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ABSTRACT

We present the results of a search for deeply-eclipsing white dwarfs in the ZTF Data Release 4.
We identify nine deeply-eclipsing white dwarf candidates, four of which we followed up with
high-cadence photometry and spectroscopy. Three of these systems show total eclipses in the
ZTF data and our follow-up APO 3.5-meter telescope observations. Even though the eclipse
duration is consistent with sub-stellar companions, our analysis shows that all four systems
contain a white dwarf with low-mass stellar companions of ~ 0.1 M. We provide mass and
radius constraints for both stars in each system based on our photometric and spectroscopic
fitting. Finally, we present a list of 41 additional eclipsing WD+M candidates identified in a
preliminary search of ZTF DR7, including 12 previously studied systems. We identify two
new candidate short-period, eclipsing, white dwarf-brown dwarf binaries within our sample
of 41 WD+M candidates based on PanSTARRS colors.

Key words: binaries: eclipsing — stars: white dwarfs — stars: low-mass — stars: brown dwarfs

1 INTRODUCTION

Because white dwarfs are compact objects with typical radii
~ 0.01 Re, their stellar and sub-stellar companions can cause
significant eclipses. Such eclipses can be identified in large scale
photometric surveys that are deep enough to detect a significant
number of white dwarfs. For example, Vanderburg et al. (2015,
2020) used data from the Kepler K2 mission and the Transiting
Exoplanet Survey Satellite (TESS) to discover ~ 50% eclipses due
to a disintegrating minor body around WD 1145+017 and grazing
eclipses of a candidate giant planet around WD 1856+534. Sim-
ilarly, Parsons et al. (2017) used Kepler K2 data to identify two
eclipsing binaries containing white dwarfs with cool companions§,
including the total eclipse of the white dwarf + brown dwarf system
SDSS J1205-0242.

The Zwicky Transient Facility (ZTF; Bellm et al. 2019; Masci
et al. 2019), in combination with the large number of white dwarfs
identified through Gaia parallaxes (Gentile Fusillo et al. 2019,
2021), provides an excellent opportunity to identify variable white
dwarfs (e.g., Vanderbosch et al. 2020; Guidry et al. 2021). Burdge
et al. (2020a,b); Coughlin et al. (2020) and van Roestel et al. (2021)
used ZTF data to identify 22 binary systems with orbital periods
less than an hour, including nine eclipsing detached binaries. Eclipse
depths range from a few percent to almost 100% in eclipsing double
white dwarf systems currently known (e.g., Steinfadt et al. 2010;
Brown et al. 2011; Kilic et al. 2014; Hallakoun et al. 2016; Brown
etal. 2017; Burdge et al. 2020a). van Roestel et al. (2021) expanded
this search to deeply-eclipsing white dwarfs and identified the 10
hour period eclipsing white dwarf + brown dwarf ZTF J0038+2030.

© 2022 The Authors

There are ~ 10 short period, detached white dwarf + brown
dwarf binaries known (Hogg et al. 2020, and references therein),
but only four are eclipsing (Beuermann et al. 2013; Parsons et al.
2017; Casewell et al. 2020; van Roestel et al. 2021). The deeply-
eclipsing white dwarfs with stellar or sub-stellar companions offer
a unique opportunity to obtain high precision mass and radius mea-
surements of both components of the binary. These constraints are
especially valuable for unusual systems, or systems where there
are large discrepancies between the theoretical and observed radii
measurements, such as low-mass M dwarfs (e.g., Lépez-Morales
& Ribas 2005). Parsons et al. (2018) obtained model-independent
masses and radii for 23 M dwarfs in binaries with white dwarfs, and
found a large scatter in the M dwarf radii, with 75 percent of their
objects being up to 12 percent over-inflated. Kesseli et al. (2018)
argue that all fully convective M dwarfs are larger than model pre-
dictions by 13-18% for the lowest mass, 0.08 Mg < M < 0.18 Mg
M dwarfs.

Here we present the results from a search for deeply-eclipsing
white dwarfs in the ZTF Data Release 4. We identify nine deeply-
eclipsing white dwarfs and obtain follow-up spectroscopy and pho-
tometry of four of these systems with periods less than P ~ 3 h.
We show that all four systems with follow-up observations contain
low-mass M dwarf companions with M ~ 0.1 M. We discuss our
target selection in Section 2, our observations and analysis of each
object in Section 3, and discuss their fitted parameters and conclude
in Section 4.
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Figure 1. ZTF public DR4 light curves for the four deeply-eclipsing white dwarf binaries followed-up in this work. Each light curve has been phase-folded to
its most probable period, obtained through a box least squares period-finding algorithm Kovdcs, Zucker, & Mazeh (2002). Individual data points are colored
based on which filter they were measured in: green points used the ZTF g-band, red points used the ZTF r-band, and orange points used the ZTF i-band. Data
across all filters have been median combined to the median value of the ZTF g-band filter.

2 TARGET SELECTION

Gentile Fusillo et al. (2019) identified 486,641 white dwarf candi-
dates using Gaia Data Release 2 photometry and astrometry. Their
catalogue is up to 85% complete for white dwarfs brighter than
G = 20 mag and with T > 7000 K at Galactic latitudes |b| > 20°.
We queried the ZTF Data Release 4 public data archive for all light
curves within 5”” of each of these 486,641 targets. Our relatively
large search radius ensures that high proper motion objects are not
lostin the ZTF search. We exclude objects with fewer than 27 epochs
and remove photometry flagged as bad in ZTF. Because the ZTF
astrometry algorithm assigns different object IDs to the same object
in different filters, and occasionally the same object in the same
filter, we combine data for objects within 2.5”” of one another and
normalize their magnitudes to their median ZTF g-band magnitude,
or their median ZTF r-band magnitude if the ZTF g-band data is not
available. By combining the light curves across multiple filters, we
increased the temporal sampling for each light curve and improve
our ability to detect variability in each light curve.

