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ABSTRACT
We present the Apache Point Observatory BG40 broad-band and simultaneous Gemini r-band and i-band high-speed
follow-up photometry observations and analysis of the 40.5-min period eclipsing detached double-degenerate binary SDSS
J082239.54+304857.19. Our APO data spans over 318 d and includes 13 primary eclipses, from which we precisely measure the
system’s orbital period and improve the time of mid-eclipse measurement. We fit the light curves for each filter individually and
show that this system contains a low-mass DA white dwarf with radius RA = 0.031 ± 0.006 R� and a RB = 0.013 ± 0.005 R�
companion at an inclination of i = 87.7 ± 0.2◦. We use the best-fitting eclipsing light curve model to estimate the temperature of
the secondary star as Teff = 5200 ± 100 K. Finally, while we do not record significant offsets to the expected time of mid-eclipse
caused by the emission of gravitational waves with our 1-yr baseline, we show that a 3σ significant measurement of the orbital
decay due to gravitational waves will be possible in 2023, at which point the eclipse will occur about 8 s earlier than expected.

Key words: binaries: eclipsing – stars: individual: J082239.54+304857.19 – stars: individual: J0822+3048 – white dwarfs.

1 I N T RO D U C T I O N

Eclipsing binary systems provide rare opportunities to directly
measure the physical parameters of both the stars in the system.
If the primary and secondary eclipses are both clearly visible, it is
possible to test the theoretical mass–radius relationship (Parsons et al.
2017). Furthermore, with precisely measured mid-eclipse times, it is
also possible to measure the effects of orbital decay due to the loss
of orbital angular momentum from gravitational wave emission and
torques caused by tidal interaction (Benacquista 2011; Piro 2011;
Fuller & Lai 2013).

Even in eclipsing systems where the secondary eclipse is obscured
by a significantly brighter primary star, it is still possible to place
constraints on the properties of the hidden secondary star using the
information contained within the primary eclipse through light-curve
fitting. Additional information on these invisible companions can
be obtained from radial velocity measurements of the primary star,
which provide information on the system’s orbital period and mass
ratio. Comparing results from light-curve fitting with evolutionary
models and stellar atmosphere models allows for an independent way
to confirm the temperature and radii of both of the stars in the binary
system.

As of this work, there are only 14 known eclipsing double-
degenerate systems. With periods ranging from 7 to 354 min,
these systems are NLTT 11748 (Steinfadt et al. 2010), CSS 41177
(Drake et al. 2010; Parsons et al. 2011), GALEX J171708.5+675712
(Vennes et al. 2011), J0651+2844 (Brown et al. 2011), J0751–
0141 (Kilic et al. 2014), J1152+0248 (Hallakoun et al. 2016),

� E-mail: alekzanderkos@ou.edu

J0822+3048 (Brown et al. 2017), J1539+5027 (Burdge et al.
2019a), ZTF J1901+5309 (Coughlin et al. 2020), ZTF J0538+1953
(Burdge et al. 2020a), ZTF J2029+1534 (Burdge et al. 2020a),
ZTF J0722–1839 (Burdge et al. 2020a), ZTF J1749+0924 (Burdge
et al. 2020a), and ZTF J2243+5242 (Burdge et al. 2020b). Here,
we report on follow-up observation and analysis of the relatively
faint (g0 = 20.198 ± 0.023 mag), 40.5-min period double-degenerate
eclipsing binary system SDSS J082239.54+304857.19 (hereafter:
J0822+3048) using the APO 3.5-m and Gemini North 8.1-m tele-
scopes.

Originally discovered by Brown et al. (2017) as a part of an
ongoing search for extremely low-mass (M < 0.3 M�) white dwarfs
(Brown et al. 2020; Kosakowski et al. 2020), J0822+3048 is the
seventh eclipsing double white dwarf binary discovered. The authors
used the MMT 6.5-m telescope with the blue-channel spectrograph to
obtain radial velocity measurements of the J0822+3048 system and
showed that it contains a MA = 0.304 ± 0.014 M� DA white dwarf
and a degenerate companion with mass MB = 0.524 ± 0.050 M� on
a 40.5-min orbit. They followed up their spectroscopic observations
with 68 min of broad-band photometry with a blue filter made of
Schott BG40 filter glass (BG40 filter, 340–600 nm) using the Apache
Point Observatory (APO) 3.5-m telescope frame-transfer camera,
Agile, and found two short (∼60 s), 0.2 mag deep eclipses in the light
curve with a separation consistent with the orbital period obtained
through their radial velocity fits. Based on these two eclipses, the
authors placed weak constraints on the absolute radii of the stars in
the system.

