	152.115
	29.209
	2
	−5.615



	SDSS J001000.93+254826.1
	2.504
	25.807
	4
	−5.572



	SDSS J073025.39+410153.8
	112.606
	41.032
	2
	−3.444



	SDSS J152041.95+495140.8
	230.175
	49.861
	2
	−7.251



	SDSS J002806.49+010111.9
	7.027
	1.02
	4
	−3.195



	SDSS J084518.24+012659.6
	131.326
	1.45
	2
	N/A6



	SDSS J084531.67+011551.4
	131.382
	1.264
	2
	−9.415



	SDSS J113530.47-011927.5
	173.877
	−1.324
	2
	N/A



	SDSS J113941.31-004009.6
	174.922
	−0.669
	4
	−9.255



	SDSS J135647.66+014448.3
	209.199
	1.747
	2
	−9.254



	SDSS J141816.63-020815.8
	214.569
	−2.138
	3
	−10.293



	SDSS J144108.42+011019.9
	220.285
	1.172
	3
	−4.397



	SDSS J144351.30+010420.03
	220.964
	1.072
	3
	−3.901



	SDSS J154717.12+232111.1
	236.821
	23.353
	2
	−7.197



	SDSS J160346.36+204018.1
	240.943
	20.672
	2
	−5.179



	SDSS J075501.74+220127.7
	118.757
	22.024
	3
	−3.848



	SDSS J075507.47+234316.6
	118.781
	23.721
	4
	N/A



	SDSS J080743.57+442148.02
	121.932
	44.363
	3
	−7.101



	SDSS J163627.50+260832.6
	249.115
	26.142
	2
	−3.055



	SDSS J011526.98+160445.2
	18.862
	16.079
	2
	−3.614



	SDSS J093251.82+043424.41
	143.216
	4.573
	2
	−3.101



	SDSS J101312.71+040514.1
	153.303
	4.087
	5
	−3.704



	SDSS J142002.93+043903.6
	215.012
	4.651
	2
	−4.507



	SDSS J154640.17+135529.2
	236.667
	13.925
	2
	−3.749



	SDSS J165226.16+323239.2
	253.109
	32.544
	3
	−4.100



	SDSS J222903.69+122928.6
	337.265
	12.491
	2
	−4.341



	SDSS J084907.26+113925.6
	132.28
	11.657
	2
	−4.428



	SDSS J090129.26+472831.8
	135.372
	47.476
	3
	−3.069



	SDSS J091601.87+200758.0
	139.008
	20.133
	2
	−3.119



	SDSS J092345.59+302804.91
	140.94
	30.468
	3
	−4.845



	SDSS J094200.05+312920.2
	145.5
	31.489
	3
	−5.251



	SDSS J094747.41+244413.5
	146.948
	24.737
	2
	−4.493



	SDSS J095711.72+293459.9
	149.299
	29.583
	2
	−3.474



	SDSS J161239.11+091548.8
	243.163
	9.264
	2
	−3.153



	SDSS J163338.88+303041.7
	248.412
	30.512
	2
	−4.080



	SDSS J012152.21+274849.0
	20.468
	27.814
	2
	−3.175



	SDSS J102102.85+200152.6
	155.262
	20.031
	3
	−6.312



	SDSS J111703.61+220631.5
	169.265
	22.109
	2
	−15.353



	SDSS J113845.28+191952.5
	174.689
	19.331
	2
	−3.469



	SDSS J123635.60+280829.8
	189.148
	28.142
	2
	−5.874



	SDSS J134422.63+271009.7
	206.094
	27.169
	3
	−15.955



	SDSS J134920.67+273508.3
	207.336
	27.586
	2
	−8.296



	SDSS J144823.68+444344.3
	222.099
	44.729
	2
	−3.777



	SDSS J231511.53+145131.6
	348.798
	14.859
	2
	−5.589



	SDSS J114529.71+663138.0
	176.374
	66.527
	2
	−6.691



	SDSS J132232.12+641545.84
	200.634
	64.263
	2
	−15.051



	SDSS J235636.09+233858.5
	359.15
	23.65
	2
	−4.607



	SDSS J120332.33+474206.7
	180.885
	47.702
	3
	−8.422



	SDSS J130820.80+001330.2
	197.087
	0.225
	2
	−4.811



	SDSS J090730.65+381754.0
	136.878
	38.298
	4
	−6.520



	SDSS J100712.45+400704.3
	151.802
	40.118
	3
	−3.548



	SDSS J104854.17+354644.1
	162.226
	35.779
	2
	−5.890



	SDSS J143633.29+501026.81
	219.139
	50.174
	2
	−6.505





      

      
(1)ELM DWD ((Brown et al. 2010))


(2)DA+DB/DC ((Tremblay et al. 2011))


(3)DWD ((Breedt et al. 2017))


(4) DWD ((Brown et al. 2011)


(5)DWD ((Maoz & Hallakoun 2017)


(6)When P is very small, close to 0, it goes to infinity when taking the logarithmic value with PYTHON, which we denote with N/A in the text.
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