Our query returned a total of 230,870 combined light curves,
some of which are of nearby field stars, unrelated to the white dwarfs
in our target list, due to our relatively large search radius. Finally,
because we are specifically searching for deeply-eclipsing systems,
we require that each light curve has at least seven 40 or five 50
deviant points from the its quiescent level, defined as the object’s
light curve after performing three iterations of 30 clipping around
its median magnitude value. Our final sample included 2498 light
curves with magnitudes between 12.8 mag and 20.8 mag (median
18.6 mag) and between 88 and 5740 epochs (median 927 epochs).

3 PERIOD SEARCH RESULTS

We used a box least squares (BLS; Kovics, Zucker, & Mazeh
2002) period finding algorithm to search for deeply-eclipsing
white dwarf binaries with periods between P, = 5 min and
Pmax = 11.9 h within our sample of 2498 light curves from
the ZTF Data Release 4 (DR4) public data archive. Because the
BLS algorithm favors sharp ingress and egress features, it is ide-
ally suited for finding deeply-eclipsing white dwarfs. Our BLS
algorithm assigned 200 bins to each light curve and fit a box-
shaped eclipse with total duration equal to 0.1% to 12.5% of

the orbital period. Our BLS search identified nine such bina-
ries. We present our follow-up analysis to four of these binaries
with periods less than P = 3 h: ZTF J164441.1946+243428.2112
(J1644+2434), ZTF J174424.7141+390215.6653 (J1744+3902),
ZTF J184434.39784485736.5063 (J1844+4857), and ZTF
J221226.9672+534750.6967 (J2212+5347).

Figure 1 shows the phase-folded ZTF DR4 light curves of
these four systems with periods ranging from 1.4 h to 2.7 h. All
four systems show ~ 5 min long eclipses, consistent with low-mass
M dwarf, brown dwarf, or massive giant planet companions (see
Rappaport et al. (2021) for a discussion on the minimum allowed
orbital period of H-rich bodies of varying mass). The eclipse bottom
is not detected for any of the targets in the ZTF g-band data, but it
is detected in the 7- and i-bands for J1844+4857. The eclipse depth
is much shallower in the i-band for J1844+4857, indicating that the
companion contributes significant flux in the i-band. J1744+3902
shows a significant reflection effect, confirming that it has a rela-
tively cool companion.

Three of these systems, J1644+2434, J1844+4857, and
J2212+5347, were independently identified as eclipsing white
dwarfs by Keller et al. (2022) in a similar box least squares search for
short-period white dwarf binaries in the ZTF DR3 archive. However,
the authors did not provide any follow-up observations or detailed
light curve analysis of these systems.

4 FOLLOW-UP OBSERVATIONS AND DATA ANALYSIS
4.1 Spectroscopy

We used the Apache Point Observatory 3.5-meter telescope’s Dual
Imaging Spectrograph (DIS) with the B400 + R300 gratings and
a 1.5” slit to obtain spectroscopy of J1644+2434 and J1744+3902
on UT 2021 April 09. The blue and red channels provide spectral
resolutions of 5.2 and 6.4 A over the wavelength ranges 3400 — 5500
and 5500 — 9200 A, respectively. We obtained a single exposure of
1600-1800 seconds for each object.

We obtained time-series spectroscopy of J1844+4857 and
J2212+5347 using the 6.5-meter MMT with the Blue Channel Spec-
trograph. We operated the spectrograph with the 832 lines mm~!
grating in second order and a 1.25" slit, providing wavelength cov-
erage from 3600 A to 4500 A and a spectral resolution of 1.25

MNRAS 000, 1-12 (2022)
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Figure 2. The APO 3.5m (top two panels) and the 6.5m MMT (bottom two panels) optical spectra for the four deeply eclipsing WD binaries identified in this

work.

A. We obtained eight back-to-back spectra of J1844+4857 on UT
2021 June 16 with five additional spectra obtained on June 18. For
J2212+45347, we obtained 27 spectra spread across four nights on
UT 2020 December 9, 12, 15, and 16.

Figure 2 shows the APO and MMT spectra of our four deeply-
eclipsing white dwarfs. All four systems are confirmed to contain
DA white dwarfs, with no obvious features from their companions
in their blue spectra. J2212+5347 is the only object to show a
photospheric Ca K absorption line.

Because the cool companions do not contribute significantly
to the blue spectrum of these systems, we performed spectroscopic
fitting to the blue-optical data using a grid of pure-hydrogen white
dwarf model atmospheres and obtain best-fitting atmospheric pa-
rameters T and log g for each white dwarf. The details of our
fitting procedure are described in Gianninas et al. (2014). Our best-
fitting models are over-plotted onto the Balmer lines of our observed
spectra in Figure 3. We add in quadrature the external uncertainties
of o7y » 1.2% and 01pg ¢ ~ 0.038 dex from Liebert, Bergeron, &
Holberg (2005) to our presented results.

We obtained radial velocity measurements for each of our spec-
tra for J1844+4857 and J2212+5347 using the cross-correlation fit-
ting package rRvsao (Kurtz & Mink 1998) within 1IRAF. We created
a zero-velocity summed spectrum for each object and use these
high signal-to-noise summed spectra as templates for our cross-
correlation. We applied barycentric correction to the resulting ra-
dial velocity measurements of each individual spectrum. Our radial
velocity measurements for both J1844+4857 and J2212+5347 are
presented in Table 1. We fit a circular orbit to our radial velocity
measurements for each object using a Monte Carlo approach based
on Kenyon & Garcia (1986) to obtain measurements of the velocity
semi-amplitude for each system.