We expand upon the discovery data with an additional 492 min of
APO BG40 broad-band filter data spread across two additional ob-
serving sessions for a total BG40 filter baseline of over 318 d, as well
as 209 min of simultaneous r-band and i-band filter data from the 8.1-
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The eclipsing WD binary SDSS J0822+3048 5099

Figure 1. Calibrated light curves for APO BG40 broad-band from UT 2017 March 2 (top), UT 2017 November 16 (middle), and UT 2018 January 14 (bottom).
The best-fitting model based on light-curve fitting to the combined APO data with JKTEBOP discussed in the text is overplotted in red.

m Gemini North telescope using the high-speed camera,’Alopeke.
We use these data to further constrain the component radii, orbital
inclination, and mid-eclipse timing of the system.

This paper is organized as follows. In Section 2, we present the
observations and discuss the data reduction steps used to create
our final light curves. In Section 3, we discuss our data analysis
methods, and in Section 4 we discuss our results on the binary system
parameters and conclude.

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

2.1 Apache Point Observatory

J0822+3048 was originally observed on UT 2017 March 2 using
the 3.5-m telescope at the APO with the BG40 broad-band filter on
the Agile frame-transfer camera (Mukadam et al. 2011) exposing for
68 min with 30-s back-to-back exposures. This discovery data set
captured two primary eclipses, each containing only two data points.

We obtained follow-up data on UT 2017 November 16 and UT
2018 January 14 using an identical set-up to the discovery data
with 30-s exposures. Our first night of follow-up observations
spanned 322 min. We excluded the final 81 min of data due to
cloud coverage significantly affecting the light curve. The remaining
241 min includes six primary eclipses. Our second night of follow-up
observations spanned 251 min and covers six primary eclipses. One
of these eclipses is lost due to instrument problems. Fig. 1 shows
our calibrated light curves for our BG40 data sets. Our best-fitting
model from our Monte Carlo light curve fits to the APO BG40 data
(discussed below) is overplotted as a solid red line.

2.2 Gemini North

We supplemented the APO BG40 broad-band filter data with simul-
taneous r- and i-band observations using the dual-channel frame-
transfer camera, ’Alopeke (Scott & Howell 2018) on the 8.1-m
Gemini North telescope. The observations were taken in eight, nearly
back-to-back, observing blocks each containing 100 back-to-back
15-s exposures on UT 2019 March 12 as a part of the program GN-
2019A-Q-119. These observations spanned 209 min and included
five primary eclipses. Cloud coverage affected the quality of the

data about 2 h into the observations. Unfortunately, due to an issue
with the GPS timing synchronization between the telescope and the
’Alopeke instrument at the time of observation, the Gemini data is
systematically shifted by about − 21 s. We note that the relative
frame timing is unaffected by this systematic shift. Fig. 2 shows
our calibrated Gemini r-band (top) and i-band (bottom) light curves.
Our best-fitting model from our Monte Carlo light-curve fits to the
Gemini r-band and i-band data (discussed below) are overplotted as
solid red lines.

2.3 Data reduction

We used the IRAF package CCDRED to perform image reduction using
a set of bias images, dark images, and twilight flats, each taken on
the same nights as our observations. We performed relative aperture
photometry using the IRAF package DAOPHOT using a circular source
aperture with radius based on the full width at half-maximum of each
image and a background annulus surrounding each source aperture.
For our APO Agile data, we used two nearby, relatively bright,
non-variable field stars to calibrate the resulting light curve. For
our Gemini ’Alopeke data, because the ’Alopeke instrument has a
much smaller field of view than Agile, we only had three nearby,
non-variable, field stars of similar brightness available to calibrate
our target light curve. We detrended each light curve by fitting and
subtracting a third-order polynomial. Finally, we converted our APO
data timing system from beginning-of-exposure International Atomic
Time (TAI) to middle-of-exposure Barycentric Dynamical Time
(BJD TDB, Eastman, Siverd & Gaudi 2010) and our Gemini data
timing from end-of-exposure TAI to middle-of-exposure BJD TDB.