4.2 High-cadence Photometry

We obtained follow-up high-speed photometry for all four targets
using the Apache Point Observatory 3.5-meter telescope’s frame
transfer camera, Agile (Mukadam et al. 2011). We binned the CCD
by 2 x 2, which resulted in a plate scale of 0.258 arcsec pixel_l. We
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Figure 3. Pure-hydrogen single white dwarf model atmosphere fits to the
four deeply-eclipsing white dwarfs presented in this work. The region sur-
rounding the Calcium absorption feature at A ~ 3933 Angstrom is masked
from our fits for J2212+5347. Best-fit uncertainties include the external un-
certainties of OTy & 1.2% and Tlogg ~ 0.038 dex from Liebert, Bergeron,
& Holberg (2005) added in quadrature. Best-fit parameters shown here have
not been 3D corrected.

used the ZTF light curves to predict the eclipse times for each system
during our observing runs and observed them during those windows
to acquire dataright before, during, and after an eclipse. We obtained
broadband BG40 photometry of J1644+2434 on UT 2021 April 3
and 4, covering an eclipse on each night. Similarly, we obtained
SDSS r-band photometry of J1744+3902 on UT 2021 April 3 and 4
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and i-band photometry on UT 2021 April 9, covering an eclipse in
each filter/night. Given the relatively short orbital period of 1.7 h for
J1844+4857, we were able to observe two consecutive eclipses in
the BG40 filter on UT 2021 April 4. Finally, for our shortest period
system, J2212+5347, we obtained 380 minutes of continuous BG40
filter photometry on UT 2020 December 7.

We used 1raF (Tody 1986) to perform forced photometry using
a varying aperture size based on the average PSF size of each
image. We used relatively bright sources in the Agile field-of-view
to calibrate the photometry for each source. We performed light
curve fitting to our follow-up APO light curves using JKTEBOP
(Southworth 2013).

For J1644+2434 and J1744+3902, which do not have radial ve-
locity constraints, we fit for the orbital inclination and the sum and
ratio of the fractional component radii, defined as the stellar radii
divided by the orbital separation (r = R/a). We used gravity dark-
ening and quadratic limb darkening coefficients from Claret et al.
(2020) for DA white dwarfs based on the atmospheric T.g and log g
values obtained from our spectroscopic fits. For the companion, we
used a gravity darkening coefficient from Claret (2017) and linear
limb darkening coefficients of Claret, Hauschildt, & Witte (2012)
for a Tog = 3000 K log g = 5.00 low mass stellar object. We allow
the limb darkening coefficients to vary within = 10% of their initial
values to account for the uncertainty in our stellar parameters. We
converted the ugr-band coefficients into BG40 coefficients using
equation 3 in Hallakoun et al. (2016) when fitting our BG40 light
curves. We performed 10,000 Monte Carlo fits to the light curves
with initial parameters based on typical low-mass stellar radii val-
ues combined with our white dwarf parameters obtained through
spectroscopy.

For J1844+4857 and J2212+5347, we make use of our radial
velocity constraints and follow the methods of Parsons et al. (2017)
to estimate the component radii, orbital separation, orbital inclina-
tion, and companion mass. In short: we performed Monte Carlo fits
to our light curves using JKTEBOP with fixed inclination, ranging
from 75° to 90° in steps of 1°, fitting for the fractional component
radii. We then used our radial velocity constraints to estimate the
companion mass at each fitted inclination and compared our results
with the low mass stellar models of Baraffe et al. (2015) for various
system ages. In each case, the low mass stellar models highlight
a single inclination as the most-probable inclination of the binary.
Finally, we performed 10,000 additional Monte Carlo fits for the
stellar fractional component radii and orbital inclination, allowing
the inclination to vary from this most-probable initial value. We used
the quadratic limb darkening coefficients from Claret et al. (2020)
for the white dwarf primary and the linear limb darkening coeffi-
cients from Claret (2017) for the low-mass stellar companion. We
allow our limb darkening coefficients to vary within = 10% of their
initial values to account for the uncertainties in our stellar param-
eters, with the exception of the linear coefficient to the companion
of J2212+5347 due to our fits failing to converge on physical so-
lutions with variable companion limb darkening enabled. Through
this method, we estimated the mass and radius of the low-mass
stellar companions, based on the Baraffe et al. (2015) models, our
radial velocity measurements, and our eclipse fitting.

5 BINARY PARAMETERS AND RESULTS
5.1 ZTF J164441.1946+243428.2112

J1644+2434 is a DA white dwarf in a binary with a low-mass stellar
companion with orbital period P = 115.35 min. Spectroscopic
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Figure 4. Top: Corner plot showing the 1D parameter distributions for our
10,000 Monte Carlo fits to the APO BG40 light curve of J164442434 on the
diagonal and the 2D distributions on the off-diagonal. Bottom: APO BG40
light curve for J1644+2434 (black) with the best-fit model over-plotted in
red.

fits suggest atmospheric parameters Tog = 14,900 = 760 K and
logg = 7.89 + 0.14 for the primary star, corresponding to a white
dwarf with Mwp = 0.55 +0.07 M and Rwp = 0.014 £0.001 R
based on the cooling sequences! of Bédard et al. (2020).

Our fits to the BG40 broadband light curve return most-
probable parameters rg +rs = 0.201f%'%%§, :—ﬁ = 4.2*07 and
i = 83.6 £ 0.9°. We present our resulting parameter distributions
with their most-probable values and 1o uncertainties in Figure
4. Combined with the model-dependent white dwarf radius ob-
tained through spectroscopic fits, we calculated the companion ra-
dius Ry = 0.06+0.01 R and orbital separation a = 0.36+0.07 R.
However, since we do not detect the eclipse minimum, our parame-
ter estimates act as limits to their true values, which depend strongly
on both the depth of eclipse and the shape of the ingress and egress
features. An increase in inclination would result in a corresponding
decrease in companion radius or increase in orbital separation, a.
Given the unusually small companion radius compared to low-mass
stellar models, it is likely that our fitted inclination is an upper limit
while the companion fractional radius is a lower limit. A deeper
eclipsing light curve is required to obtain more precise estimates of
the stellar parameters in this binary.

We estimated the mass of the companion by fitting the avail-
able PanSTARRS SED with a composite model containing a pure-
hydrogen white dwarf with parameters based on our spectroscopic
fit and the low-mass stellar object models of Baraffe et al. (2015).
Our best-fitting companion mass is My sgp = 0.084t8'88‘§ Mo,
placing the companion near the Hydrogen-burning limit at M =
73 ~ 81 Myypiter- We present our best-fit composite SED model for
J1644+2434 in Figure 5 (top).

5.2 ZTF J174424.7141+390215.6653

J1744+3902 is a nearby (dr = 241 +5 pc) eclipsing binary contain-
ing a DA white dwarf and a low-mass stellar companion with orbital

! https://www.astro.umontreal.ca/~bergeron/CoolingModels/

MNRAS 000, 1-12 (2022)
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Figure 5. Spectral energy distributions for two deeply-eclipsing white dwarf
binaries followed-up in this work, J1644+2434 (top) and J1744+3902 (bot-
tom). Black points represent measured fluxes in various bands. The blue
curve represents the SED of a single DA white dwarf using parameters
derived through our spectroscopic fitting. The red solid and dotted curves
represents the best-fitting composite SED and its uncertainty based on Gaia
eDR3 distances and Baraffe et al. (2015) low-mass stellar model colors.

period P = 161.97 min. Our fits to the blue-optical spectrum pro-
vide white dwarf atmospheric parameters Tog = 13, 830+360 K and
logg = 7.61 £ 0.07, corresponding to a white dwarf with Mwp =
0.41+0.03 Mg and Rwp = 0.017 +£0.001 R based on the cooling
sequences of Bédard et al. (2020) or Mywp He = 0.43+0.03 M and
Rwp He = 0.017 R based on He-core models of Althaus, Miller
Bertolami, & Cérsico (2013).

We obtained r- and i-band light curves of J1744+3902. Our r-
band light curve contains two primary eclipses obtained on separate
nights, while our i-band light curve contains only a single primary
eclipse. The most-probable fitted parameters for each filter agree
within one sigma. However, our i-band light curve is poorly-sampled
during the ingress and egress when compared to our r-band light
curve. We therefore use the r-band values when reporting the most-
probable parameters and their uncertainties. The most-probable
fitted parameters for J1744+3902 are rp + rq = 0.218 = 0.002,
% =82+02,andi = 87.2f%'go, corresponding to a companion
radius Ry = 0.14£0.01 R, in agreement with the low-mass stellar
models of Baraffe et al. (2015). We present these parameter distri-
butions and light curves for the r- and i-band data of J1744+3902 in
Figures 6 and 7, respectively. A higher signal-to-noise mid-eclipse
light curve with improved phase sampling is desired in order to
better constrain the companion’s physical parameters.

We used the available PanSTARRS SED to estimate the mass
of the companion to be M, = O.lth%%%g’ Mg, well above the
Hydrogen burning limit and in good agreement with the radius
estimate for a 7 = 5 Gyr, R = 0.141 + 0.008 R low-mass stellar
object estimated from our eclipsing light curve fits. Our SED fit to
J1744+3902 is presented in Figure 5 (bottom).

MNRAS 000, 1-12 (2022)
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Figure 6. Top: Corner plot showing the 1-D parameter distributions for our
10,000 Monte Carlo fits to the APO r-band light curve of J1744+3902 on
the diagonal and the 2-D distributions on the off-diagonal. Bottom: APO r-
band light curve for J1744+3902 (black) with the best-fit model over-plotted
in red.
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Figure 7. Top: Corner plot showing the 1-D parameter distributions for our
10,000 Monte Carlo fits to the APO i-band light curve of J1744+3902 on the
diagonal and the 2-D distributions on the off-diagonal. Bottom: APO i-band
light curve for J1744+3902 (black) with the best-fit model over-plotted in
red.

5.3 ZTF J184434.3978+485736.5063

J1844+4857 is a DA white dwarf in an eclipsing binary with a
low-mass stellar object with orbital period P = 104.64 min. Our
spectroscopic fits to the blue-optical spectrum return best-fitting
atmosphere parameters T = 18,040 +£ 320 K and logg = 7.61 +
0.06, corresponding to a white dwarf with Mywp = 0.43 £0.02 Mg
and Rwp = 0.017 £ 0.001 R based on the cooling sequences of
Bédard et al. (2020) or Mwp He = 0.45 £ 0.03 Mg and Rwp, He =
0.017 R based on He-core models of Althaus, Miller Bertolami,
& Corsico (2013).

We fit a circular orbit to the 13 radial velocity measurements of
J1844+4857. Due to the large radial velocity uncertainties caused
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Figure 8. Best-fitting circular orbit to J1844+4857. We fix the period at
the photometric value obtained from a baseline of over 800 days of ZTF
observations. Individual radial velocity measurements are presented in Table
1

by the binary’s relative faintness (G = 19.3 mag), we fixed the
orbital period at the photometric value P = 1.744 h, obtained from
a baseline of over 800 days of ZTF observations. Our best-fitting
model returns systemic velocity y = —38 + 14 km s~! and velocity
semi-amplitude K = 109 + 23 km s~!. We present the fitted radial
velocities for J1844+4857 in Figure 8. We used the binary mass
function to estimate the minimum companion mass M i = 155+
40 Myypiter» assuming inclination i = 90°. Despite the relatively
large uncertainties, the companion mass for J1844+4857 is clearly
well above the upper mass limit for sub-stellar objects of M =
73 Myypiter (Chabrier & Baraffe 1997).

Our eclipsing light curve fits to J1844+4857 suggest a primary

white dwarf radius Rwp = 0.0l67f%'%%g§ R@, companion radius

Rp = 0.184*0-000 R, and orbital inclination i = 76.3 + 0.5°,
corresponding to a companion mass My = 0.16 £ 0.04 Mg, with
uncertainties dominated by our relatively large uncertainty in the
radial velocity semi-amplitude. Figure 9 displays our fitted param-
eter values on a companion mass-radius plot using the low-mass
stellar models of Baraffe et al. (2015). These models suggest a true
inclination of iy ~ 76°. Our companion radius and orbital incli-
nation both agree within 1o of the low-mass stellar models, while
our white dwarf radius estimate agrees within 1o~ of our spectro-
scopic value. We present our fitted parameter distributions and light
curve in Figure 10 with most-probable parameter values and their
1o ranges printed above each 1D distribution.