3 I NI TI AL PERI OD DETERMI NATI ON

The orbital period of the J0822+3048 system was originally deter-
mined using radial velocity measurements based on the Balmer lines
in the optical spectrum and roughly confirmed through light-curve
fitting of the discovery light curve containing two adjacent primary
eclipses. We combined our new APO BG40 broad-band data with
the discovery data set to create a master light curve spanning just
over 318 d and containing 13 primary eclipses. We use this master
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5100 A. Kosakowski, M. Kilic and W. Brown

Figure 2. Calibrated light curves for Gemini r-band (top) and i-band (bottom) filters obtained simultaneously on UT 2019 March 12. The best-fitting model
based on light-curve fitting with JKTEBOP discussed in the text is overplotted in red. The timing shown is as recorded by the ’Alopeke instrument and is
systematically offset by about 21 s due to an instrument problem discussed in the text.

light curve to perform light-curve fitting and to determine the orbital
period of the J0822+3048 system.

Since the periods obtained through radial velocity measurements
and the eclipsing light curve of the discovery data set are only
roughly consistent, to obtain an appropriate initial period estimate
for light-curve fitting, we used the ASTROPY implementation of
the Lomb–Scargle periodogram to create a power spectrum from
all of the combined APO BG40 data using simple models with
varying numbers of sine-terms. We limited our period range to search
between 40 and 41 min with a step size of about 1 ms. Our Lomb–
Scargle models each returned an identical best-fitting frequency at
35.55448746 cycles d−1. While we do not estimate uncertainties on
this initial measurement, this frequency is only 0.0002 cycles d−1

(≈0.01 s) greater than the original frequency obtained using radial
velocity observations of 35.55429140 cycles d−1. We use this period
as our initial value when performing light-curve fitting discussed in
the next section.

4 SY S T E M PA R A M E T E R S – L I G H T- C U RV E
FITTING

4.1 APO BG40 broad-band fits

We modelled the system parameters using JKTEBOP (Southworth
2013), which uses Levenberg–Marquardt minimization to obtain
best-fitting parameter values. For the BG40 data set, we fit for the
sum and ratio of the fractional system component radii (r = R/a),
inclination angle, stellar light ratio, and orbital period. We chose to
fix the mass ratio and initialized these parameters based on values
taken from the discovery paper, with exceptions for the orbital period,
which we initialized based on our previous Lomb–Scargle estimate.

We used a four-parameter limb-darkening law with coefficients
for a Teff = 14, 000 K, log g = 7.14 He core white dwarf primary
star and Teff = 5000 K, log g= 8.00 C/O core white dwarf secondary
star. Due to technical limitations in the JKTEBOP software restricting
limb-darkening values to be greater than −1.0, we used the limb-
darkening coefficients of Gianninas et al. (2013) for the LSST u-,
g-, r-, and i-band filters and converted these to the BG40 broad-
band filter system using equation (3) of Hallakoun et al. (2016). The
Gianninas et al. (2013) intensity functions are in good agreement
with the updated Claret et al. (2020) intensity functions, so we expect
this substitution to have minimal effect on our results. Similarly, we
used fixed gravity darkening coefficients from Claret et al. (2020)

for the u-, g-, r-, and i-band filters and once again converted these
to the BG40 system using equation (3) in Hallakoun et al. (2016).
The best-fitting models for our APO BG40 and Gemini r-band and
i-band fits are overplotted on to the calibrated light-curve data and
shown in Figs 1 and 2, respectively.