We fit the available PanSTARRS SED of J1844+4857 to es-
timate its companion mass and confirm the mass obtained through
our combined radial velocity and eclipsing light curve fitting. Our
best-fitting composite model returns M, = 0.137’:%%%)(9) Mg as the
mass of the companion, in agreement with our estimate from radial
velocity and eclipsing light curve fitting.
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Figure 9. Companion radius vs. mass plot for J1844+4857. The black data
points mark the best-fitting JKTEBOP model light curve parameters to the
APO BG40 light curve of J1844+4857 for a fixed inclination. The low-mass
stellar models of Baraffe et al. (2015) for varying system ages are overplotted
as colored lines.
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Figure 10. Top: Corner plot showing the 1D parameter distributions for our
10,000 Monte Carlo fits to the APO BG40 light curve of J1844+4857 on the
diagonal and the 2D distributions on the off-diagonal. Bottom: APO BG40
light curve for J1844+4857 (black) with the best-fit model overplotted in
red.

5.4 ZTF J221226.9672+534750.6967

J2212+5347 is a nearby (dr = 195 +4 pc) eclipsing binary contain-
ing a low-mass DA white dwarf and a low-mass stellar companion
in a compact orbit with orbital period P = 84.01 min. Our spec-
troscopic fits to the blue-optical spectrum suggest a primary white
dwarf with atmospheric parameters T 9 = 9560 + 120 K and
log gg = 7.86 + 0.04. However, because cool white dwarfs return
systematically large surface gravity when fit with 1D models (see
Tremblay et al. 2011), we applied a 3D correction to our fitted
values based on the correction equations provided in Tremblay et
al. (2015), resulting in 3D-corrected values T = 9430 + 120 K
and logg = 7.56 + 0.04, corresponding to a white dwarf mass
Mwp = 0.38 £0.02 Mg and radius Rwp = 0.0169 + 0.0004 based
on the white dwarf cooling sequences of Bédard et al. (2020), or
Mwp He = 0.40 £ 0.02 Mg and Rye = 0.017 Rp based on the
He-core white dwarf models of Althaus, Miller Bertolami, & Cor-
sico (2013). Our best-fitting He-core solution suggests a distance
dye = 196 pc based on apparent magnitude and temperature mea-
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Object Name HID Radial Velocity Error
(—2450000 d) (km s~ (km s~

J1844+4857  9381.896673 -23.74 36.18
9381.905175 65.11 31.55
9381.913675 77.01 24.82
9381.922178 -11.66 27.05
9381.930686 -47.46 64.94
9381.939184 -159.47 42.53
9381.947686 -55.44 42.00
9381.956192 -156.77 58.82
9383.750346 -189.51 75.27
9383.758844 -146.40 52.36
9383.767346 -127.26 61.61
9383.794594 64.45 34.45
9383.806067 91.44 50.24

J2212+45347  9192.641711 -75.47 13.98
9192.646743 -114.66 16.15
9192.651777 -99.90 13.68
9192.656807 -105.96 14.24
9192.661835 -52.60 17.92
9192.666860 -8.11 16.05
9192.671886 -2.83 18.13
9192.676913 24.14 17.06
9192.682285 16.91 19.68
9192.688723 -8.18 16.37
9192.696543 -44.29 23.46
9195.652166 46.51 12.50
9195.659970 48.98 14.81
9195.668124 67.02 50.40
9198.644382 -30.09 29.73
9198.652949 -76.97 25.88
9199.597496 -113.44 14.12
9199.603251 -70.99 13.93
9199.608980 4.67 15.24
9199.614717 39.12 14.62
9199.620450 60.72 12.85
9199.626181 20.96 17.38
9199.631917 -0.69 12.54
9199.637655 -34.63 19.78
9199.643389 -100.21 14.21
9199.649134 -120.65 13.23
9199.654876 -104.55 14.16

Table 1. Radial velocity measurements of J1844+4857 and J2212+5347.

surements, in nearly perfect agreement with the distance based on
Gaia eDR3 parallax measurements d, = 195 + 4 pc.

We fit a circular orbit to the 27 radial velocity measure-
ments of J2212+5347 and obtained best-fitting orbital parame-
ters y = =33 +3 kms™!, K = 82.5+4 kms™!, and P =
1.4000 + 0.0001 h, corresponding to a minimum companion mass
My min = 95 £ 6 Myypiter (0.091 £ 0.006 Mp); well above the
mass limit for sub-stellar objects. Our best-fitting circular orbit for
J2212+45347 is presented in Figure 11. Our radial velocity measure-
ments are presented in Table 1.

Our eclipsing light curve fits to J2212+5347 suggest a primary
white dwarf radius Rwp = 0.019 + 0.001 R, companion radius
Rp =0.118 £ 0.006 R, and orbital inclination i = 80 + 1°, which
corresponds to a companion mass M» = 0.096+0.006 M. We dis-
play the companion mass-radius plot in Figure 12 with the Baraffe et
al. (2015) low-mass stellar models over-plotted for various compan-
ion ages. These models suggest that the true inclination is iy ~ 80°,
in good agreement with the inclination estimates from our eclips-
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Figure 11. Best-fitting circular orbit to J2212+5347. Individual radial ve-
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Figure 12. Companion radius vs. mass plot for J2212+5347. The black data
points mark the best-fitting JKTEBOP model light curve parameters to the
APO BG40 light curve of J2212+5347 for a fixed inclination. The low-mass
stellar models of Baraffe et al. (2015) for varying system ages are overplotted
as colored lines.

ing light curve fits. We present our fitted parameter distributions in
Figure 13.

We fit the PanSTARRS SED with a composite model SED to
estimate the companion mass and confirm our previous mass es-
timate. Our best-fitting composite model returns a most probable
companion mass M», SED = 0-087i%%%§ Mg. This SED mass es-
timate agrees within 1o~ with our estimates obtained through radial
velocity and eclipsing light curve fitting.

6 SUMMARY, CONCLUSIONS, AND FUTURE
PROSPECTS

We identified and followed-up four new deeply-eclipsing, short pe-
riod, white dwarf binaries with low-mass stellar companions using a
box least squares periodicity search of objects in the Gaia DR2 white
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11644+2434 1174443902 71844+4857 1221245347
Gaia ID (eDR3) 1300187622427241856  1343069434903597952  2119978952315202176  2004624931143291648
R.A. (J2000) 16:44:41.1946 17:44:24.7141 18:44:34.3978 22:12:26.9672
Decl. (J2000) +24:34:28.2112 +39:02:15.6653 +48:57:36.5063 +53:47:50.6967
Gaia G (mag) 19.1 17.8 19.3 183
Gaia Parallax (mas) 2.43£0.22 4.14 £ 0.09 1.26 £0.21 5.12+0.11
Period (min) 115.35 161.97 104.64 84.01
T (K) 14900 + 760 13830 + 360 18040 + 320 9430 + 120
log g (cgs) 7.89 +£0.14 7.61 £0.07 7.61 £0.06 7.56 +0.04
Mwp,co M) 0.55 +0.07 0.41 +0.03 0.43 £0.02 0.38 £0.02
Rwp (Ro) 0.014 + 0.002 0.017 + 0.001 0.017 + 0.001 0.017 + 0.001
RurRa > 0.201+0-008 0.218 +0.002 0.324 + 0.006 0.27+0.01
R 0.7 0.8
= > 4.2%0:7 8.2+0.2 11.0£0.8 6.1+0:8
Inclination (°) <83.6+0.9 87.2+98 76.3+0.5 801
a Rp) > 0.36 +0.07 0.72 +0.04 0.62 +0.02" 0.502 + 0.007"
Ra (Ro) 0.0167+9-900% 0.019 + 0.001
Rp Ro) > 0.06 +0.01 0.14 £0.01 0.184+0-004 0.118 +0.006
Mprv Mo) 0.16 £ 0.04 0.096 + 0.006
0.004 0.00¢ 0.010 0.00:
M sep (Mo) 0'0843)‘003 0'1213)_00(; 0'137tox)2)9 0'087t01)0§

Table 2. System parameters to the four WD+M binaries identified in this work. External atmospheric parameter uncertainties of or,; = 1.2% and oo ~
0.038 dex from Liebert, Bergeron, & Holberg (2005) have been added in quadrature with the systematic uncertainties from our spectroscopic fits. Spectroscopic
white dwarf masses are based on CO-core composition. Values marked with T were calculated using combined results from spectroscopic and light curve

fitting.
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Figure 13. Top: Corner plot presenting the distribution for each fitted param-
eter. The diagonal entries display the 1D distributions while the off-diagonal
entries display the 2D correlation plots between each fitted parameter. Me-
dian parameter values with 15.87 and 84.13 percentile uncertainties are
presented above each 1D distribution. Bottom: APO BG40 light curve for
J2212+5347 (black) with the best-fit model over-plotted in red.

dwarf catalogue of Gentile Fusillo et al. (2019) with data from ZTF
DR4. We fit our follow-up spectroscopy and determined the atmo-
spheric parameters for each white dwarf. We obtained high-speed
photometry of each system and place constraints on the companion
mass and radius using the low-mass stellar models of Barafte et al.
(2015). Finally, we used time-series spectroscopy, together with our
eclipsing light curve constraints, to obtain precise mass estimates
for two of our binaries, J1844+4857 and J2212+5347. We fitted the
available SED for each binary to place constraints on the masses
of the companions of the remaining two binaries, J1644+2434 and
J1744+3902, and confirm the companion masses for J1844+4857
and J2212+5347 obtained through radial velocity observations. We
present a summary of our numerical results in Table 2.

While we do obtain mass and radius estimates for each of our
binaries, we note that our estimates are dependent on low-mass stel-
lar models. Parsons et al. (2018) have shown that low-mass stellar
models in the mass ranges of our objects under-estimate the true
radius values by a few percent. Thus, our reported radii are poten-
tially underestimated by a few percent. Deeper eclipsing light curves
with better phase sampling are desired to obtain model-independent
estimates for the masses and radii of the companion stars in these bi-
naries. Additionally, phase-resolved spectroscopy surrounding the
Ha line for each of these binaries may show a reflected emission
component within the core of the Ha absorption line which would
provide an independent method to confirm the mass ratio of the
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binary through the ratio of velocity semi-amplitudes (see Parsons
etal. 2017).

Finally, we performed a preliminary search for similar systems
within ZTF DR7 using the updated Gaia eDR3 white dwarf cata-
logue of Gentile Fusillo et al. (2021) as a base with the same BLS
period-finding algorithm described above. Our preliminary search
yields an additional 41 similar deeply-eclipsing light curves with
periods ranging from P = 1.4 — 15.9 h, including 12 previously
studied WD+M binaries, seven of which are known to be eclipsing.
We summarize these 41 additional eclipsing WD+M candidates in
Table 3. The continued study of these eclipsing WD+M binaries
will assist in expanding the work of Parsons et al. (2018) towards
identifying the cause and magnitude of over-inflation in low-mass
stellar objects and its potential relation to post-common-envelope
evolution.

6.1 Missed Eclipsing WD+BD Identifications

For the four previously studied eclipsing white dwarf + brown
dwarf (WD+BD) binaries, our period-finding algorithm identi-
fies ZTFJ0038+2030 (van Roestel et al. 2021) in the ZTF DR7
data archive, but assigns an incorrect period due to having only
four in-eclipse data points. Our algorithm rejects the light curves
of CSS21055 (Beuermann et al. 2013) and WD1032+011AB
(Casewell et al. 2020) due to the light curves having too few 40 or
5o deviant points and fails to identify SDSS J1205-0242 (Parsons
et al. 2017) due to its lack of public ZTF observations.