We used JKTEBOP’s Monte Carlo analysis to create parameter
distributions and estimate uncertainties for each of our fitted pa-
rameters. This is done by creating a simulated light curve based
on Gaussian perturbations to the best-fitting model light curve and
performing Levenberg–Marquardt minimization to the simulated
light curve. Details for this Monte Carlo analysis method can be
found in Southworth, Maxted & Smalley (2004) and Southworth
et al. (2005). We performed 15 000 of these Monte Carlo fits to
the combined BG40 master light curve and filtered out results that
converged to unphysical values, such as inclination angles i < 80◦

that would not show eclipses in this system. After filtering, we were
left with over 13 600 successful fits from which we created the
resulting parameter distributions. Fig. 3 shows the final parameter
distributions for our APO BG40 light curve fits. The diagonal shows
the 1D histograms with a 1D Gaussian kernel density estimate (KDE)
overplotted as a blue-shaded distribution. We marked the locations
of the median fit and the 1σ range of the data if the distribution is
single peaked. Because our 30-s exposures poorly sample the short
primary eclipses, and because our light curves do not show clear
secondary eclipses, the secondary star’s radius and the system’s
inclination are not well constrained to a single best value and are
strongly anticorrelated. For these double-peaked distributions, we fit
a Gaussian to each peak separately and report the resulting central
value and width of each Gaussian as the ‘best’ fits. We overplot these
best fits and their 1σ range as the red and blue vertical lines on
top of their respective peaks. Best-fitting values for each parameter
are reported above each histogram. The off-diagonal plots show 2D
distributions of each Monte Carlo fit with individual results marked
as the black points and 2D Gaussian KDE overplotted as the coloured
contours.

4.2 Gemini r-band and i-band fits

For our Gemini r-band and i-band fits, we performed 15 000 Monte
Carlo simulations fitting for sum and ratio of the fractional system
component radii, inclination, and light ratio. We initialized the
parameters based on the best-fitting parameters from the APO
BG40 data. We chose to fix the period at the best-fitting result
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The eclipsing WD binary SDSS J0822+3048 5101

Figure 3. Parameter distributions from Monte Carlo fits to the combined APO BG40 broad-band light curve. The diagonal contains the 1D parameter
distributions split into 40 bins (the black histogram) with a 1D Gaussian KDE overplotted as a blue-shaded distribution. The off-diagonal plots contain the 2D
parameter distributions with 2D Gaussian KDE contours overplotted. Primary/Secondary median fits and 1σ ranges are marked with the vertical red/blue lines
for single/double-peaked distributions. Due to the poorly constrained light ratio and lack of visible secondary eclipses in the light curve, the secondary star’s
radius and the system’s inclination are not well constrained to a single peak and are strongly anticorrelated.

Figure 4. Parameter distributions from Monte Carlo fits to the Gemini r-band light curve. The diagonal contains the 1D parameter distribution split into 40 bins
(the black histogram) with a 1D Gaussian KDE overplotted as a blue-shaded distribution. The off-diagonal plots contain the 2D parameter distributions with
2D Gaussian KDE contours overplotted. Primary/Secondary median fits and 1σ ranges are marked with the vertical red/blue lines for single-/double-peaked
distributions.

from the BG40 data fit due to the much longer baseline of the
APO data. Our Gemini r-band and i-band parameter distributions
can be seen in Figs 4 and 5 and follow the same organization as
Fig. 3.

While all peak values agree within their respective 1σ ranges
across each filter, we note that the large temperature difference
between the primary and secondary stars resulted in a 3σ detection
of the cooler secondary star in the system’s light ratio for the redder
Gemini r- and i-band filters. This increased significance allowed the
Gemini fits to strongly favour one peak over another, essentially

breaking the degeneracy between the system’s inclination and the
secondary star’s fractional radius. Best-fitting parameters and their
uncertainties for all filters are presented in Table 1, along with their
variance-weighted mean values. We calculated absolute radius values
based on our light-curve fitting using the orbital separation a =
0.364 ± 0.008 R� from the discovery publication. Fig. 6 shows the
resulting phase-folded light curves using the period from our APO
BG40 data set fits. We overplot the best-fitting models created from
the best-fitting parameters in Table 1 as a solid red line and zoom in
to the regions surrounding the primary and secondary eclipses.
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5102 A. Kosakowski, M. Kilic and W. Brown

Figure 5. Parameter distributions from Monte Carlo fits to the Gemini i-band light curve. The diagonal contains the 1D parameter distribution split into 40 bins
(the black histogram) with a 1D Gaussian KDE overplotted as a blue-shaded distribution. The off-diagonal plots contain the 2D parameter distributions with
2D Gaussian KDE contours overplotted. Primary/Secondary median fits and 1σ ranges are marked with the vertical red/blue lines for single-/double-peaked
distributions.