That our algorithm failed to identify two of the three known
eclipsing WD+BD binaries with public data in ZTF suggests that
other similar systems exist within the ZTF data archive of the Gen-
tile Fusillo et al. (2021) sample of Gaia eDR3 white dwarfs. A
more sophisticated algorithm with relaxed target cuts is thus re-
quired to identify these systems within the ZTF archive with more
completeness.

6.2 Two New Eclipsing White Dwarf + Brown Dwarf
Candidates

To identify any potential new WD+BD binaries within our WD+M
candidate list, we created a color-magnitude diagram using the
PanSTARRS (g — y) color and absolute g-band magnitude, through
the Gaia eDR3 parallax, for our 41 WD+M candidates. We present
our color-magnitude diagram in Figure 14. Open/closed black cir-
cles represent the 41 candidate/confirmed WD+M binaries pre-
sented in Table 3. The four new WD+M systems presented in this
work are marked as filled orange circles. We over-plot the 14 con-
firmed WD+BD binaries with blue star symbols. It is apparent that
the WD+BD binaries form a cluster of points at fainter magnitudes
and bluer colors due to the lack of near-IR contribution from their
sub-stellar companions.

Among our 29 candidate WD+M binaries, two ob-
jects stand out as likely eclipsing WD+BD binaries:
ZTF J110045.1473+521043.6242 (J1100+5210) and ZTF
J182848.7659+230838.0508 (J1828+2308). We present the ZTF
DR?7 light curves for both of these WD+BD candidates in Figure
15, phase-folded to the most-probable period determined through
our BLS period-finding algorithm. While the true eclipse depth of
J1828+2308 is unmeasured in ZTF, the light curve of J1100+5210
shows a weak reflection effect and an eclipse shape that suggests a
grazing-eclipse system geometry. Follow-up high-speed photome-
try and time-series spectroscopy observations are required to obtain
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Figure 14. Color-magnitude diagram using Gaia eDR3 parallax and Pan-
STARRS (g — y) color. Open/closed black circles represent the candi-
date/confirmed 41 WD+M binaries presented in Table 3. Blue stars repre-
sent the 14 confirmed white dwarf + brown dwarf binaries. We mark the
locations of two new short-period, eclipsing, white dwarf + brown dwarf
candidates. The four new eclipsing WD+M binaries presented in this work
are shown as filled orange circles.

estimates to the radii and masses for these systems. If confirmed,
such observations would bring the number of eclipsing WD+BD
binaries known to six from four, a small but significant increase.
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Gaia ID R.A. Decl. GaiaG  Gaia Parallax ~ BP-RP  ZTF Period Original Work

(eDR3) (J2000) (J2000) (mag) (mas) (mag) (h)

2857103195527412992 00:22:34.4830  +28:20:43.6224 18.78 1.73+£0.22 0.67 7.53

380585951271107968 00:33:35.3569  +39:17:06.5496 18.84 1.90 +0.24 0.16 5.99

380560941677424768 00:33:52.6285  +38:55:29.6483 18.34 1.19+0.17 -0.19 4.86

2858607774110350976 00:37:32.3001  +30:35:18.4958 18.77 2.09+0.19 0.66 8.56

364169452395186304 00:50:20.3997  +36:22:49.2657 18.00 3.36+0.13 0.82 6.66 L.
2584756467429594880E<SP  01:10:09.1576  +13:26:15.9011 16.71 3.66 +0.07 —-0.03 3.99 (Silvestri et al. 2006; Pyrzas et al. 2009)
320209019011329408 01:18:24.5125  +34:45:04.2501 19.59 1.40 +0.45 -0.17 1.97

353846172081048960 02:19:19.7793  +46:23:44.9523 19.73 1.58 +0.39 0.57 1.40

114286056089620096 02:48:53.2578  +24:50:32.3459  20.00 2.15+0.49 0.57 3.30

173280902235344640 04:29:55.3185  +34:47:34.0032 17.01 4.24 £0.10 0.70 7.37

502209190190665856 05:06:33.6633  +73:06:46.6020 18.62 1.34 +0.18 0.40 3.40

3352706275042496896 06:42:42.3970  +13:14:27.7701 18.31 3.77+0.20 0.86 4.11 L.
10356194537630039045 P 08:20:11.2288  +58:42:35.0730 18.42 3.77+0.14 0.86 8.18 (Liu et al. 2012)
661256399005907456E¢SP 08:38:45.8803  +19:14:15.9461 18.17 2.97 +0.17 0.36 3.12 (Heller et al. 2009; Parsons et al. 2013)
580790014913812608ESP 09:08:12.0396  +06:04:21.1104 17.07 3.71 +£0.09 0.57 3.59 (Silvestri et al. 2006; Parsons et al. 2013)
794184674743537152E¢SP 09:39:47.9218  +32:58:07.2437 17.79 2.37+0.12 0.07 7.94 (Silvestri et al. 2007; Parsons et al. 2013)
836510989033113472F 11:00:45.1473  +52:10:43.6242 18.53 1.57 +0.15 -0.24 1.61 S
1055977736185041024E¢SP 11:08:05.3914  +65:22:11.4435 18.50 1.93+0.16 0.21 7.70 (Silvestri et al. 2006; Rowan et al. 2019)
16804668099525085445P 12:39:03.0139  +65:49:34.3481 16.80 4.36 £ 0.05 0.74 15.89 (Silvestri et al. 2006)
1453111749770736256E ¢ 14:08:47.1691  +29:50:44.8266 18.64 1.85+0.18 0.10 4.60 (Parsons et al. 2013)
16685345275151164165P 14:12:20.7214  +65:41:23.3975 18.94 2.48+0.16 0.82 3.80 (Raymond et al. 2003)
16050990287847317765P 14:29:53.3992  +52:23:54.0114 19.48 2.11+£0.23 0.48 1.76 (Rebassa-Mansergas et al. 2016)
1486587588165368576 14:35:47.8471  +37:33:38.1632 17.03 5.44 +0.06 0.64 3.02 L.
1383821420340997248E¢5P  15:48:45.9939  +40:57:28.3554 18.20 4.66+0.10 0.65 4.45 (Silvestri et al. 2006; Pyrzas et al. 2009)
1702389319463842560 16:02:34.2133  +72:52:09.0725 17.60 5.80+0.07 1.02 4.84