Table 1. Best-fitting parameters from the APO BG40 broad-band and Gemini r-band and i-band data sets. Peak values
for double-peaked distributions are reported together. Preferred solutions to the double-peaked parameters are bolded
for clarity. We include the variance-weighted mean values across all filters for each parameter.

Parameter BG40 broad-band r band i band Mean value

Light ratio 0.020+0.013
−0.010 0.016+0.006

−0.005 0.027+0.010
−0.009

rB + rA 0.118+0.013
−0.010 0.128+0.008

−0.007 0.122+0.011
−0.009 0.124 ± 0.005

rB/rA 0.449 ± 0.015 0.445 ± 0.010 0.439 ± 0.014 0.444 ± 0.007
0.573 ± 0.027 0.565 ± 0.026 0.572 ± 0.029 0.570 ± 0.016

i (◦) 87.9 ± 0.4 87.5 ± 0.4 87.7 ± 0.5 87.7 ± 0.2
86.4 ± 0.4 86.0 ± 0.3 86.0 ± 0.4 86.0 ± 0.2

Period (d) 0.0281258394 ± (1.5 × 10−9)
RA (R�) 0.029 ± 0.010 0.032 ± 0.009 0.031 ± 0.010 0.031 ± 0.006
RB (R�) 0.013 ± 0.009 0.014 ± 0.008 0.013 ± 0.008 0.013 ± 0.005

0.017 ± 0.009 0.018 ± 0.009 0.018 ± 0.009 0.018 ± 0.005

Figure 6. Phase-folded light curves for APO BG40 broad-band (top), Gemini r band (middle), and Gemini i band (bottom). Best-fitting models based on
JKTEBOP Monte Carlo results are overplotted in red. Zoomed-in plots surrounding the primary and secondary eclipses are included for each filter. The secondary
eclipse is not seen in any filter.
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The eclipsing WD binary SDSS J0822+3048 5103

5 ESTIMATIN G EFFECTIVE TEMPERATURE
A N D R A D I U S O F T H E SE C O N DA RY S TA R

5.1 Temperature estimate

We used the best-fitting parameters from our light-curve fitting to
estimate the effective temperature of the secondary star. We first
calculated the system’s absolute magnitude using the extinction-
corrected SDSS apparent magnitudes and the distance from the
discovery data obtained through spectroscopic models. We then
interpolated over the C/O core DA white dwarf cooling models
of Tremblay, Bergeron & Gianninas (2011)1 to a mass of MB =
0.524 M�. Our interpolation resulted in effective temperatures Teff, r

= 5210 ± 150 K and Teff,i = 5180 ± 120 K for the r band and i band,
respectively. We take the variance-weighted mean of these results
and accept Teff = 5200 ± 100 K as the secondary white dwarf’s
effective temperature.

5.2 Radius estimates

Between our light-curve fitting results across three filters, the com-
ponent radii for the J0822+3048 system are fairly well constrained
to a single solution. Here, we compare our results to evolutionary
model predictions for an M = 0.304 ± 0.014 M� He core primary
white dwarf and M = 0.524 ± 0.050 M� C/O core secondary white
dwarf.

For the primary white dwarf, we interpolated over the He core
white dwarf evolutionary tracks of Istrate et al. (2016), including
elemental diffusion and stellar rotation, and obtain a primary radius
of RA = 0.025 ± 0.001 R�. This value roughly agrees within 1σ of
our estimate from the light-curve fitting of RA = 0.031 ± 0.006 R�.

For the secondary star, we interpolated over the evolutionary
models for C/O core composition, thick hydrogen layer (qH =
10−4), white dwarfs (Fontaine, Brassard & Bergeron 2001). This
interpolation resulted in a radius estimate of RB = 0.014 ± 0.001 R�.
This is in excellent agreement with our estimate from light-curve
fitting ofRB = 0.013 ± 0.005 R�. Our light-curve fitting results agree
well with the mass–radius relation for white dwarfs and confirms
that our Gemini r- and i-band fit results have identified the correct
peak where our APO BG40 fit failed. In addition, because the
secondary star’s radius and the system’s inclination were strongly
anticorrelated, we are now also able to select the correct inclination
peak at i = 87.9 ± 0.4◦ in our APO BG40 distribution.

6 ECLIPSING TIMING ESTIMATE AND
O R B I TA L D E C AY

The orbit of compact double-degenerate systems decays due to
the loss of angular momentum (Landau & Lifshitz 1958). While
gravitational waves are generally the dominant source of angular
momentum loss in these compact systems, torques caused by strong
tidal interaction between the stars in compact systems may also con-
tribute significantly to the total angular momentum loss (Benacquista
2011; Piro 2011; Fuller & Lai 2013). Eclipse timing measurements
taken over long baselines have been used as a method to directly
measure the effects of orbital decay in these systems.

In the case of the 12-min period eclipsing double-degenerate
binary J0651+2844 (Brown et al. 2011), Hermes et al. (2012)
measured the system’s mid-eclipse timing over a baseline of 13

1http://www.astro.umontreal.ca/bergeron/CoolingModels

Figure 7. Mid-eclipse timing distributions from 50 000 Monte Carlo fits to
each of the three APO BG40 broad-band light curves. Fits that converged
greater than 45 s from the median were excluded as unphysical.

months and show that the period of the system is decaying at a
rate of Ṗ = (−9.8 ± 2.8) × 10−12 s s−1. They showed that, while
the system shows evidence for tidal interaction in its ellipsoidal
variations, a longer baseline is required to measure the orbital decay
contribution from the tidal interaction in the system.

Similarly, Burdge et al. (2019a) have used new and archival data
to perform mid-eclipse timing measurements of the 7-min period
eclipsing double-degenerate binary J1539+5027. They precisely
measured the system’s orbital decay with a 10-yr baseline and showed
that the orbital decay is consistent with constant change in period
Ṗ = (−2.373 ± 0.005) × 10−11 s s−1. Additionally, Burdge et al.
(2019b) have identified a 20-min non-eclipsing double-degenerate
binary system showing strong ellipsoidal variation caused by tidal
distortions. They used these ellipsoidal variations to measure the
orbital decay of the system caused by gravitational wave emission
and estimated the contribution to the decay from tidal effects. Finally,
Burdge et al. (2020b) have identified an 8.8-min period eclipsing
double-degenerate binary system using ZTF archival data and show
that the system is undergoing rapid orbital decay. They estimate that
tidal effects could contribute as much as 7.5 percent to the orbital
decay of the system.

Here, we measure the time of mid-eclipse for each of our APO
epochs to prepare for future orbital decay studies of the J0822+3048
system. Because of the systematic offset in the timing of our Gemini
data, we estimated the mid-eclipse time only for the three epochs
of APO BG40 data. For each epoch of data, we performed 50 000
Monte Carlo fits using JKTEBOP to fit the light curves for only the
mid-eclipse time, using the best-fitting parameters in Table 1 as initial
parameters.

We used the time of ingress and egress from the best-fitting model
light curve to estimate the eclipse duration as Teclipse ≈ 90 s, with
minimum light lasting ≈20 s. We therefore exclude results with
mid-eclipse timing greater than 45 s from the median fit value, as
those results place the middle of the eclipse outside the observed
range of the eclipse itself. Fig. 7 shows the resulting distribution
for each epoch of data. We fit a Gaussian to the central peak of
each distribution and report the central value and width as the best-
fitting and 1σ uncertainty. These values are reported in Table 2.
We calculated the offset of each observed mid-eclipse time from
its expected value by measuring the eclipse timing offset from a
linear projection based on the first epoch’s time of eclipse and the
orbital period of the system. We note that in our second and third
APO BG40 data sets, the measured mid-eclipse timings are +3.0 and
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5104 A. Kosakowski, M. Kilic and W. Brown

Table 2. Best-fitting mid-eclipse times (barycentric dynamical time) for the
APO BG40 broad-band data.