1414195708232098688 17:13:36.4362  +49:07:38.7396  20.12 1.96 + 0.41 0.71 1.65

1438919253678919040 17:24:00.0579  +60:44:51.8733 20.03 1.45+0.47 0.30 2.13

4490536776397581312 17:25:23.9745  +08:46:39.2603 18.89 3.82+0.23 0.77 10.70

1633921248638338688 17:31:28.7554  +66:38:11.4812 19.94 1.48 +0.56 0.80 3.75

45294776986834352647 18:28:48.7659  +23:08:38.0508 18.00 4.91+0.10 -0.11 2.69

4198059364790247680 19:16:01.4188  -12:34:10.9754 19.22 2.66 +0.37 0.81 3.30

2025873096433233664 19:20:14.1420  +27:22:18.0851 15.56 5.22+0.03 0.31 3.58

2045226627079102848 19:36:07.5619  +31:55:06.5214 17.96 4.75+£0.10 0.51 4.19

2138404091435577216 19:36:19.9494  +54:09:20.6823 18.48 3.87+0.11 0.26 3.78

2238908319023604352 19:42:17.5053  +59:39:45.7374 19.82 1.38 +£0.31 0.81 6.64

1836736545022514560 20:06:41.3767  +27:28:50.7222 18.68 2.01+0.16 0.36 3.99

1805534569689099392 20:29:29.2711  +15:21:03.7944 18.11 3.03+0.15 0.70 3.31

1859639715829026432 20:49:48.5527  +31:11:52.1649 19.07 0.96 +0.24 0.56 2.21

1795836842772548224 21:50:37.0243  +23:40:00.1203 19.11 0.56 +0.31 0.17 6.39

2014898802148215424 23:08:28.5607  +61:25:37.3785 19.41 1.53 +0.25 0.85 5.60 S
19268137258900523525P 23:41:43.8924  +45:24:31.7063 18.03 2.40+0.11 -0.04 6.98 (Rebassa-Mansergas et al. 2010)

Table 3. Collection of the additional 41 eclipsing WD+M candidates identified in a preliminary ZTF DR7 search using box least squares periodicity search
on the Gentile Fusillo et al. (2021) Gaia eDR3 white dwarf catalogue. Previously studied systems are labelled with £¢ and/or SP if eclipsing light curve or
spectroscopic observations were obtained in their original works. The two targets marked with a T are potential eclipsing white dwarf + brown dwarf binaries
based on PanSTARRS (g — y) color and Gaia eDR3 parallax (see main text).

This research made use of Astropyz, a community-developed
core Python package for Astronomy.

REFERENCES

7 DATA AVAILABILITY

The data underlying this article will be shared on reasonable request
to the corresponding author.

2 http://www.astropy.org

Althaus L. G., Miller Bertolami M. M., Cérsico A. H., 2013, A&A, 557,
A19. 10.1051/0004-6361/201321868

Baraffe 1., Homeier D., Allard F., Chabrier G., 2015, A&A, 577, A42.
10.1051/0004-6361/201425481

Bédard A., Bergeron P., Brassard P., Fontaine G., 2020, ApJ, 901, 93.
10.3847/1538-4357/abafbe

Bellm E. C., Kulkarni S. R., Graham M. J., Dekany R., Smith R. M.,
Riddle R., Masci F. J., et al., 2019, PASP, 131, 018002. 10.1088/1538-
3873/aaecbe

Beuermann K., Dreizler S., Hessman F. V., Backhaus U., Boesch A., Husser
T.-O., Nortmann L., et al., 2013, A&A, 558, A96. 10.1051/0004-
6361/201322241

Brown W. R., Kilic M., Hermes J. J., Allende Prieto C., Kenyon S. J., Winget
D.E. 2011, ApJL, 737, L23. 10.1088/2041-8205/737/1/L.23

MNRAS 000, 1-12 (2022)


https://doi.org/10.1051/0004-6361/201321868
https://doi.org/10.1051/0004-6361/201425481
https://doi.org/10.3847/1538-4357/abafbe
https://doi.org/10.1088/1538-3873/aaecbe
https://doi.org/10.1088/1538-3873/aaecbe
https://doi.org/10.1051/0004-6361/201322241
https://doi.org/10.1051/0004-6361/201322241
https://doi.org/10.1088/2041-8205/737/1/L23

Four New Deeply-Eclipsing WDs 11
18 . - ' . 18
ﬁwmm: mwm; et £ rata
19 i H ! LA 19
1 it ; :~ i
¢ P g J1100+5210 f { e 20
£ ‘ P=1.6h ¥
Eap - - - , - - 21
ST et A A A AN, e O A AN A s i, e & FTY
H L] L] (1
N ¥ i ]
19 19
J1828+4-2308
20 P=2.7h 20
0.00 0.25 0.50 0.75 1.00 1.2 1.50 1.75 2.00 0.95 1.0 1.05
Phase Phase

Figure 15. Public ZTF DR7 light curves for the two eclipsing WD+BD candidates identified in this work. Each light curve has been phase-folded to its most
probable period, obtained through a box least squares period-finding algorithm (Kovdcs, Zucker, & Mazeh 2002). Individual data points are colored based on
which filter they were measured in: green points used the ZTF g-band, red points used the ZTF r-band, and orange points used the ZTF i-band. Data across
all filters have been median combined to the median value of the ZTF g-band filter.
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