T0 (BJD TDB)

2457814.82095 ± 0.00005
2458073.88809 ± 0.00002
2458132.89610 ± 0.00003

Figure 8. Best-fitting mid-eclipse timing measurements for J0822+3048
for our two new epochs of APO data discussed in the text plotted as offsets
to the expected mid-eclipse timing, in seconds, based on the period of P
= 0.0281258394d determined through light-curve fitting. We include the
projected offsets based on Piro (2011) estimates of angular momentum loss
solely due to gravitational wave emission as a function of time as a red-
dashed line with a shaded 1σ range up to the expected launch date of the
LISA mission in 2034. The dark grey-shaded region represents the projected
offset from gravitational wave emission, but also includes uncertainty in our
initial time of eclipse measurement added in quadrature.

+2.9 s off of the expected time assuming no orbital decay, but each
agree within the relatively large ±4.3 s 1σ range on the discovery
data set’s mid-eclipse timing.

Despite not recording a significant offset in the measured mid-
eclipse timing, we revisited the decay of mid-eclipse timing due
to gravitational waves using the two new epochs of APO data
discussed in this work. Fig. 8 shows an (O − C) diagram with
the best-fitting mid-eclipse timing measurements to our two new
epochs of APO BG40 data (the black data points with the error
bars) plotted as an offset from the expected mid-eclipse timing
assuming no orbital decay (the black-dashed line) with a period
of 0.0281258394 d. We exclude the discovery data set due to its
relatively large uncertainties. We plot the projected offsets in mid-
eclipse timing out to the expected launch date of the LISA mission in
2034, based on angular momentum loss solely due to the emission of
gravitational waves (Piro 2011) as a red-dashed line with shaded 1σ

region dominated by the uncertainties in the masses of each star in the
system. We used these projected values and the mean uncertainty in
our measured values with 30-s exposure times and calculate that a 3σ

significant mid-eclipse timing offset measurement will be possible
in the year 2023, at which point the J0822+3048 system will eclipse
8.4 ± 0.7 s earlier than expected as measured from our second APO
epoch.

7 C O N C L U S I O N S

We have expanded upon the discovery APO BG40 light curve of
J0822+3048 with an additional 492 min of APO BG40 data and
209 min of simultaneous Gemini r-band and i-band data. We analysed
these light curves and improved the estimates for the absolute radii
of both stars in the system using a combination of light-curve fitting
and white dwarf evolutionary models. Our fits resulted in variance-
weighted mean component radii values of RA = 0.031 ± 0.006 R�,
RB = 0.013 ± 0.005 R�, and system inclination i = 87.7 ± 0.2◦.
In addition, we use the results from light-curve fitting together with
white dwarf cooling models to estimate the secondary white dwarf’s
effective temperature at Teff = 5200 ± 100 K.

Finally, we have reported an accurate and precise orbital period
for this system and measured mid-eclipse times for each epoch of
APO data for use with future eclipsing timing variability studies. We
show that, with 30-s exposures, a 3σ significant mid-eclipse offset
measurement will be possible during the year 2023, at which point
the mid-eclipse time will be offset by −8.4 ± 0.7 s due to the loss
of angular moment from the emission of gravitational waves. With
the expected launch of the LISA mission in 2034, we predict that
J0822+3048 will show an 83.7 ± 7.3 s offset in mid-eclipse timing
by the time LISA launches. While J0822+3048 falls just below the
LISA 4-yr sensitivity curve with a signal-to-noise ratio of S/N ≈ 3.6,
with its precise period and sky position known, a gravitational wave
detection may be possible.

While we have placed constraints on the parameters of the stars
in the system, there is still room for improvement. Higher quality
data may provide the first direct detection of the secondary eclipse,
allowing for absolute measurements on the secondary’s radius and
temperature. Additionally, reduced exposure times will allow for
increased significance in future orbital decay measurements and are
therefore also desired.
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